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ABSTRACT

This thesis presents a method for developing fluorescence based diagnostic
algorithms for pathologic conditions which can be applied in vivo in real dme. This
method is illustrated for two diseases - atherosclerosis and neoplasia - in three model
systems: atherosclerosis in human aot1a and ccronary ariery, ransidonal cell carcinoma in
hurman urinary bladder and adenomatous polyps in human colon. The method of
algorithm development presented is stepwise. Fluorescence excitation-emission matrices
are first used to identify excitation regions optirnal for the differendation of normal and
pathologic tissues. At these excitation wavelengths, the morphologic and molecular basis
of tissue fluorescence are determined using a combination of fluorescence and light
microscopy, and studies of individual biornolecules. A model of tissue fluorescence is
presented which relates tssue physico-chemical composition to fluorescence spectra. The
parameters of this model are then used to develop statistically optimized diagnostic
algorithms for the presence of pathology. Finally, in vivo wials of these techniques are
undertaken, to begin to assess their role in clinical medicine.
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1: Introduction and Qverview
1:1: Ultimate Goal: Developing in vivo Methods of Histochemistry

The diagnosis of disease is more and more becoming a technological task. The
clinician's goal is to assess the structurai and functional changes in diseased tissue, infer
the identity aad stage of the disease, and predict the ultimate consequences to the
organism as a whole, intervening with the proper treatment whenever possible {1].

The diagnostic ordnance varies both for the suspected disease and with the
specialty of the clinician. Radiologists, for example, assess gross structural abnormalities
arilizing variations in tissue or contrast agent absorption of x-rays [2]. Similar
information can be obtained from sonograms, due to variadons in tissue reflection of
ultra-sonic waves {2]. This structural informaton, although useful diagnostically,
provides limited insight into the chemical and molecular etiology and pathogenesis of the
disease, factors that are now appreciated to be important prognostically and in selecting
appropriate therapy [1]. Magnetic resonance (MR) spectroscopy has the potential of
demonstrating this chemical informaton in the living patient; however, there are several
technical barriers to overcome before this technique is a clinical reality {3].

Pathology provides the most widely used clinical method ot elucidating chemical
information from diseased tissues (1, 4). Traditional techniques of histology can be used
to probe the microscopic structural alterations of diseased tissue (1]. Utilizing
histochemical stains, many of the corresponding chemical alterations accompanying
disease can be mapped on a microscopic scale [4]. The chief disadvantage of these
techniques is that they can only be applied in vitro, necessitating the removal of tissue {1,
4]. The requirement of biopsy limits the utility of this approach; it implies that, using
histolegic techniques, only small areas of tissue, accessible either to biopsy forceps or
needles, can be sampied.

A more useful diagnostic technijue would combine the advantages of pathologic
and radiologic methods, allowing for real time imaging of tissue in vivo to extract
diagnostically relevant structural and histochemical information. Tissue fluorescence
spectroscopy is a new technique in the field of medical diagnostics which may ultimately
provide these features at a lower cost and level of technology compared to that of MR
spectroscopy [5-10].



Fluorescence spectroscopy has long been an important tool in analytical
chemistry; no other non-destructive methods available at comparable cost can equal
fluorimewry in analytical sensidvity. Concentrations of fluorescent matenals as low as
10-9 molar can be routinely determined (11]. This sensitivity is particularly utilized in
biomedical applications to monitor, tor example, low concentrations of fluorescent
metabolites [12]. The emergence of fiber optic technology, however, has enabled the
development of remote sensing and monitoring systems based on fluorescence
spectroscopy {13]. This technology has been applied to such diverse fields as the remote
detection of air pollution [14], where three dimensional mapping of air pollutants in real
ume has been achieved [15].

Fiber optic technology is routinely used in medicine. Fiber-optic endoscopy is a
recently developed screening method for identifying epithelial or mucosal tumors in the
interior of hollow organs, such as the colon and urinary bladder {16). Similarly, fiber-
optic angioscopy is utlized to view atherosclerotic obstructions in blood vessels {17].
These systems utlize the reflecton of white light o idendfy gross architectural changes
associated with pathology [16, 17]. Their limitations are similar to those of radiclogic
methods described above; with these techniques, documentation of the microscopic or
biochemical changes associated with disease is currently not possible without biopsy.

We are developing a new, endoscope-compatible, diagnostic technique which can
be used to screen the entire surface of a hollow organ for both the gross and microscopic
sauctural and biochemical changes associated with disease without the need for biopsy
[18]. This method is based on fluorescenc: spectroscopy, which can yield information
about the physico-chemical composition of tissue {5]. Our technique would combine the
advantages of endoscnpic methods - the gross architectural changes associated with
disease could be visualized with reflected white light - with those of biopsy and
histochemistry - the microscopic and biochemical alterations could be probed with
fluorescence. The resulting system would provide a method of obtaining correlated gross
structural and histochemical information for the identification of disease in vivo in real
time without the need for biopsy [18].

Such a system could be easily adapted to incorporate the capability for laser
surgery, which is rapidly becoming an important treatiment modality for atherosclerosis
{19] and many mucosal tumors [20]. Thus, such a system could ultimately provide both
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real-time diagnosis of disease and guidance of its treatment via interactive spectroscopic
feedback.

This thesis considers a central problem in the development of such a system.
Herein is presented a general method for developing fluorescence based algorithms for
real time diagnosis of disease in vivo. The method is based on steady state fluorescence
and absorption spectroscopy in the ultra-violet (UV) and visible regions of the spectrur.
The development of this method, its general features, and its utility are illustrated with
three specific exanples in which a clinically useful diagnostic algorithm for the presence
of pathology is developed.

1:2: Clinical Problems Addressed in this Work

The clinical problems addressed in this work include the development of
diagnostic algorithms for atherosclerosis in human arteries, and for neoplasia in the
human colon and urinary bladder. These conditions and the radonale for selecting them
are briefly reviewed here.

1:2.1:  Spectroscopic Determination of Chemical Composition of
Atherosclerotic Lesions in vivo: Applications in Cardiology

Atherosclerosis is a disease of medium sized and large arteries, in which
progressive narrowing of the arterial lumen occurs as atherosclerotic lesions form in the
arterial intima [21). The most commonly affected arteries include the aorta and those of
the coronary and cerebral systems (21, 22]. In the coronary arteries, a primary result of
atherosclerosis is compromised blood flow to the heart, the consequences of which can
be particularly severe, including myocardial infarction {21, 22]. Current estimates
indicate that approximately 25% of deaths in the US can be atrributed to coronary
atherosclerosis {21, 22].

Symptoms of coronary artery disease (CAD) are produced by the resulting
imbalance of myocardial oxygen supply and demand (22]. Therapies of CAD are
therefore directed towards restoring this balance (22, 23]. This can be achieved in

primarily iwo ways:



- reducing the mechanical workioad of the heart, thus reducing its oxygen
demand, or

+ augmentn,} rayocardial blood flow; thus increasing oxygen supply [23].

The first goal can be achieved primarily through medical management of CAD,
using drugs such as aitrates and calcium channel blockers. These drugs work chiefly by
relaxing vascular smooth muscle, reducing venous rewrn, and thus reducing the
workload of the heart {23]. These drugs also relax the smooth muscie in the media of the
coronary arteries, resulting in arterial dilatation, increasing both coronary blooc flow and
myocardial oxygen supply [23].

Many therapies have been designed with the goal of bypassing, reducing or
removing the atherosclerotic lesions which can obstruct coronary blood flow. Thrze of
these will be discussed here. A major interventional form of treatment for CAD is
coronary artery bypass grafting (CABG) (24). In this procedure, coronary
revascularizadon is achieved via either a venous or arterial bypass [24].

CABG is a major surgical procedure; associated mortality rates vary from center
1o center and with patient risk factors; overall rates of 1-3% are routinely reported {25].
Despite this risk, it is clear that CABG is superior to medical therapy in relieving
symptoms and signs of severe myocardial ischemia [24]. Five year survival rates are
significantly higher for surgically weated patients with severe ischemia than for those
reated medically [24]. The mornality of mildly symptomatic padents treated surgically is
not significantly lower than that for medically treated patients; however, quality of life, as
measured by complete relief of chest pain and improvement in functional status, is
superior for surgically treated padents [25). It is clear, however, that CABG is not a
curative operation, but merely palliative. Atherosclerosis and intimal fibroplasia progress
in the grafted vessels, and as a result of this progression, eventually the benefits of
surgery are eliminated {24, 26].

Early restenosis (within one year of CABG), although unusual, does occur, and
is influenced by the coronary artery grafted, and the presence of angina [27]. During 1-5
years following CABG, the rate of restenosis is quite low; however, after this time
period, the rate of restenosis following CABG increases [27]. Restenosis is more
frequent in vein than arterial grafis; one study reported significant restenosis or occlusion
in 44% of 786 vein grafts at a mean follov\:i up of 88 months {27]. In contrast, only 5%



of 135 arterial grafts were stenotic or occluded within this time period [27]. Several nisk
factors have been associated with the occurrence of late restenosis, including time
following CABG, myocardial infarction, angina, diabetes, hypercholesterolemia, and
hypertriglyceridemia [27-29]. Lower high density lipoprotein levels, and cigarette
smoking have also been correlated to increased frequency of late restenosis {28].
Hypertension has been correlated to the progression of intimal fibroplasia in gratis (29,
30]. Many of these risk factors have been previously identified as important nsk factors
for the initial developrment of atherosclerosis {21, 22].

In addition, several risk factors have been asscciated with greater early and late
montality following CABG, including single or multi-vessel disease in which lumen
diameter is reduced by more than 50%. female gender, age, diabetes, and incomplete
revascularization [31]. Many of the risk factors for mortality and restenosis can be
assessed prior to CABG, and controlled with appropriate medical therapy [31].

Another major therapy for CAD is percutaneous transluminal coronary
angioplasty (PTCA) [23]. In this procedure a balloon tipped catheter is introduced via a
peripheral vessel and advanced to the site of obstruction [32]. Inflation of the balloon
causes ruptare of the plaque and dilatation of the remaining artery wall, allowing
increased blood flow, even though the plaque has not been removed (32].

Although PTCA is less invasive than CABG, and is successful in increasing
coronary lumen diameter in over 90% of cases [33], there are currently several significant
complications associated with PTCA. Two of these are ‘estenosis and abrupt reclosure
[33, 34]. Restenosis after successful PTCA occurs in 20 to 40% of patients {34 - 36].
Typically this restenosis occurs by 4 to 6 months following the procedure; long-term
studies indicate that the incidence of restenosis after 12 months is small {35, 37].
Currendy, no alterations in PTCA technique or pharmacologic management have proved
effective in decreasing this incidence of restenosis [35]. The mechanism of restenosis
appears to be arterial traumna at the site of PTCA, resulting in platelet adhesion and
subsequent activation of the tissue injury respense {35, 36].

There are certain predisposing characteristics of patients who experience
restenosis: male gender {38], lesions greater than 15 mm in length [38], and cigarette
smoking have all been associated with a higher frequen-y of restenosis [39]. Despite
these correlations, it has not been possiblc to predict accurately which patients who
undergo angioplasty will develop restenosis [40). Laboratory tests related to lipoprotein
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metabolism, coagulation, and plateler function, factors which influence the development
of coronary acherosclerosis, did not correlate to the development of recurrent restenosis
following PTCA in one study of over 400 patients [40]. [n studies at autopsy,
atherosclerotic plague composition has been saongly correlated to the development or
restenosis; the ideal coronary artenal atheroscieronc narrowing for clinically successtul
PTCA appears to be one in which the plaque contains relatively littte calcium and
extraceiflular lipid (41]. Unfortunately, no reliable methods of assessing plaque
compositon in vivo exist.

The standard method for evaluating the location and severity of arterial
atherosclerosis is x-ray angiography [42]. In this technique, the ostdum of each main
coronary artery is selectively catheterized by a speciaily designed catheter inooduced
percutaneously. Upon catheterizaton. radic-opaque conrast material is injected into the
coronary artery, which is then visualized using an external fluoroscopic viewing system
{43]). With this technique, the percent narrowing of the lumen diameter due to focal
atherosclerosis can be estimated {42, 43]. However, this technique images primarily the
contrast medium, rather than the artery, and thus provides little infonmadon about lesion
composition [42]. The exceptica is that severely calcified lesions, which may be radio-
opaque, can sometimes be recognized [42, 43].

Several more recently developed techniques for imaging atherosclerotic
obstructions incilude angioscopy {44], ultrasound {45} and magnetic resonance imaging
(MRI) [46]. Of these, oniy MRI has the potential to give information about both the
gross architecture and chemical composition of atherosclerosis. Because of limitations on
sensitivity and the fact that the heart is in constant motion, imaging of the coronary
arteries themselves has not yet been accomplished with this technique [46]. Thus, with
any of the currently available imaging techniques, little information can be obtained zbout
the morphologic or molecular composition of the atherosclerotic plaque.

A second major limitation of PTCA is abrupt reclosure. With current techniques
of PTCA, acute closure after an initially successful dilatation occurs in 2 to 6% of
attempts {47, 48]. Yet, this phenomenon is the major cause of morbidity and mortality in
this procedure [47]. Risk factors for closure include female gender, unstable angina,
multi-vessel disease, stenosis at a bend or branch point, lesion calcification and lesion
length [47]. Although many of these risk factors can be assessed angiographically, more
accurate methods of predicting those patients at risk for abrupt reclosure would reduce the

mortality associated with PTCA.
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Thus, CABG and PTCA both represent effective methods of trearment for CAD,
in which the deficit in myocardial oxygen supply is corrected by increasing coronary
blood flow. Although PTCA is associated with more complications, it is a less invasive,
better tolerated procedure {48]. For these reasons, PTCA remains the therapy of choice
for patients with early, discrete obstructions in single vessels [49]. It is within this subset
of patients that the complications of PTCA are minimal. For patients with severe
ischemia, particularly those with complete or near complete single or multi-vessel
obstructions, CABG remains the preferred therapy [49]. One drawback of both
procedures is that neither can be used to effectively treat diffuse atherosclerosis {50]. In
fact, it is believed that the many discrepancies between experimental resulis of these
techniques in animal studies and clinical applications in patients are due to the absence of
diffuse coronary atherosclerosis in animals and its variable presence in patients {50].

A better treatrnent of atherosclerosis would combine the percutaneous approach of
PTCA, the wide range of applicability and lower restenosis rate of CABG, and the ability
to treat diffuse atherosclerosis. Although still in the experimental stage, it appears that the
technique of laser angiosurgery (LAS), the reatment of atherosclerosis with laser
radiation via fiber optic catheters, may provide these important advantages {51-60]. In
this method of treatment, a catheter containing optical fibers is inserted percutaneovsly
through a peripheral vessel and advanced to the site of the obstruction. Laser radiation is
delivered to the blockage site via the optical fibers, vaporizing the atherosclerotic plaque
and restoring lumenal patency [51-60).

Unlike PTCA, which redistributes atherosclerotic plaque and CABG, which
bypasses atherosclerotic obstructions, LAS .zmoves plaque. By reducing the bulk of the
obstruction, and leaving behind a smooth vascular surface, LAS has the potential to
reduce the restenosis rate associated with PTCA (51]. Studies of LAS in animal models
indicate that thrombogenesis is rainimal at the site of weatment, with re-endothelialization
occurring within two weeks [52]. As a percutancous procedure, LAS potentially would
have many of the same advantages as PTCA. Furthermore, complete obstructions and
diffuse disease could be treated using this procedure, with the catheter being advanced as
the lumen is cleared [53).

Vaporization of atherosclerotic plaque can be accomplished with minimal damage

to surrounding tissue using relatively low fluences of light from many laser sources {54].

Unforwnately, these lasers are also capable of vaporizing healthy artery wall; thus, the
7



risk of perforation of the arterial wall is a serious complication of LAS [51-60). Early use
of a bare optcal fiber catheter to recanalize coronary arteries under direct vision during
CABG resulted in one perforation in five attempts {55]. Subsequent improvements in
catheter technology have resulted in better pertormance (60]; however, perforadon is stiil
a significant problem 1ssociated with LAS.

It is our belief that fluorescence spectroscopy may ultirnately impact on and
iznprove each of these reatments for CAD. [t has been suggested by many groups that
fluorescence spectroscopy may be used to provide a guidance system for LAS catheters
and significantly reduce the risk of perforation [5-8, 95-99]. These groups have shown
that there are significant differences in the fluorescence spectra of normal and
ath“rosclerotic vessel wall which can be exploited in the diagnosis of atherosclerosis.
Incorporating the capability to record fluorescence spectra through the optical fiber
catheters used in LAS is not a difficult procedure [57].

Furthermore, fluorescence spectra contain information about the morphologic and
biochemical composition of tissue [5, 11]. Deconvoluting tissue spectra to yield this
information, may both improve guidance techniques for LAS catheters and the manner in
which the most appropriate treatment for an individual with CAD is selected.

In LAS, spectroscopic determination of the chemical composition of
atherosclerotic lesions could ultimately be used to tailor parameters of the ablating
radiation, providing the most precise and selective removal of plaque. The efficacy of the
many therapies of CAD have been correlated to the chemical composition of the
atherosclerotic obstruction (41]; thus, fluorescence spectroscopy may be useful in
selecting appropriate therapy. It promises to provide a method of assessing the chemical
composition of plaque in vivo, allowing accurate prediction of those lesions which are
truly ideal candidates for PTCA, and those which require CABG. In addidon, using
fluorescence spectroscopy, it may be possible to determine when medical therapy is most
appropriate, if those chemical constituents of atherosclerotic lesions which can be probed
using fluorescence are related to the pathogenesis of atherosclerosis. For example, the
presence of the autofluorescent oxidized lipoprotein, ceroid, has been correlaied with the
formation of irreversible atherosclerotic lesions {61]. Thus, fluorescence detection of
ceroid may provide a method of assessing which patients will benefit most from
conservative therapies, such as recuction of CAD risk factors and medical treatment.
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1:2.2: Endoscope Compatible Speciroscopic Methods for
Diagnosing Neopias‘a: Guide/Replacement for Biopsy

According to present incidence rates, one in three Americans now living will
eventuaily develop cancer (62]. The management of different types of cancers is
becoming increasingly individualized; however, because tumors become progressively
more aggressive in their behavior as they develop, it is important to detect them as early
as possible [62, 63]. As neoplasms develop, they proceed, in a stepwise fashion,
through qualitatively different stages {63]. In fact, it is now recognized that many
epithelial cancers are preceded by premalignant changes, such as dysplasia or adenoma
(64, 65]. Identification of these premalignant changes has proven o be crucial in the
battle against cancer. If diagnosed, many of thesc premalignant changes are treatable.
However, currently, no truly effective clinical methods of recognizing them exist. If such
methods are developed, physicians will be provided with the opportunity to reduce the
ultimate incidence and avert the adverse consequences of subsequent carcinoma [66].

The featurss of these epithelial pre-cancers are varied, and include morphologic
and biochemical changes, such as an increase in the ratio of nuclear to cytiplasmic size
[64, 65]. These are sometimes accompanied by changes in gross architecture, as occur in
adenomatous polyp formation {64]. Many techniques have been developed in an attempt
to identify these premalignant changes. Fiber-optic endoscopy is a recently developed
screening methed for identifying mucosal tumors in the interior of hollow organs [67).

- However, endoscopy relies on largely architectural changes to identify neoplasms and is
less useful in clinical situations where these morphologic or biochemical premalignant
changes do not lead to alterations in gross architecture, or when the normal architecture ot
the non-neoplastic mucosa is disrupted [68, 69). Although endoscopically directed
biopsies can be obtained o screen for precancerous changes in these situations, such
screening is limited because the surface area of the mucosa i~ generally orders of
magnitude larger than that sampled by biopsy.

In view of the need for better early detection methods, we are develcping an
endoscope compatible method which can be used to screen the entire mucosal surface of a
hollow organ for morphologic and biochemical premalignant changes. This method does
not rely on changes in gross architecture. We have selected two clinically relevant
examples of neoplasia for initial development of this technique: colo-rectal dysplasia in
ulcerative colitis and transitional cell carcinoma in the urinary bladder. These diseases
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share a theme, comnon in the management of many types of neoplasia. In both, it is
desirable to detect premalignant and malignant morphologic and biochemical changes
(dysplasia and carcinoma in situ (CIS)) in order to identify patents at risk for developing
invasive carcinoma, who then face the possibility of surgery. In both, endoscopic
methods are insufficient to screen for dysplasia, and are currently supplemented by
selected mucosal biopsy, followed by histologic analysis. The utility of these techniques
is litnited because only a small portion of the mucosal surface of the organ is screened. In
some cases, large areas of dysplasia or CIS may not be discovered, resulting in the failure
to identify a patient at risk. The rationale for selecting these two conditions will be
described in more detail in the following sections.

1:2. i iew; lasia in intesgnal T

Mucosal ulcerative colitis (MUC) is a recurrent ulcero-inflammatory disorder,
affecting primarily the rectum and left colon [70]. Patients with MUC have a much
greater risk of developing carcinoma of the large bowel than does the general population
(70, 81]. The estimated risk varies somewhat, but curnulative rates as high as 60% at 30
years have been reported {71-74]. Because of this dramatically increased risk of
developing carcinoma, prophylactic colectomy has been advocated for all patients with
extensive long-standing MUC (75, 76). However, this surgery is not without risk. The
death rate for elective colectomy is low, but deaths do occur. Removal of the rectum can
result in sexual dysfunction in both men and women [77]. Many patients, particularly
those without severe chronic symptoms of MUC, find it difficult to accept surgery as a
means of preventing cancer [79).

In those MUC patients not electing initial colectomy, physicians recommend
regular colonoscopy with biopsy to screen for either early, potentially invasive
carcinoma, or for dysplasia, the earlier premalignant change [72, 78]. If these changes
are found, the physician recommends colectomy. Surveillance colonoscopy with biopsy
has a number of limitations, the most important of which is that participation does not
guarantee that the presence of a lethal cancer will be detected (72]. In one series,
carcinoma developed in 13 of 186 patients with a history of disease for ten vears or more
despite regular colonoscopic surveillance {79]. A major conmibuting factor to these
surveillance failures is the fact that carcinoma and dysplasia do not often cause grossly
observable lesions at endoscopy. This coupled with the fact that dysplasia and carcinoma
foci can be very small, can lead to tremendous sampling error (78, 30, 81].
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Thus, because of limitations in current methods of screening for colo-rectal
dyspiasia, the ideal result, the prevention of cancer and restriction of operations (0
patients with demonstrated precancer has not been realized. Spectroscopic diagnosis of
dysplasia has the potential to reduce the sampling error associated with colonoscopy and
biopsy, both through better direction of biopsy placement and by allowing the entre
surface area of the colon to be screened for dysplasia. This will be of immense practical
value in the management of patients with MUC.

1:2.2.2.  Brief Review of Transitional Cell Carcinoma in the Urinary Bladder

There are 38,000 new cases of bladder cancer in the US each year, resulting in
10,000 deaths annualily [82]. Most (~90%) are transitonal cell carcinomas (TCC) (82].
These carcinomas are subclassified based on their gross morphology (papillary or flat),
the degree of atypia exhibited by the cancer cells, and the extent of invasion (82). The
extent of tumor invasion is the most imporant prognostic factor for the patient. Once the
tumor has penetrated the outer layer of the bladder musculature, the chances of 5 year
survival become 10% or less [65]). There is substantial evidence to indicate that invasive
TCC is the final stage in a sequence of progressive mucosal dysplasia, rendering it
theoretically subject to early detection in a more curable phase {65]. It is generally
accepted that invasive cancers begin as non-invasive carcinomas, either non-invasive
papillary carcinomas, or as carcinoma in situ (CIS), a flat, non-invasive lesion [82].
There is reasonable good evidence that CIS may either progress directly to invasive non-
papillary carciroma or to a papillary carcinoma that may in fum become invasive (82]).

When initially discovered, most TCCs are non-invasive and of low histologic
grade [82]. However, once removed, TCCs often recur at different sites. With each
recurrence, TCC may be of higher grade, implying worse prognosis. In one series of
over 250 patients, with grade I, non-invasive papillary carcinoma, 46% of patients
exhibited a recurrence within 5 years, 81% within 15 years [83]. Because of this risk of
higher grade recurrence, patients with a history of non-invasive TCC are followed
closely. Surveillance of patients with TCC at present consists of evaluation of voided
urine cytology, cytology of bladder washings after instrumentation, DNA ploidy analysis
of cells obtained from bladder washings and cystoscopy with repeated biopsies [84).
Cytologic evaluation is reliable when cells are obtained from a high grade tumor (85, 86].
Cells from a low grade tumor may not be recognizable on cytologic analysis. DNA
ploidy analysis is useful, but does not invariably identify malignant cells [87].
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Cytologic analysis, even if positive, and DNA ploidy analysis, even if aneuploid,
do not identify the site of tumor. This can only be accomplished with biopsy at
cystoscopy. Bladder biopsy diagnosis of TCC at cystoscopy is reliable if a biopsy was
obtained from a cancerous site. This is usually not a problem in the case of papillary or
infutrating tumors. However, the identification of foci of flat, non-invésive TCC or
dysplasia is often a problem (88]. In one series of 399 biopsies obtained from
endoscopically normal mucosa, it was found that 4.5% contained CIS, and an additional
13.5% contained dysplasia {69]. When cystoscopic appearance was flat and
erythematous, abnormalities were observed in 51% of biopsies, 14% containing
carcinoma, and when the typical cystoscopic appearance of CIS was observed, 42% of
biopsies contained carcinoma, with 11% indicating severe dysplasia [{69]. It has been
demonstrated that these microscopic changes have important prognostc significance: 38%
of 29 patients who had a prior abnormal biopsy developed a subsequent tumor, compared
to 16% of 32 patients who did not have a prior positive biopsy [89].

Thus, patients displaying severe dysplasia or CIS will have their treatment plan
aitered, as they are at higher risk of developing invasive bladder cancer. The most crtical
decision encountered in the clinical management of these patients, co:cems the role of
cystectomy [90]. While cystectomy can cure a certain portion of these patients, it is an
operative procedure which is accompanied by significant morbidity and mortality {91].
The mutilation and functional loss associated with this procedure is a heavy burden for
these patients. Therefore, there is much interest in improving diagnostic techniques for
dysplasia and CIS, in order to accurately separate patients at most risk for developing
invasive bladder cancer, requiring cystectomy, and patieats who can be treated with less
aggressive therapies. Spectroscopic diagnosis of these conditions has the potential to
reduce the sampling error associated with cystoscopy and biopsy, either through better
direction of biopsy placement or by allowing the entire surface area of the bladder to be
screened.

1:3: Goals of this Work

The goal of this work was to develop a general method, based on fluorescence
spectroscopy, of defining diagnostic algorithms for pathology which can be applied to
human tssue in vivo in real time. Furthermore, this method was to be applied to the
diagnosis of the three specific pathologies described in the preceding secton.
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1:3.1: Can Fluores-ence Spectroscopy be Used te Differentiate
Normal and Pathologic Tissues?

Fluorescence spectroscopy was chosen as the basis of our algorithin for primarily
two reasons. The first is that the technical requirements of this goal - gathering chemical
information sensitively, remotely and non-destructively in real time - c. be achieved
using fluorescence. Secondly, there is much evidence to indicate that the chemical
alterations accompanying many diverse diseases can be probed using fluorescence
spectroscopy [5-10]. Many naturally occurring fluorophores, such as MADH, NAD(P)H
and the flavins, are intimately involved in important cellular processes such as respiration,
growth and even necrosis {92, 93, 94]. Thus, fluorescence has the potendal to provide
an algorithm which achieves real time in vivo histochemical diagnosis and staging of
disease, but in addition may also yield novel methods of studying the pathogenesis of
disease in vivo.

1:3.1.1.  Brief Review of Tissue Spectroscopy Literamure

Many groups have shown that fluorescence spectroscopy can be used to develop
diagnostic algorithms for disease which are effective when applied ir virro (5-10, 95-
110]. Tissues investigated have been diverse, including atherosclerosis in arterial issues
[5-8, 95-99], neoplasia in many organs such as oral mucosa [10], gastrointestinal tssues
[10, 108, 109] and tissues of the upper urinary tract {96]. Preliminary results have
suggested that even dental caries [110] can be detected using fluorescence spectroscopy.

The most advanced studies have been carried out in arterial tissue. These will be -
reviewed here, and in Chapter 3. Early work, with visible excitation, demonstrated that
fluorescence spectroscopy could be utilized to diagnose the presence of atherosclerosis in
human cadaver aorta. Kittrell suggested that, with 480 nm excitation, the peak to valley
ratio of the fluorescence intensity at 600 nm to that at 580 nm indicated the presence of
fibrous atherosclerosis [95]. This algorithm was tested in & small set of six samples of
human cadaver aorta, and all were correctly classified as normal or atherosclerotic.
Sartori demonstrated that, with 457.9 nm excitation, the peak fluorescence intensity could
be used to delineate regions of calcific plaque in six samples of human cadaver aorta [6].

Much subsequent work has been done with ultra-violet excitation. Deckelbaum
demonstrated that 337 nm excited laser induced fluorescence (LIF) spectra could be used

to differentiate 21 samples of normal cadaver aorta, white fibrous plaque and yellow fatty
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plaque. based on the ratios of fluorescence intensities at 448 nm, 514 nm and 538 nm
(96].

Deckelbaum subsequently showed that, with 325 nm excitation, a fluorescence
based algorithm could be used to classify over 180 unknown samples of cadaver aora as
normal or atherosclerotic with an accuracy of 92% when compared to histology [8]. In
this study, however, only advanced atherosclerotic plaques, with an intimal thickness of
greater than 900 pm, were considered. At 325 nm excitation, Deckelbaum attributes the
fluorescence signal to col.agen and elastin fluorescence (8]. His algorithm consists of
extracting the relative contributions of these proteins from the fluorescence spectum (8).
Diagnosis is acocmplished because the fluorescence spectrum of atherosclerotic aorta is
dominated by contributions from collagen, while that of normal aorta resembles primarily
that of elastin {8). He notes that this algorithm can not be extrapolated successtully to
diagnosis of atherosclerosis in muscuiar arieries, such as the coronary arietics, because
the elastin content of these arteries is much different than that of the elastic aorta {97]).

Leon has reported studies of over 250 samples of cadaver aorta and corcnary
artery at 325 nm excitaton. He observed a single emission peak near 465 nm in the
fluorescence spectrum of both normal and atherosclerodc dssues [7]. Differences were
observed in the maximum flucrescence intensity and fluorescence lineshape of non-
calcified atherosclerotic samples and normal tissues. ‘The peak fluorescence intensity of
these plaques was only 45% that of normal tissue and the full width at half maximum
(FWHM) of this single peak was larger for non-calcified plagues than for normal tissues
" [7]. The fluorescence intensity of calcified atherosclerotic plagues was more similer io
that of normal tissue at this excitation wavelength; these plaques had an average
fluorescence intensity 7% greater than that of normal tissues (7). Leon did not present an
algorithm for classification of sample type based on these fluorescence features. In
addition, he reported no differences in the fluorescence properties of sorta and coronary
artery at this excitation wavelength [7].

In a preliminary study, Clarke indicated no significant differences in the
fluorescence of native calcified and normal aortic valves when excited in the UV [98]. In
a more recent paper, however, he presented work at 325 nm excitation and showed that
farty, fibrous and calcific plaque content as well as maximal intimal thickness in cadaver
coronary artery could be correlated to features of the fluorescence spectrum [99]. He
investigated over 300 samples in vitro and used multiple and stepwise regression analysis

to correlate over 78 ratios of fluorescence intensities at 13 wavelengths between 390 and
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600 nm to intimal thickness and lesion composition [99). When regression analysis was
applied to the total sample set, correlation coefficients approached 0.8 for intimal
thickness, fibrous, fatty and calcified plaque content {99]. The correlation coetficients
were greater when the data sets were resuicted to include only particu.ar types of
atherosclerotic plaques {99). In all cases, the parameters esumated by tluorescence
specrroscopy were compared to values measured using standard histologic methods (99].

In addition, many studies have shown that the autofluorescence propertes of
normal and neoplastic tissues differ Gver a wide range of UV and visible excitation and
emission wavelengths {9, 10, 100-109). These will be briefly reviewed here, and those
involving tumors of the colon will be described in more detail in Chapter 4. Alfane and
colleagues have demonstrated that 488 nm excited laser-induced autofluorescence specua
of normal and cancervus tissue are appreciably different in rat kidney and prostate tissues
{100}. In addition, Alfanc has shown that an observational comparison of 457.9, 488
and 514.5 nm excited LIF spectra of normal and cancerous human tissue can be used to
diagnose the presence of tumor with a sensitivity of 87.5% and a specificity of 86.6% in
31 samples in vitro [9). Simi... results have been reported by Alfano in human lung
tissue as well 101, 102). He suggests that autofluorescence in these tissues may be due
to flavins and porphyrins, which may have different environments in normal and
neoplastic tissues {9, 100-1G2]. Other groups have measured increased levels of red
fluorescence in tumors, and suggest that this is due to higher concentrations of
endogenous porphyrins in tumors than in corresponding normal tissues {10, 103-106].

Additional empirical studies have demonstrated that UV LIF specira can be used
to develop diagnostic methods for neoplastic human tissue. Montan demonstrated that at
337 nm excitation, autofluorescence of meningiomas was significantly different than that
of normal white and gray matter, while asocytoma spectra were similar to that of normal
brain tissue [107]. Yakshe observed differences in the autofluorescence spectra of
resected normal colonic mucosa and invasive carcinoma of the colon with 337 nm
excitation [108]. Kapadia and colleagues have shown in vifro, that at 325 nm excitation,
fluorescence spectroscopy can be used to differentiate normal celonic mucosa,
hyperplastic polyps and adenomatous polyps with an overall accuracy of 92% [109].

Thus, in many preliminary studies, most of which were empirical in nature,
autofluorescence spectroscopy has been shown to be useful for developing diagnostic
algorithms for pathology in vitro. However, in the development of these systems there

are many improvements which can be made. For example, the selection of excitation
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wavelength in many previous studies seems largely to be a function of the laser available
in the researcher's laboratory. Human tissue likely contains many diiferent
chromophores which can conaibute to the fluorescence specoum; this implies that beth
the intensity and lineshape of the fluorescence emission spectrum will be a function of
excitation wavelength {11]. In addition, in the development of these algorithms, a
detailed understanding of the morphologic and molecular basis of tissue tluorescence
spectra has not been undertaken. Empirical interpretation of fluorescence spectra neglects
a vast amount of morphologic and biochemical information. It is likely that a more
scientific approach to this interpretation will yield both more sensitive and accurate
diagnostic algorithms. Furthermore, a morphologic or molecular interpretation of the
fluorescence spectrum will be more meaningful to the clinician, enabling the most direct
correlation of spectroscopic algorithms with the identity, stage, prognosis and choice of
reatment of the particular disease.

This thesis addresses these shoricomings; here is presented a systematic approach
tc defining spectroscopic diagnostic algorithms for pathology. This method includes
optimization of the excitation wavelength and development of morphologic/molecular
models of fluorescence. This rethod can be applied to any pathology in any tissue; it is
illustrated here with three specific examples. Our general approach is described concisely
below, and in more detail with respect to each of the examples in Chapters 3, 4, and 5.

1:3.2:  What is the Optimal Way to Achieve Spectroscopic Diagnosis
of Disease? Our Approach in Brief.

Our approach to defining spectroscopic diagnostic algorithms for disease is a
stepwise procedure. It begins with the initial step of forming the hypothesis that, at
specific excitation wavelengths, fluorescence spectroscopy can be used to distinguish
normal and pathologic tissues for the clinical condition of interest. These excitation
wavelengths are selected on the basis of a comparison of the fluorescence properties of
normal and pathologic tissues over a wide range of ultra-violet and visible excitation
wavelengths.

At these excitation wavelength(s), studies are then conducted to determine the
biochemical and morphologic basis of tissue fluorescence. Tissue fiuorescence spectra
are interpreted utilizing a simple mathematical model of tissue fluorescence to extract
parameters related to the concentration and spectral properties of tissue chromophores.
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Diagnostic algorithms for the diagnosis and staging of disease are then developed,
utilizing parameters exmacted. with the model

Much of this procedure must be carried out in vitro; however, in our protocol,
clinical trials of fluorescence spectroscopy are carried out in vivo in parallel with in vitro
studies. In these clinical trials, the hardware and software with which fluorescence
spectra are collected and analyzed are tested and modified as necessary. In addition, these
trials ensure that algorithms developed in vifro are applicable in vivo.

This method is illustrated schemarically in Fig. 1. Each of these steps in our
procedure is described below in more detail.

In_Vitre Studi Botl [n_Vive Studi
Determine: Test:
Excitation wavelength(s) Hardware and software
optimal for differentiation in vivo.
qf normal and pathologic T
tissues. Determine:
Are tluorescence spectra of
normal and pathologic
tissues different in vitro and
in vivo?
________________.:-
Empirical Algorithms
Determiine:
Morphologic and molecular
basis of tissue fluorescence.
|
Develop:
Model of tssue
fluorescence to extract
parameters related to
physico-chemical
composition of tissue
Histochemical Algorithms
\
Define:
Role of technique in
clinical medicine.

Figure 1: Schematic diagram illustrating the steps involved in our approach to defining
spectroscopic algorithms for real time diagnosis of disease in vivo.
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1:3.2.1. Clinical Considerations - Record emission spectra

Before describing our procedure in more detail, it is necessary to explain why our
aigorithms are based on features of the fluorescence emission spectra at selected excitation
wavelengths. In principle, the same information could be obtained from parameters of
fluorescence excitation spectra at selected emission wavelengths. However, our goal is to
achieve real time diagnosis of pathology; to achieve this, technical considerations suggest
that emission spectra are superior te excitation spectra, because, with current technology,
than can be collected more rapidly. At a single excitation wavelength, using mult-
channel detection, an entire fluorescence emission spectrurn can generally be collected
within a single shot of a pulsed excitation source. Fluorescence spectra even at several
excitaton wavelengths can then be collected very rapidly. Fluorescence excitation
spectra, on the other hand, are more difficult to collect in such a rapid fashion.

1:3.3: Flucrescence Excitation-Emission Matrices

The first step of our approach is to form the hypothesis that, at specific excitanon
wavelengths, fluorescence spectroscopy can be used to differentiate normal and
pathologic tissues for a particular clinical condition. These excitation wavelengtas are
identified by recording tissue fluorescence intensities over a wide range of UV and visible
excitation and emission wavelengths. This data is then assembled into a fluorescence
excitation-emission matrix (EEM), a matrix containing the fluorescence intensity as a
function of excitation and emission wavelength [111]. Fluorescence EEMs are acquired
for a small group of normal and pathologic samples in virro. Average EEMs are
calculated for each class of tissue to be differendated. They are displayed as fluorescence
contour maps, where contour lines are used to connect points of equal fluorescence
intensity. We have developed two methods of comparing fluorescence EEMs to
determine excitation wavelength(s) optimal for diagnosing disease. These require
calculating both the ratio and difference of the average normal and pathologic EEMs.
From these w:: determine the minimal number of excitation wavelengths required to
collect all possible diagnostically relevant physico-chemical information about the tissue.

1:3.4: Basis of Tissue Fluorescence

Our goal is to develop methods for minimally invasive diagnosis of pathology
based on histochemical features which can be extracted from tissue fluorescence spectra.
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The third step in our procedure then is :o elicit the morphologic and molecular basis of
dssue autofluorescence at the excitation wavelength(s) of interest.

1:3.4.1, Molecular: EEMs of Ti nd Biological Molecul

The fluorescence EEMs provide imporiant clues about the biochemical
components which contribute to the fluorescence of tissue. For the purpose of
interpreting fluorescence EEMs, we can regard tissue as a muiti-component, optcally
thick, turbid solution, containing species which can absorb and/or scatter radiation, and
which, following absorption, can potentially flucresce. Definitive identification of ussue
chromophores! from fluorescence EEMs is thus a difficult task. Here, we use a simple
method of interpretation, in order to preliminarily determine the biochemical identity of
tissue fluorophores and absorbers. A list of potential tissue chromophores is established
by a comparison of fluorescence excitation-emission maxima in tissue EEMs to
fluorescence excitation-emission maxima of naturally occurring fluorophores (112].

4 hologic/Bi ical:Fl mi \i

Definitive identification of the morphologic structures contributing to the tissue
fluorescence spectrum (chromomorphs) is achieved using microscopy. Unstained frozen
sections of tissue are viewed through the fluorescence microscope to determine which
regions of the tissue fluoresce; serially stained sections are then viewed through the light
microscope to determine the morphologic identity of these fluorescing structures. The
spectroscopic properties of individual chromomorphs are characterized by

microspectrofluorimetry.

This morphologic characterization provides important clues about the molecular
identity of tissue fluorophores. The location of a chromomorph, i.¢. extracellular, intra-
cellular, intra-nuclear, membranous, gives clues about the chemical nature of the
associated fluorophore(s). In addition, the spectroscopic properties of chromomorphs
can be compared with those of individual biomolecules. A comparison of the spectrum of

IHere, we use several terms to describe tissue constituents which may contribute to the fluorescence
specrum. We use the term chromophore 10 indicate a specific chemical structure which absorbs radiation
in the UV or visible regions of the spectrum, and following absorption may emit fluorescence. We use
the term absorber to represent those chromophores which do not fluoresce and fluorophore to represent
those chromophores which do flucresce. In contrast, we use the term chromomorph o indicate those
morphologically distinct structures which absorb radiation in the UV and/or visible region of the
spectrum, and following absorption may emit fluorescence. The distinction between the terms
chromophore and chromomorph is in the level at which the ideatitiy of the tissue constiment is known -
chemical or morphologic. 19 :



a particular chromomorph with those preliminarily icentified from EEM studies can result
in definitive molecular fluorophore identification.

1:3.5: Models of Tissue Fluorescence
1351, Geperal OQverview

To extract the histochemical composition of tissue from the fluorescence spectra
of bulk tissuie two conditions must be met. First, the histochemical basis of tissue
fluorescence must be known, and the spectroscopic properties of individual tissue
components must be characterized. Secondly, a model of tissue fluorescence is required
to describe light propagation within the tissue. There are many approaches to developing
such a model; however, there are three features which must be included no matter what
the approach.

1:3.5.1.1: Absorption, Scatiering, Fluorescence

The first feature to model is the fate of photons which are incident on or generated
within tissue. UV or visible electro-magnetic radiation in tissue can either be scattered or
absorbed [113]. There are many theories to describe this process [114]. The scattering
and absorption of incident radiation control the distribution of excitation light within the
dssue [114], and thus determine what structures within the tissue can potentially absorb
radiation. When light in this spectral range is absorbed by a chromophore, a variety of
consequences can result, one of which is emission of a fluorescence photon. The UV
and visible absorpton and emission characteristics of a particular chromophore are
govemned by quantum mechanics and can be described in terms of energy level diagrams,
as shown in Fig. 2 {92, 113]. The scattering and re-absorption of fluorescence photons
generated within the tissue determines the distribution of flucrescence photons emanating
from the surface of the tissue. Only those photons reaching the tissue surface and
entering the deiection system are collected [115].

1:3.5.1.2: Muiti-component sample

The second essential feature of any model of tissue fluorescence is the inclusion
of contributions from multiple chromophores, including scatterers, absorbers and
fluorophores. The properties of dilute solutions containing a single fluorophore are
considerably different than those of multi-component, optically thick, turbid materials
such as tissue. For example, the fluorcscence emission lineshape of a dilute solution
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containing a single fluorophore is independent of excitation waveler <th; as the excitaton
wavelength is varied, only the overali fluorescence intensity changes (113). On the other
hand, both the fluorescence intensity and lineshape of multi-component solutions change
with excitation wavelength, as the relative contribution of various fluorophores is a
functon of excitation wavelength.
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Figure 2: Energy level diagram depicting the process of absorption and emission of
photons in the UV and visible regions of the spectrum.

1:3.5.1.3: Muliti-layer samples

Finally, it is uiecessary to incorporate the geomery of tissue into a model of tissue
fluorescence in order to cxtract physical properties of the tissue from fluorescence
spectra. The layered saucture of many tissues simplifies this task; the artery, for
example, is composed of three layers, the intima, media and adventitia {116]. These
layers are distinct histochemically; thus, must be treated separately within a morel of
tissue fluorescence.

1:3.5.2. Models for light attenuation

A key feature of any model of tissue fluorescence incorporating these three
elernents is the manner in which the propagation of light within the tssue is described. In
non-scattering media, light intensity decreases exponentially along the axis of
propagation, according to Beer's law [117). The large amount of scattering in tissue,
however, preciudes a simple determination of the funcdonal form of attenuation. Light
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propagation ir 2 highly scattering medium is commonly treated using the equation of
wansfer {118). Unfortunately, a general solution is not known. This has led many
workers to develop reasonable approximations which lead to analytical solutions for
esumating light propagation in scattering media (118, 119]. Monte Carlo simulations
have been extensively utilized, offering the advantage that complex geometries and
inhomogeneities can be modeled {120]. However, the ime required to obtain sutficient
photon statistics obviously precludes the use of this technique in a real time system.

In our medel of tissue fluorescence, we will, for simplicity, treat the processes of
absorption and scattering together, considering only the towal effects of attenuation We
will assume that light is attenuated exponentially, and can be described by a wavelength
dependent attenuation coefficient. The ramifications of this simplifying assumption will
be discussed in Chapter 2:3.2.2, comparing our model of attenaation to results of Monte
Carlo simulations and the diffusion theory approximaton to the equation of transfer.

1:3.6:  Aigorithm Development

The model of tissue fluorescence provides a method of exmracting parameters
related to the morphologic and biochemical composition of tissue from fluorescence
spectra. To atilize these parameters in making clinical decisions concerning the presence,
identity, stage and treatment of disease requires a diagnostic algorithm. The process of
algorithm development is well studied in the field of medical statistics [121].

Basically this iterative procedure can be broken down into two consecutive steps.
First, parameters which have the greatest diagnostic capability must be selected. Then a
decision surface which separates this parameter space into various diagnostic categories
must be defined. The performance of the algorithm is described in terms of several
quantities, including sensitivity, specificity and positive predictive value [121]. The
decision surface is usually defined to optimize a cerrain measure of algorithm
performance; the choice of which measure is optimized depends on the particular clinical
application of the algorithm.

In this thesis several methods of algorithm development are utilized. Each udlizes
fluorescence spectra from a rcpresentative data set for which tissue type has been
characterized by histologic methods, known as the defining set. These methods will be
briefly described below.
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We utilize an empirical method of selecting the parameters (o include in the
diagnostic algorithm. In this process, we employ a simple analog of stepwise variable
selection to choose which variables have the greatest diagnostic capability (121]. This
technique uses the misclassification rate for the defining data set to test the diagnostic
capability of cach variable individually. Once the most clinicaily useful variable has been
determined, all pairs of variables coasisting of this parameter and any of the remaining
parameters are tested. Although not rigorously designed to achieve statistically optimized
algorithms, this simple method of parameter selection provides valuable insight into how
well more complicated statistical algorithms can be expected to perform.

1:3.6.2. _ Defining Decision Surf

We use two methods to define decision surfaces in our diagnostc algorithrus.
The first, simpler method, is used to develop a preliminary assessment of potential
algorithm performance. If promising, more sophisticated methods are used to optimize
decision surfaces for individual clinical settings.

1:3.6.2.1: Scatter Plots

A simple method of formulating a decision surface is to plot the model parameters
of each individual sample in the defining set. This plot is known as a scatter plot, and is
easiest to represent when the number of parameters is two or less. Decision surfaces can
then be empirically drawn on this scatter plot, separating it into various regions which
correspond to the different categories to be differentiated. Decision surfaces can be
defined to maximize any measure of algorithm performance.

Although it is simple to define decision surfaces from scatter plots of the defining
data set, tiie method has a number of drawbacks. By constructing complicated decision
surfaces and dividing the scatter plot into many different, non-contiguous regions, it is
generally possible to correctly diagnose all sampies in the defining set. However, when
the algorithm so defined is applied (o 2 second, similar set of data, the performance
generally falls drastically. This problem can be minimized by restricting the shape of the
decision surfaces and requiring that no non-contiguous regions of the parameter space be
accorded the same diagnosis.

23



A second problem is the clinical interpretation of the diagnosis of samples whose
fluorescence parameters fall close to the decision surfaces. Intuitively, we associate more
uncertainty with the diagnosis of these samples than that of samples with fluorescence
parameters not close to the decision surface. This uncertainty is difficult to quandfy,
however, with this method.

Perhaps the most impertant problem with this method of defining decision
surfaces is that of optimizing different measures of algorithm performance. Generally,
the measure of performance of most clinical interest is the positive predictve value [121].
The predictive value depends on initial likelihood of encountering disease in a given
patient population; this is known as the prior probabilitv of disease. For optimal
algorithm performance, decision surfaces need to be defined differenty for very rare and
very common diseases. Unfortunately, customizing the decision surfaces for different
clinical settings of the same disease 1s not easily incorporated in the scatier plot method of
defining decision surfaces.

1:3.6.2.2: Discriminant Analysis

Discriminant analysis is a probabilistic method of defining decision surfaces
which overcomes these problems [121). In this procedure, for each classificadon of
disease, probability distributions are caiculated for each of the fluorescence parameters
from the defining data set. These probability distributions are then used with estimations

of the prior probability to develop an expression for the posterior probability for each

tissue classification. The posterior probability represents the probability that an unknown
sample with measured fluorescence properties belongs to a particular classification. The
algorithm then consists of allocating unknown tissue samples to the tissue category for
which they have the greatest posterior probability.

1:3.6.3. _ Clinical Studies and Trial

Throughout this procedure, clinical wials of the diagnostic algorithms under
development are pursued. These studies serve three important purposes. First, the
hardware for collecting tissue fluorescence spéctra in vivo and the software for analyzing
the resuiting data can be tested and modified as necessary. Second, we can attempt to
account for any differences between in vitro and in vivo data within the framework of our
histochemical understanding of the basis of tissue fluorescence, ensuring that algorithms
developed in vitro will ultimately be applicable in vivo. Finally, actual clinical

24



implementation of the algorithms developed through this method can begin, in order 0
assess the role of these techniques in diagnostic medicine.

The remainder of this thesis describes the implementation of these methods in
three clinically relevant situations. In Chapter 3, a spectroscopic diagnostic algorithm is
developed for atherosclerosis in t human aona and coronary artery. Chapter 4 contains a
diagnostic algorithm for the presence of colonic dysplasia, while Chapter 5 includes
diagnostic algorithms for the presence of premalignant and malignant changes associated
with transitional cell carcinoma of the urinary bladder. Finally, in Chapter 6, the
important conclusions which can be drawn from this work are summarized, and future

experiments are proposed.
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2; Common Experimental and Data Amnalysis Methods

in applying our method of algorithm develcpment to the three specific clinical
conditions detailed in Chaptex One, many of the same tissue handling protocols,
experimenial procedures, and methods of data analysis were followed. This chapter
contains a sumsmary of these common methods; experimental results and conclusions are
presented individually in Chapters Three, Four and Five.

2.1: Tissue Handling Protocols

All tissues studied in this thesis were human. Tissues were studied both in vivo,
in the living organism, and in vitro, or in the laboratory. In all cases, studies were
inirially carried out in vitro, to determine if fluorescence spectroscopy could be used to
differentiate normal and pathologic tissues under easily accessible, controlled conditions.
If promising results were obtained in the laboratory, clinical studies were initiated to
develop methods of making spectroscopic measurements in vivo and to determine if
algorithms developed in vitro could be applied in the living patent.

Tissues studied in vitro were obtained from two sources - whenever possible
samples were obtained from surgically resected human organs, in other cases samples
were obtained from human cadavers at autopsy. There are several fundamental
differences between these tissues and dssue in the living patient. The most important
difference is that these tissues studied in vitro are no longer alive, because they are no
longer perfused. This implies that respiration and metabolism have ceased, and that the
degradative processes of autolysis have begun {1].

In all cases, we have attempted to minimize the effects of autolysis so that in vitro
studies will yield information which is relevant for application in the living patient. As
autolysis progresses with time [1], every effort was made to obtain samples for study in
vitro as quickly as possible following tissue death. In cases where samples were
obtained from surgical resections this was usually accomplished within 1 hour of rssue
death. When samples were obtained at autopsy this was usually within 24 hours of tissue
death. For this reason, surgical samples were considered preferable; however, they were
_ not always obtainable, as in the case of normal aorta. To halt the process of autolysis,
upon receipt, samples were immediately frozen and stored at -70° C until use (2].
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At the time of study, samples were warmed to room temperature, and were kept
moist in a bnifered (50 mM TRIS), pH = 7.4, isotonic saline solution (140 mM), in an
attempt to mimic the lumen environment in vivo as closely as possible.

We have determined that the freezing process does not alter the fluorescence
lineshape of human aorta at 476 nm excitation. In addition. following in vizro studies, all
samples were submitted for histologic analysis; in most cases, only minimal autolytic
changes were present. Data from samples displaying severe autolysis were discarded. It
should be noted that these autolytic effects were most prominent in gastro-intestinal
tissues, and least prominent in arterial tissues, reflecting the different autolytic
propensities of these tissues.

2.2: Experimental Methods

Experimental methods of recording tissue fluorescence properties are summarized
here. The method of r=cording fluorescence excitation emission mawmices (EEMs), in
order to survey the spectroscopic properties of dssue over a wide range of UV and visible
excitadon and emission wavelengths, is first described. Methods used to measure tissue
fluorescence emission spectra at excitation wavelengths indicated from a comparison of
the fluorescence EEMs of normal and pathologic tissues are then described. Particular
emphasis is given to methods which can be easily adapted for use in vivo in real time.
Finally, methods of fluorescence microscopy and microspectroscopy, for use in
determining the histochemical basis of tissue fluorescence at selected excitation
wavelengths, are described

2.2.1: Fluorescence EEMs

A fluorescence EEM is a matrix containing the fluorescence intensity as a function
of excitation and emission wavelength. Fluorescence EEMs of arterial tissue were

constructed from a series of fluorescence emission spectra collected at excitation
wavelengths (Aexc) varying from 250 to 550 nm in 10 nm steps. For each emission

spectrum, fluorescence intensities were recorded at 10 am intervals of emission
wavelength (Ae) over the range

[lm+ 10om] < &, < (2%, - 10nm]or[700nm].
At each emission wavelength, fluorescence signal was integrated for a | s interval. For

35



gastro-intestinal and urinary bladder tssues, excitation wavelength was varied from 250 -
500 nm in 10 nm steps; emission intensities were recorded in 5 nm intervals of emission
wavelength over the range:

(A, T 16nm | < A.m <[(2A_, - 10 nm | or { 760 nm |.

Emission spectra were collected using a standard spectrofluorimeter. Figure Gne
shows a schematic diagram of the insoument. Excitation light was incident perpendicular
10 the lumenal surface of the tissue; emission light was collected at a 23° angle with
respect to the excitaton beam. The instrument was modified to yield an excitation beam
size of approximately 2 x 3 mm at the tissue. In these experiments, the spectral resoluton
of the excitation monochromator was 2 nm FWHM, that of the emission monochromator
was 4 nm FWHM.

Rhodamine and
Reference Detector
M f Y \ N /N

/ 1 1 Al

@ W N AN W )

Lamp Sample Signal

AN ) |y | Derecor
Excitation Emission
Monochromator Monochromator

g:“gltldls'e 1: Schematic diagram of the spectrofluorimeter used to record fluorescence
The incident intensity varied with excitation wavelength, but was always less than 40
uW/mm2. Variatons in the incident intensity were corrected for by raticing the
fluorescence emission of the sample to that of a standard 1 cm reference cuvetie
containing 8 pg/L of Rhodamire B in reagent grade propylene glycol [3]. Total collection
of a fluorescence EEM required approximately ! and 1/2 hours. To minimize the
exposure of tissue w excitation light during this procedure, a shutter was employed, so
that light was incident on tssue only during the time which fluorescence emission was
being recorded. Emizsion spectra were collected in order of increasing excitaton
wavelength, with the 250 nm excited spectrum collected first. To monitor for
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photobleaching, a 250 nm excited spectrum was recorded again foltowing coliection of
the EEM. In all cases, deviations between the first and last 250 nm excited spectrum
were less than 5%.

To correct for slight day to day variations in the throughput of the system,
absolute fluorescence intensities were calibrated daily using a standard fluorescent filter.
Fluorescence intensities are reported here in arbitrary units relative to the intensity of this
standard. All spectra have been corrected for the non-uniform spectral response of the
spectofluorimeter. These correction curves were obtained by recording the emission
spectrurn of a calibrated tungsten filament lamp.

EEMs are presented here as fluorescence contour maps, where emission
wavelength is on the abscissa, excitation wavelength is on the ordinate, and contour lines
connect points of equal fluorescence intensites.

2.2.2: Fluorescence Emission Spectra

2.2.2.1: Fluonmeter

The spectrofluorimeter described above was also used to measure tissue
fluorescence emission spectra at excitation wavelengths ranging from 250 - 550 nm.
Here, emission spectra are reported with 290, 330, 370 and 476 nm excitation. In all
cases, emission intensity was recorded at 1 nm intervals from 10 nm past the excitation
line to 580 nm for 290 nm excitation, to 650 nm for 330 excitation, or to 700 nm for 370
and 476 nm excitation. The fluorimeter was used under the conditions reported above,
except in some cases the incident beam size was approximately 10 x 3 mm, and in others
was approximately 2 x 3 mm. Because of this variation in incident spot size, all data
collected with this instrument was normalized to unity at a specified emission wavelength.

It should be pointed out that the collection geometry of the fluorimeter in Fig.1 is
not well defined; fluorescent light is collected from a large, ill-defined surface area of the
sample. This collection geomerry is typical for conventional fluorimeters. In general,
this is not a problem for dilute samples, which do not scatter light. However, the
fluorescence spectra of turbid samples, such as human tissue, are exremely dependent on
the excitation and collection geomeury of the detector [4,5]. It has been shown that the
contribution of attenuation to the fluorescrnce spectrum of turbid samples is enhanced as
the sample surface area from which fluorescence is collected 1s increased relative to the
area which is illuminated (4,5). This has two ;r;lponant implications: (1) the contribution




of attenuation to tissue fluorescence spectra can be altered by changing the
excitation/collection geometry; and (2) to obtain comparable results with different
detection systems requires that the sysiems have similar, well-defined collection

geometries {4).
2.2.2.2:  Spectral Catheter

Special systems were developed which could easily be adapted to record and
analyze entire tissue fluorescence spectra in vivo in real (or near rzal) ime. To allow
remote sensing of fluorescence, a spectral catheter containing opdcal fibers was designed
and constructed. In designing this device, because of the above considerations, the
geometry of delivery of excitation light and collection of resulting fluorescent light was
carefully considered.

The fluorescence signal from turbid samples, such as human tissue, is dependent
on this geometry [4, 5]; obtaining reproducible results depends on the control of this
geometry. It will be shown in Chapter Three that in arterial tissue, the diagnostically
useful information in the fluorescence spectrum is primarily related to the fluorophores;
thus, the collection geometry of this catheter was chosen so that attenuation effects in the
fluorescence spectrum would be minimized [4,5]. As shown in (4], this consists of a
geometry in which tissue fluorescence is collected from only that surface area directly
illuminated by excitation light.

Two different systems were used to record tissue fluorescence emission spectra at
several selected excitation wavelengths. The first system described was utilized to record
spectra at 476 nm excitation. In this system, a continuous wave (CW) argon ion laser
was used to provide excitation light, and a scanning monochromator and photo-muitiplier
tube (PMT) were used to measure the fluorescence intensity as a function of emission
wavelength. With this system, fluorescence spectra with good signal to noise ratio (S/N)
could be collected in less than a minute!. The second system used a pulsed laser system
to provide excitation light at 319.9, 369.9 and 435.7 nm; a monochromator and optical
multi-channel analyzer (OMA) were used to record an entire fluorescence spectrum within
a single pulse of the excitation laser.

LHere, S/N ratios are given as peak signal divided by peak to peak noise. For the purposes of this thesis
'good’ S/N will be used to mean S/N > 20. This value was chosen experimentally - given peak widths
typical for tissue, with this S/N, closely ovalappingp?gscmﬂdbc fairly well resolved visually.




2.2.2.2.1: 476 em Excitation

Figure 2 shows a block diagram of the system used in vitro to record tissue
fluorescence spectra at 476 nm excitation. This system consists of an argon-ion laser,
used to provide 476 nm light, an opucal fiber laser catheter and a scanning
monochromator and photomultiplier tube. The optical fiber laser catheter consists of
seven optical fibers, encased in a transparent quarz shield. The central fiber, coupled to
the laser, provides a 1 mm diameter spot of excitation light at the surface of the shield.
This opdcal shield was placed in contact with tissue in order to coilect fluorescence
spectra. Six collection fibers, surrounding the central fiber, are arranged so that each
views only the spot illuminated by the central fiber, and are used to collect tissue
fluorescence. The distal ends of these fibers are coupled to the entrance slits of the
monochromator. The well defined collection geometry of this system represents a
substantial improvement over that of typical spectrofluorimeters, in which the collection
geomerry is not well defined and which record signals from turbid samples that can be
significantly distorted by artenuadion (4, 5].
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Figure 2: Block diagram of the system used to collect tissue fluorescence specma of
tssue in vitro at 476 nm excitation.
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Fluorescence emission intensity was recorded at 0.5 nm intervals from 500 - 650
nm. Spectral resolution of the detector was 6 nm FWHM. A time constant of 250 msec
was used to record all data. For all spectra obtained in vitro, an excitation intensity of
100 },l.W/mm2 was used; data collection time was 40 seconds. Thus, tissue samples were
exposed to a fluence of 4 mJ/mm? per spectrum recorded. This is well below the value
of 80 m}/mm? required to produce significant laser induced alteration of tissue spectral
properties at this excitation wavelength {6].

The total throughput of this detection system has been estimated as 5x10-7; the
single greatest loss in signal occurs as fluorescent light enters the spectral catheter. The
throughput of the spectral catheter for fluorescent light is 1x10-3 (7). Variations in the
day to day throughput of the system were corrected for by regularly recording the
fluorescence intensity of a calibrated standard. Tissue fluorescence intensities are
presented relative to the intensity of this standard. All data has been comrected for the
non-uniform spectral response of the detection system using correction curves obtained
with a calibrated tungsten filament jamp.

2.2.2.2.2: 320, 370, and 4356 am Excitation

Figure 3 shows a block diagram of the system used in vitro to record emission
spectra of tissue at 319.9, 369.9, and 435.6 nm excitation. This system consists of a
pulsed Nd:YAG laser, an optical fiber catheter used to deliver excitation light to the tssue
and collect resulting fluorescence, and an imaging specrograph and optical multi-channel
analyzer used to record fluorescence intensity as a function of emission wavelength.

The Nd:YAG laser provided 8.5 ns puises of 1064 nm radiation at a repetition of
10 Hz. This Lght was frequency doubled using KDP crystals to provide 532 nm
radiation. The 532 nm light was then used to pump a 1 m long cell filled with H2 gas ata
pressure of 150 psi. Stimulated Raman scattering is a well known technique which can
be used to produce co-linear light at a series of wavelengths shifted up and down in
frequency from the excitation frequency by an integer multiple of the frequency
corresponding to the strongest Raman transition of the gas [8]. The frequency
corresponding to the strongest Raman transition of H2 gas is 4155 cm-l; with 532 nm
excitation, the first three ant-Stokes lines are at wavelengths of 435.7, 369.9 and 319.9
nm. Light at any one of these wavelengths was isolated using a Pellin-Broca prism and a

10 nm wide interference filter centered near the wavelength of interest
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Figure 3: Block diagram of the system used to record fluorescence spectra of tissue in
vitro at 319.9, 369.9 and 435.7 nm excitation.

This monochromatic excitation light was focused into the central fiber of a 10
fiber, shielded, optical fiber catheter. All fibers had a quartz core, and were capable of
transmitting light from 300-700 nm efficiently. The central fiber was used to provide a
1.0 mm diameter illumination spot at the distal tip of the optical shield. This optical shield
was placed in contact with tissue in order to collect fluorescence spectra. Tissue
fluorescence was collected with the nine optical fibers surrovnding the central fiber.
These collection fibers were arranged so that each fiber collected fluorescence only from
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the surface area of tissue directly illuminated by excitadon radiation, providing a welil
defined collection geometry (4,5].

The proximal tips of the collection fibers were imaged onto the enmance slit of an
imaging spectrograph. A long pass cutoff filter with a 50% transmission wavelength 20
nm longer than the excitation wavelength was piaced before the entrance siits and was
used to reject scattered excitation radiation. This polychromator dispersed the incident
light and conducted it to a linear array of 1024 photodiodes. An emission spectrum was
formed by reading the diode array following a 0.5 s collection period. During this
collection period, the image at the diode array was intensified for 100 ns; intensificaton
was gated off the leading edge of the excitaticn pulse. To achieve better S/N, a single
emission spectrurn was formed from the sum of 100 such consecutive accumulations for

each sample.

The dicde array covered the spectral range from approximately 175 to 820 nm,
with a diode spacing corresponding to a spectral spacing of 0.63 am. The spectral
resolution of the system was approximately 3 nm FWHM. The excitadon pulse ¢cnergy,
as measured at the distal tip of the catheter, varied slightly with excitation wavelength; at
435.7 nm, the energy was approximately 200 nJ/pulse. In collecting a single spectrum,
the tissue was exposed to 500 excitation pulses, corresponding to a total fluence of 0.13
mJ/mm2 at 435.7 nm. This is well below the threshold of 80 mJ/mm? required to
produce laser induced alteraton of tissue spectral properties at 476 nm excitation (6]. In
principle, spectra with similar S/N could be collected more rapidly, in fewer excitation
pulses, by increasing the excitadon intensity. To ensure that no photobleaching occurred
at the excitation wavelengths used in this study, for all tissue samples, two successive
spectra were recorded using the parameters described here. In all cases, differences in the
first and second spectra were less than 5%.

Variations in the excitation intensity at different excitation wavelengths and in the
day to day throughput of the system were corrected for by recording the fluorescence
intensity of a calibrated standard every time the excitation wavelength was changed. This
standard consisted of a 1 cm cuvette filled with a solution of 8.0 g/L. rhodamine B in
reagent grade propylene glycol [3]. Tissue fluorescence intensities are presented relative
to the iatensity of this standard. All data has been corrected for the non-uniform spectral
response of the detection system.
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2.2.3: Fluorescence Microscopy

In order to establish the basis of tissue autofluorescence at the morphologic level,
techniques of fluorescence and light microscopy were used. To establish the
morpholegic identity of fluorescent structures within tissue, the autofluorescence of tissue
frozen sections was observed visually, and documented photographically, with a
fluorescence microscope. Serial sections were stained with histechemical stains and
viewed through the light microscope to establish the morphologic basis of tissue
fluorescence. To measure the fluorescence emission spectra of chromomorphs identified
with this method a microspectrofluorimeter was constructed. This fluorimeter could be
used to record fluorescence emission specira of areas of tissue as small as 10 ym x 10
pum. These techniques wiil be described in more detail here.

2.23.1: Photographic

Figure 4 shows a block diagram of a typical, epi-illuminated, fluorescence
microscope. Narrow band excitation light is typically provided by a mercury lamp, with
an interference filter to select a narrow range of the specttum. This light is reflected
through the objective using a dichroic mirror which reflects all light incident at a 45° angle
below a cutoff wavelength slightly longer than the emission wavelength. Tissue
fluorescence is collected through the same objective, but since the fluorescence emission
occurs at a longer wavelength than the excitation, it is ransmitied through the dichroic
mirror. A barrier filter or long pass filter with a 50% transmission wavelength slightly
longer than the excitation wavelength is also used to more fully reject scattered excitanon
light. The fluoresceat light transmitted through the dichroic mirror and barrier filter is
then directed to the eyepieces of the microscope where it can be viewed, or to a trinocular
port or camera port where it can be recorded photographically.

This type of fluorescence microscepe, or a variation of it, was used to determine
the color, intensity, and distribution of fluorescing structures within arterial, gastro-
intestinal and urinary bladder tissues. The specific experimental parameters varied in each
case, and will be described in detail in Chapters Three, Four and Five.
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Figure 4: Block diagram of a typical epi-illuminated fluorescence microscope.
2.2.3.1.1: Correlation with Histochemical stains

In order to determine the morphologic identdty of the fluorescent structures
identified with the fluorescence microscope, serially stained sections were viewed
through the light microscope. Two stains were primarily used to achieve this
morphologic identity.

223.LLL __H lin and Eosi

In cells stained with hemotoxylin and eosin (H&E), basophilic substances stain
blue with hemotoxylin, while acidophilic substances stain pink with eosin {1]. In
particular, DNA stains blue, while RNA stains pink, giving the nucleus a characteristic
purple color {1]. Structural proteins are acidophilic, and appear pink with this stain (1].
Eosinophils also contain granules which stain vividly with eosin [1].



223.1.1.2: _ Movar's Pentachrom

Movat's I pentachrome stain consists of five dyes: acid fuchsin, which stains
elastic tissues deep purple to black; alcian blue which stains ground substance aqua;
saffran, which stains collagen fibers yellow; crocein scarlet red which stains muscle red;
and iron hematoxylin, which stains DNA deep blue to purple [9].

2.2.3.2: Spectroscopic

Figure S shows a block diagram of the microspectrofluorimeter used to collect
emission spechra of tissue chromomorphs. This system consists of an epi-illuminated,
inverted fluorescence microscope (Fig 4), which is coupled to a conventional
spectrofluorimeter (Fig. 1). Narrow-band excitation light from the fluorimeter is
collimated and directed onto the dichroic mirror of the fluorescence microscope. This
excitation light is focused onto the sample using the microscope objective. The same
objective is used to collect the resulting fluorescence. The sample is imaged at either the
binocular or trinocular microscope eyepieces. When the image is directed to the trinocular
eyepiece, an 800 um core, 0.2 NA optical fiber, placed at the conjagate image formed
outside this eyepiece, collects the fluorescent light. The distal end of this optical fiber is
placed at the entrance slit to the collection monochromator of the spectrofluorimeter,
enabling fluore';~ence intensity to be recorded as a function of emission wavelength. The
NA of the optical fiber is greater than the NA of the eyepiece, and matches the NA of the
collection monochromator, so maximal collection efficiency is achieved. The double
collection monochromator is sufficient to reject scattered excitation light, thus no barrier
filter is required.

A magnified real image of the sample is formed within the fluorescence
microscope. At this location, an aperture has been added to the flucrescence microscope.
The size of this aperture can be varied, conwrolling the area of the sample from which
autofluorescence is collected. By varying this aperture, fluorescence spectra with good
S/N were collected from rectangular areas of tissue ranging in size from 100 pm x 100
pm to as small as 10 pm x 10 pm.
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Figure 5: Block diagram of the microspectrofluorimeter.

Although the system was designed so that any excitation wavelength greater than
350 nm could be achieved, it was used here primarily at 370 nm excitation. The dichroic
mirror was optimized for 370 nm excitation. At a 45° angle, it reflected 90% of light at
370 nm and below, it transmitted 90% of light at 410 nm and above. The resolution of
the excitation source was 10 nm FWHM,; the emission resolution was 5 nm FWHM. At
370 nm excitation, fluorescence spectra were collected primarily using a 40X dry
objective (0.7 NA) and a 100X oil immersion objective (1.3 NA). The size of the field of
view illuminated was 450 pm in diameter with the 40X objective and 180 pm in diameter
with the 100X objective. Exci.. Jon intensity was 0.38 mW/mm?2 with the 40X objective
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and 0.75 mW/mm2 with the 100X objective. Fluorescence emission was recorded from
400 10 700 nm in 2 nm intervals. Signal was integrated for 1 s at each point. Total time
required to obtain a fluorescence emission spectrum was approximately three minutes.
This corresponds to a maximum total fluence of 135 mJ/mmZ, greater than that required
‘0 produce significant alterations in arteriai tissue spectra at 476 nm excitation [6].
Fluorescence photobleaching was monitored for by recording two successive tssue
spectra. In all cases, no aiterations in the flucrescence lineshape of tissue caromomorphs
was observed. However, a decrease in fluorescence intensity was sometimes observed.
In most cases, this was 10% or less, but was sometimes as much as 30%. Al data
obtained with this sysiem has been corrected for background fluorescence of a blank slide
and for the non-uniform spectral response of the detection system.

2.3: EEM Analysis Methods

Fluorescence EEMs were recorded to compare the spectroscopic properties of
normal and pathologic tissues over a wide range of UV and visible excitation
wavelengths, to select those excitation wavelengths which are optimal for differendating
normal and diseased tissues, and to identify the tissue components which contribute to the
fluorescence spectrum. A complete physico-chemical understanding of all features of a
tssue fluorescence EEM is complicated, as multi-component absorption, scattering and
fluorescence all contribute. Here, we present a simple method of analysis for achieving
these goals with only simplified references to these processes.

2.3.1:  Survey of Differences in Spectroscopic Properties of Normal
and Pathologic Tissues

To determine the spectroscopic properties of normal and pathologic tissues from
fluorescence EEMs, average EEMs were constructed for a small group of normal and
pathologic tissues. A visual comparison of these average EEMs was made to determine
whether any differences were present. In addition, the positions and intensities of all
local excitation-emission maxima were compared. From these comparisons, excitation
regions likely to be useful in discriminaring the fluorescence of normal and pathologic
tissues were identified. A drawback of this procedure is that it involves a vast amount of
data reduction; some subde differences, useful diagnostically, were not identified with
this method.
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2.3.2: Identifying Optimal Excitation Bands

A more sensitive method of comparison is to mathematicaily contrast all the
information in the average EEMs of normal and pathologic tissues. One method to
achieve this is to calculate the ratio and difference of the average fluorescence EEMs of
normal and pathologic tissues. Both the ratio and difference maps can be used to detect
differences in the intensity, position or bandwidth of a peak in a tissue EEM. As our
results in Chapter Four will demonstrate, the ratio map is more sensitive 0 small
differences in lineshape which are superimposed on backgrounds of similar intensity.
The difference map, on the other hand, is particularly useful for detecting smail absolute
intensity differences in peaks with similar lineshapes.

We use the average ratio and difference maps to choose the optimal excitation
wavelengths for diagnosing the presence of disease.? The average ratio and difference
maps summarize all spectroscopic bands where the fluorescence properties of normal and
diseased tissues differ. We wish to obtain the most complete set of diagnostic
information with the minimum number of excitation wavelengths. A single excitation
wavelength can be represented by a horizontal line on our contour map represeniations of
EEMs. Thus, we can achieve our goal graphically by drawing the minimum number of
horizontal lines which intersect (or are in the vicinity of) ail local minima and maxima in
the average ratio and difference maps. Because these peaks are broad, this can generally
be accon.plished with a small number of excitaton lines.

2.3.3: Identifying Tissue Fluorophores and Attenuators

In general, tissue fluorescence spectra contain contributions from intrinsic
fluorescence, absorption, and scattering. It is necessary to separate these effects in order
to fully understand and interpret the tissue EEMs in terms of contributions from
individual tissue chromophores. Definitive identification of chromophores from tissue
EEMs requires a model of tissue fluorescence which incorporates these effects. Thisisa
complicated task, however, preliminary identification of these components can be
achieved with a much simpler method of analysis.

2The ratio or difference map could also be used 1o choose best emission wavelength(s) in principle.
However, in a clinical setting, where obtaining fluorescence spectra in 2 short amount of time is
important, curreatly, obtaining emission spectra is mos;s practical than obtaining excitation spectra.




For purposes of comparison, we reduced the information in the average tissue
EEMs to the positions and intensities ot local excitation-emissiorn maxima (peaks) and
minima (valleys). This data reduction can also aid in preliminary identification of tissue
fluorophores. Each fluorophore within the dssue can be characierized by its excitation-
emussion maxima. Thus, a simple method of identifying potential dssue fluorophores is
to compare excitation/emission peaks in tissue EEMs to those in EEMs of individual
ussue constituents as well as those for fluorophores cited in the literature.

Note, that the band positions of potential chromophores need not exactly match
the band positions in tssue EEMs. Two effects may shift the observed position of the
exciiation-emission maxima. Absorption and scattering cause light attenuation;
fluorescent light generated within tissue can be attenuated as it travels 10 the tissue surface
where it can be detected. This process of attenuation can alter both the observed locaton
of the excitation/emission maxima and observed lineshape of individual tssue
fluorophores in the multi-component tissue EEMs. Similarly, the observed iineshapes
and positions of chromophore maxima can be altered in muiti-component tissue EEMs
when the excitaton and emission of individual chromophores closely overlap. For these
reasons, identifications made with this method should be considered preliminary.

A similar method can be used to determine the identity of dssue attenuators from
EEMSs. Attenuation peaks act to produce valleys in the fluorescence emission specma of
optically thick tissue samples {4, 5]. In an EEM of tissue, the effect of an attenuation
peak is to create valleys parallel to the excitation and emission wavelength axes, because
both exciting radiation and emitied fluorescence are attenuated. Preliminary idendfication
of tssuc attenuators can be made by comparing the location of these valleys in tssue
EEMs to total reflectance spectra of tissue constituents, absorption spectra of relevant
molecules in a library of data which we are in the process of constructing, and a
consideration of the available literature.

2.4: Generai Model of Tissue Fluorescence

In interpreting tissue fluorescence spectra, we wish to exwact parameters which
are related to the histochemical compositior of tissue. Once the histochemical basis of
fluorescence has beca established for a particular tssue, this can be accomplished using a
model which describes the composiie fluorescence spectrum of tissue in terms of
contributions from individual tissue components. Here, we present a general model of
assue fluorescence which can be applied to fgscribe the UV and visible fluorescence



spectra of tissue given a spectroscopic characterization of individual tissue constituents.
In subsequent chapters, this model is modified specifically for application o arenial and
gasto-intestinal tissues.

2.4.1: General Features

In describing the fluorescence spectrum of any muliti-component,
inhomogeneous, turbid material such as human tssue, there are several general features a
mode! must incorporate. These include describing the propagation of excitaton and
fluorescent light in the tissue in terms of contributions from individual tissue components,
the conversion of absorbed light into fluorescent light for each individual tissue
component, and the distribution of these components in tissue or tissue geomerry.

24.1.1: Absorption, scattering, fluorescence

We are concerned primarily with three physical events which can occur as light
propagates through tissue. These are elastic scattering, absorption and subsequent
fluorescence. It is instructive to consider each of these in terms of molecular energy
levels. When elecoromagnetic radiation is incident on a molecule, it interacts with the
bound electron cloud [10]. If the frequency of the elecromagnetic radiation is near the
frequency corresponding to the energy difference between the ground and first excited
electronic states, the molecule can absorb radiation, and make a transition to a vibrational
level of the first excited state {10]. This procedure, known as absorption, removes some
energy from the incident electromagnetic wave [10]. As discussed in Chapter 1, the
excited molecule must somehow return back to the ground state, and can do so non-
radiatively by a variety of pathways. However, the molecule can also lose energy via a
radiative transition, in which it emits a fluorescence photon at a longer wavelength than
the incident radiation [11].

If the frequency of incident elecromagretic radiation is significantly different than
that associated with an electronic or vibrational transition, the incident radiation can
transfer energy to the molecule, causing the molecular elecaon cloud to vibrate with
respect to the nuclei [10]. These vibrating elecwons may be thought of as oscillating
electric dipoles, and as such they will reradiate electromagnetic energy at the sarne
frequency as the incident radiatdon [10]). This emission will propagate out in the
characteristic dipole pattern; thus, this process, known as elastic scattering, will change
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the direction of propagation, but not the frequency of the incident elecromagneric wave
[10].

Although this description is true for an isolated molecule, for an infinite,
homogencous array of small molecules, it is always possible to choose pairs of particles,
for which the scattered light interferes destructively in all directions but the direction of
the incident light [11]. The net result is that there is no observed scattering from such an
array [11]. However, in a solution (one can view tissue as a turbid solution), molecules
are always in motion, leading to local variations in concentration (and, thus, in refractive
index) [11]). These fluctuations in refractive index lead to incomplete destructive
interference for directions other than that of propagation, and scattering is observed [11].

This qualitative description shows that both absorption and scattering are
dependent on the molecular energy levels, and that scatiering is dependent on molecular
geometry and local variations in refractive index. Although complex theories have been
constructed to describe these processes in terms of molecular geomeay and energy levels
(10, 13], here we attempt only to experimentally determine the wavelength dependence of
these processes. Thus, we characterize each tissue component by a wavelength
dependent scattering and absorption coefficient, pg(A) and pa(A), and a phase functon
p(8,§") which characterizes the probability of scatter from an initial propagation direction
$, to a final direction of propagation8'. The first moment of this phase function, g, is the
average cosine of the scattering angle [13].

In addition, this qualitative picture shows that the occurrence of fluorescence
requires absorption of radiation. Again, complex theories have been derived to describe
the dependence of fluorescence on the wavelength of incident radiadon and molecular
energy levels {12). However, here, we experimentally characterize the fluorescence
properties of tissue components with two parameters, the quantum yield, ¢, and the
fluorescence lineshape F(A). Here, ¢ is a dimensionless parameter which represents the
proportion of absorbed energy which is converied to fluorescence energy. The
fluorescence lineshape is a normalized lineshape which describes the proportion of energy
emitted at any specific wavelength.

In this work, we assume that absorpton and scattering are dependent only on
wavelength, thus, the same treammeni can be used to describe the propagation of excitation
and fluorescence radiation in tissue. I our description of tissue emission spectra, we
neglect phosphorescence, inelastic scattering, energy transfer, and 'secondary’
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fluorescence, or the emission of fiuorescence following the reabsorpton of a fluorescence
photon generated within the dssue. Measurements of the lifetime of arterial tssue
fluorescence are consistent with our assumprion that phosphorescence is negligible [14].
Furthermore, we have observed no evidence of inelastic scattering processes in arterial,
gastro-intestinal or urinary bladder tissues (an emission line separated from the excitation
lin= by a constant energy difference (12]) at any of the excitation wavelengths studied in
detail. Our approximate measurements of the tissue quantum yield [ 15) demonstrate that
the intensity of ‘secondary’ fluorescence is sufficiently small that it can be neglected. In
the region of excitation from 250 - 300 nm, we have observed evidence of energy transfer
between tryptophan and tyrosine in the fluorescence spectra of arterial tissue [16]. This
energy transfer is well known [11], and would have to be included in any model of dssue
fluorescence in this excitation region. Here, we concentrate on excitation wavelengths
above 300 nm. Finally, any mismatch in refractive index which may occur at the tissue
surface has been negiected.

2.4.1.2: Mult-component samples

It is well known that human tissue contains many molecules which interact with
UV or visible electromagnetic radiation. A model of tissue fluorescence can easily
incorporate contributions from multiple components, by describing each component with
five parameters: g, ps(X), Ra(A), ¢, and F(L). Again, energy transfer between these

components is neglected.
It- 1

Finally, the distribution of these tissue constituents is inhomogeneous. However,
it is well known that many tissues have a layered structure, and that within each layer of
tissue, tissue components arc distributed more homogeneously. Thus, in this work,
inhomogeneities will be approximately incorporated by assuming tissue is composed of
multiple layers, within which individual constituents are distributed homogeneously. In
these modcls, the incident beam will always be assumed to be infinite in extent and with
direction of propagation parallel to the surface normal. Fluorescence will be collected
with an infinitely wide detector, parallel to the tissue surface. Thus, edge effects, which
are important with finite excitation and detection {15}, can be neglected®.

3We have previously demonstrated [4, 7), that for the collection geometry of oir opical fiber catheter, at
476 nm excitation in arterial tissue, edge effects can bz neglected for excitation spot diameters greater than
100 pm. The excitation spot diameter in our spectral catheter is 1 mm, so this assumption is jusified
where the tissue absorption andsmna'ingcoefﬁcicnsgx;simﬂanodmofanedm tissue at 476 nm.




2.4.2: Attenuation of Light

With the considerations discussed above, we now tum 10 our method of model
development. We consider tissuc to be composed of layers, which each contain a
homogenecus distribuiions of multiple components. These components can be
characterized by five parameters: g, pg(A), Ha(A), ¢, and F(A). In order to ualize these
assumpiions to derive 2n expression which describes the composite tissue fluorescence
power as a function of emission wavelength, S(A), it is necessary to consider in more
detail how we can describe the propagation of light in tissue given the scattering and
absorption coefficients and the phase function.

A consideration of light propagation in biological tissues must include multiple
scattering events. Historically, two theories have been developed to describe light
propagation in media of this type. The first is analytical theory, in which the starting
point is Maxwell's equations (13]. In principle, this method is mathematically rigorous,
in that it includes all multiple scattering, diffraction and interference effects. The second
method is transport theory {13]. This method utlizes the ransport equation to describe
the transport of energy in multiple scattering media. It too, can be derived analytically
with certain assumptions, the most important of which is that interference and diffraction
effects are neglected. Although this method is less rigorous than the analytic method, it
has been successfully used to describe the propagation of electro-inagnetic radiation in the
atmosphere, sea water, and photographic emulsions [13].

We define I(r8), the specific intensity, measured in Wm-2sr-1Hz-1 10 be the
average intensity within a unit frequency, within a unit solid angle. The equation of
ransfer describes the behavior of this function within the multiply scattering medium, and
is given by [13]:

(1) % = odlr.8) + %;-j .5 e s Mo + dr.3)

Here, ot represents the sum of the absorption and scattering coefficients, and describes
the reduction of the incident intensity due to absorption and scattering. In the second

term, p®8,$’) represents the phase function which describes the scattering from the 3
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direction to the §' direction. This term describes the change in I due to scantering in and
out of the direction and volume of interest. Finally, €(r3) represents a source term due 0

emission within the volume ds {13].

In describing tissue fluorescence emission specua with the equation of transfer, it
is necessary to write eq. (1) for the excitation wavelength and for each emission
wavelength of interest. For monochromatic excitation, Eq. (1), with &(r8) = 0, describes
the behavior of the incident intensity within the tassue. At emission frequencies, the
source term at a given point in space, €(r,8), is proportional to the fluorophore
concentration at that point, the excitation intensity at that point, the fluorophore absorpticn
coefficient at the excitation wavelength, the fluorophore quantum yield and the value of
the normalized fluorescence lineshape at the emission wavelength of interest (Eq. (2)).
The factor of 1/4x arises because we assume isoropic emission of fluorescence.

M OF(Aerm)

4

2 ka(-l:,g) - Igﬂc(l',s

Although these equations have been written for only a single component, they can
easily be generalized to multiple components. With this formulation, the fluorescence
emission spectrum of tissue can be calculated. This would simply represent the intensity
emanating from the tissue surface as a function of emission wavelength.

With the appropriate initial and boundary conditions, these equations completely
describe the propagation of excitation and fluorescent light in tissue, apart from
diffracdon and interference effects. However, the exact solutions of these equations can
be obtained only in a limited number of cases (13]. For a plane parallel geometry, with a
collimated incident wave, at the excitation wavelength, eq. (1) can be greatly simplified
[13). However, even in cases where exact solutions can be obtained, the expressions are
often complex, and simpler, approximate solutions are more useful [13].

Here, we consider an approximate description of light propagation in tssue. A
frequently considered approximation is the diffusion approximation. Here, we utlize an
even simpler approximation, that of exponential attenuation of light due to a combined
reatment of scattering and absorption. These approximations can be compared to results
which would be obtained using the transport equaticn with Monte Carlo simulations of
light propagation in tissue (17, 18].
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2422: M Carlo Sinlations

The Monte Carlo method of describing both excitation (17, 19] and fluorescent
[15] light propagation in biological tissue has been described in detail previously.
Essentally, a Monte Carlo simulation obtains an approximadon of the light distribution in
assue by simulating the random walks of many individual photons within tissue. A
random number generator is used to sample discrete events from probability distributions
of interactions derived from tissue optical propertes [17].

Flock and colleagues have shown, that for an infinitely wide collimated excitation
source nommally incident on a semi-infinite medium, the diffusion approximation to the
equation of transfer is increasingly inaccurate as the albedo tends to zero and/or the
average cosine of scatter tends to unity {17]. In their calculations, they assumed the
phase functon was that first used by Henyey and Greenstein {20]. The first moment of
this phase function, g, tends to O for isotropic scattering and to 1 for forward peaked
scattering [17]. The albedo, a', is defined as:

‘- (1- ghs
G)a (1- ghas + pq

The albedo represents the ratio of the scattering cross sectdon to the total cross section for
absorption and scattering. For values of albedo (~0.9) and g (~0.9) typical for huinan
tissue in the red region of the spectrum? [15], Flock showed that the diffusion
approximation of fluence versus depth differed maximally from the results of Monte
Carlo simulations by iess than 30% [17]. This difference was most pronounced within
50 transport mean free paths of the tissue surface [17]. For values of the albedo and g
closer to zero, the agreement of this theory with Monte Carlo calculations is even better
(17].

4The optical properiies of human 20r1a have been measured in the visible, and it has been shown that in
this tissue scattering is highly forward peaked, with g approximately varying from 0.73 to 0.92 over the
wavelength range 476 - 650 nm [14). The comresponding albedo varies approximately from 0.7 to 0.9
(14].
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Furthermore, Flock showed that the Monte Carlc and diffusion theory results
were similar to exponential attenuation of light according to an effective attenuation
coefficient, i, given by:

(4) e =[3pndp, +(1- ghts))' 2.

Again, the assumption of exponential attenuation differed most from the Monte Carlo
simulation within 50 transport mean free paths of the tissue surface and for cases where
the albedo approached unity and g approached zero. For parameters typical of human
tissue in the red region of the spectrum, in this case, maximal deviation was on the order
of factor of two at the surface. Further from the tissue surface, exponential attenuation.
diffusion theory and Monte Carlo simulations agreed within 10% (17].

2.4.2.3: Exponental Atienuation

Because of its simplicity and its reasonable agreement with transport theory 50
mean free paths within the tissue3, we initially consider a model of dssue fluorescence in
which light is artenuated exponentially, due to a combination of absorption and scattering.
Specific equations are developed which describe tissue fluorescence spectra in terms of
contributions from individual components. These equations are later applied to
fluorescence spectra of arterial and gastro-intestinal tissues in Chapters Three and Four.

2.4.2.3.1: One Layer Model

For the purpose of modeling fluorescence, tissue is represented as a single layer,
which is infinitely thick with respect (o the penetration depth of the irradiating light. This
assumption is most appropriate for excitation wavelengths for which the 1/e penetration
depth is less than the thickness of the top layer. In addition, the following assumptions
are made:

1. Light is attenuated exponentially in tissue, due to absorption and scartering. In
describing this attenuation, scattering and absorption are not eated separately but are
considered together as total attenuaion, with antenuation coefficient, p.

2. Chromophores are distributed homogeneously in the tssue.

51n arterial tissue at 476 nm excitation, 50 transport mean free paths corresponds to a distance of less than
50 um (14]. 6
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3. The excitation beam is assumed to be uniform in profile ard infinitely wide. Edge
effects are neglected.

This last assumption is equivalent to resmicting the model to a single dimension, depth
into the tissue. The composite tissue fluorescence power arriving at the detector, S(Ax,

Am), which is a function of both the excitation (Ay) and emission (Ay,) wavelength, can

then be written as:

(5) S(xx»lm) = kﬂlx)f- e'“(l")z‘uilx l’;lm) 1‘1(2.“,}2(12

ov\-“\——/w

a b c

Due 1o scattering, the maximum intensity just below the tissue surface may be
higher than the incident intensity {17, 18]. This effect is included in Eq. (5) as k, a

proportionality factor which depends on the tissue index of refraction and the incident
wavelength, and also contains the detector efficiency. P(A.x) denotes the incident

excitation power, p(A) and ps(X), in units of lcngth'l, are the total attenuation and
absorpdon coefficients of the tissue, respectively, ¢(Ax, Ar) is the quantum yield of
fluorescence, defined as the total fluorescence energy emitted at A, over the total
absorbed energy at Ay, and z is the distance from the irradiated surface.

Eq. (5) has a simple physical interpretation. Term a represents the attenuation of
the incident radiation; term b represents the conversion of this light into backward directed
fluorescence; and term ¢ represents the attenuation of this net backward directed
fluorescence. On average, assuming isotropic emission of fluorescence, the net
backward directed fluorescence is half that of the total net fluorescence, resulting in the
factor of 2 in term b.

Integrating Eq. (5) yields:

e A2

©) S ) = (pdne) + pdam)
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The quantitics 1,9 and y; contain contributions from ail of the individual tissue

chromophores. It is this inforn:ation which we wish to separate. Thus, a more useful
way to write Eq. (6) is to express {1, and p; as sums over the N chromophores:

R L
Z Uﬁ(lxﬂ'z_—l
) She) = kB HF

z (liti(kx) + llti(lm))

i=1

Equation (7) is the fundamental equation for interpreting tissue fluorescence
spectra in situatons where exponential attenuation of light can be assumed, and tie tissue
consists of a single layer in which chromophores are distributed homogeneously. It is
applied specifically to the fluorescence of arterial and gastro-intestinal tissues in Chapters
Three and Four.

2.4.2.3.2: Two Layer Model

Equations (5-7) can be easily extended for multi-layer tissues, in which

chromophores are distributed homogeneously. Here, egs. (8-13) represent the extension
to two layers, the first of thickness 11, the second infinite in exrent. Again,

chromophores are distributed homogeneously within each layer.

) Sihnt) = 6{0) | eliobin 1Rz

0

esfr bbbl | et odeths i PRz

58



Ql(lx»lm)
9) S{A,.Ap) = kP(A, “f‘; m&,,.» 1 - el (A} +

b )
(ud i hrn)

P{L Je- (el A g ol A

z (”"{lx)'*”""(lrn»

N | 3 zl(lxvlm)
YRR Lo

3 (nalhasmali)

3 lAli-m) N
10 ) kP S bl

These equations can be generalized to any number of tissue layers. As ]
approaches infinity, it can be seen that eqgs. (8-10) reduce 1o the form of egs. (5-7), as

expected.
2.5: Algorithm Development

In this work, our ultimate goal is to develop methods of ¢xtracting parameters
from tissue fluorescence spectra which are related to the histochemical composition of
tissue and use these parameters to determine whether the sample is normal or pathologic.
Here we consider the final step in this process, algorithm development.

We have bruken this procedure into two steps. Given the parameters of the
fluorescence spectrum, the first step in algorithm development is to determine which
parameters should be included in the algorithm. The algorithm should incorporate those
parameters which provide useful diagnostc information. Given these parameters, the
second step is to determine a decision surface which assigns tissue type as a function of
this parameter space. This is accomplished using a defining data set, for which these
parametcrs have been measured and tissue type has been determined by some other
independent means, such as histology. The decision surface is drawn so as 10 maximize
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the number of samples in the defining data set correctly classified by the algorithm.
These two iterative steps are described in more detail below.

2.5.1: Selection of Parameters for Use in Algorithm

In selecting parameters for inclusion in the algorithm, our goal is to select the
minimum number of independent parameters which provide the most accurate diagnostic
algorithm. As stated previously, our ultimate goal is an algorithm based on parameters
related to the histochemical composition of the tissue. The model of dssue fluorescence
described in the previous section provides one method of extracting such parameters from
tissue fluorescence spectra. Thus, the parameters included in our ultimate algorithms will
be some subset of the parameters of our model of tissue fluorescence.

However, in many cases it is desirable to initially evaluate the potential diagnostc
performance of fluorescence spectroscopy before the histochemical basis of tissue
fluorescence has been established. In these situations, the parameters of the diagnosuc
algorithm must be extracted from tissue fluorescence spectra in some empirical way.

Our methods of selecting parameters for inclusion in empirical and model based
diagnostic algorithms will be described here.

) 5.1.1:  Empitical Algorit

In defining empirical algorithms, fluorescence intensities at various emission
wavelengths were used as algorithm parameters. A fluorescence spectrum of tissue
consists of fluorescence intensities recorded at closely spaced emission wavelengths;
because the fluorescence lineshapes of biological chromophores are broader than this
spacing, many of these data points are not independent. Thus, we attempt to reduce an
individual spectrum to a small, independent subset of fluorescence intensides at specific
wavelengths and use these as parameters for development of empirical diagnostic
algorithms. For most effective algorithm development, this subset of data should contain
all independent pieces of information which can be extracted from the specoum. The
model of tissue fluorescence provides a way to achieve this with parameters which have a
quantitative interpretation. However, using the average fluorescence emission specta of
normal and pathologic tissues, we can achieve this approximately, where the parameters
are fluorescence intensities at various emission wavelengths.
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We construct the ratio and difference of the average spectra of normal and
pathologic tissue and note the emission wavelengths corresponding to iocal maxima iand
minima in these spectra. The fluorescence intensites at these emission wavelengths then
form the subset of data from which algorithm parameters are drawn. In principle, if the
emission of individual tissue chromophores is well separated, the intensites at these
wavelengths are correlated to the products of the concentration and quantum yield (or
attenuation coefficient) of individual chromophores. In practice, this separation is rarely
complete, and these parameters are only crudely related to the histochemically based
parameters of the model.

The subset of these emission wavelengths most useful diagnostically was
detzrmined by applying diagnostic algorithms including various combinadons of these
parameters to the defining data set. First, algorithms based on fluorescence intensity at a
single emission wavelength were defined for each of the emission wavelengths
corresponding to local maxima and minima in the ratio and difference specua. These
algorithms were defin >d using the scatter plot method described below; their performance
was evaluated for the defining data set. This identified the single emission wavelength
most useful diagnostically. Then, in a similar way, the performance of all binary
combinations of this emission wavelength and other emission wavelengths within the
subset of data were considered. In cases where the performance of a single emission
wavelength was not significantly greater than the others, all possible binary combinations
were considered. In this way, the binary combination of emission wavelengths most
useful diagnostically could be selected. Because this method of algorithm development
was used primarily to evaluate the potential of fluorescence diagnostics, more
complicated, higher order classification schemes were not considered.

2.2.1.2; ~ Model Based Algorithms

Spectroscopic algorithms based on histochemical features of disease were
achieved with parameters extracted from dssue fluorescence spectra utlizing the model of
tissue fluorescence described previously. The scatter plot method described below was
used to establish which single model parameter was most effective diagnosucally with the
defining data set. Then, the diagnostic ability of all binary combinations of this model
parameter with all other model parameters were evaluated, also using the scatter plot
method with the defining data set. This method is most convenient for selectng two
model parameters for inclusion in the algorithm.
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For clinical application, a more rigorous, statistical method of defining decision
surfaces was used. These algorithms were defined utilizing the binary combination of
model parameters determined diagrostically most effective with the scatter plot method.

2.5.2: Drawing Decision Surfaces

Once parameters have been selected for inclusion in a diagnostic algorithm, it is
necessary to divide this parameter space into regions which comrespond to different types
of tissue. The surfaces which affect this partition are known as ‘decision surfaces’. We
have used two methods to define decision surfaces, which we refer to as the scatter plot
method and the probability method. Both methods require a defining data set, a data set
for which the algorithm parameters have been determined and for each tissue sample, the
tissue type has been histologically determined. These methods and their advantages and
disadvantages will be described below.

2.5.2.1:  Scaucr Plot Method

In this method of defining decision surfaces, a scatter plot® of the algorithm
parameters as a function of tissue type is constructed for the defining data set. This piot
is then divided into regions representing the various tissue types. In our method, these
decision surfaces are restricted to straight line segmeats, and are drawn to maximize the
number of samples of the defining data set which are correctly classified.

Although an extremely simple and useful method of defining decision surfaces,
this method does suffer from several problems. Because it is a graphical method, it is
difficult to visualize in more than two dimensions, and is thus difficult to carry out with
more than two algorithm parameters. In addition, with this arbitrary method of
constructing decision surfaces, interpretation of individual data points which fall on or
near the decision surfaces can be difficult. Finally, this method of drawing decision
surfaces optimizes algorithm performance for only the proportion of normal and diseased
samples found in the defining data set (prior probability). it provides no way to
customize the decision surfaces for applications in clinical situations where the occurrence

of disease may vary.

6Scatter plot is used here o refer to a plot of the values of the algorithm parameters for each of the
individual samples in the defining dat set. Tissue type gszindicawd for each sample as well.




2.52.2:  Probability Method

The wealth of research in medical statistics provides a more sophisticated method
of drawing decision surfaces which overcomes these disadvantages (21]. Using the
concept of prior and posterior probabilities, we can use statistcal disaibutions of model
parameters from the defining dama set to calculate the probability of a given tssuc type as a
function of parameter space. This probability is inown as the posterior probability, and
is a function of the likelihood of encountering a given tissuc type, or the prior probability.
Given the posterior probability as a function of parameter space, decision surfaces can
then be determined. It can be shown that the total sample misclassificaton rate is
minimized if decision surfaces are drawn to divide parameter spacz: into regions for which
the posterior probability for a specific type of tissue is greater than the posterior
probability for all other types of tissue {21].

Calculating posterior probability as a function of prior probability and the
distributions of the model parameters is accomplished using Bayes rule. Eq. (11) shows
the general form of this equaton for M model parameters and N types of nssue. Here,
thie positive integer index i is used to represent tissue typc, and model parameters are
represented by 8;, where the index j is also a positive integer.

(11) P(ilB;,By,...Bm) = Np(i)P(BI,Bz,...BMn)
Y pli)P(B1.B2....8pmli)
i=1

Here P(ilB1,82,...8BM) represents the posterior probaliility for tissue type i, or the
probability that for a tissue sample with model parameters (81,82,...8M) the sample is of
tissue type i. p(i) represents the prior probability that the sample is of type i, and can be
though of as the incidence of tissue type . The sum of prior probebilities over tissue type
is defined to be unity. The posterior probabilities are similarly normalized by virtue of the
denominator in eq. (11). Finally, P(81,82,...8M!i) is the probability that given a tdssue
sample of type i, the model parameters (81,82,...8M) will be measured. This probability
is calculated from the distributions of r=odel parameters for tissue type i in the defining
dat set.
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With this method, the diagnostic significance of individual data points in
parameter space can be easily evaluated. The posterior probability gives the probability
that the corresponding tissue sample belongs to any particular tissue category. In
addition, decision surfaces can easily be determined for clinical applications in which the
inciderice of disease, or prior probability varies. Furthermore, this method can be easily
implemented for an arbitrary number of independent parameters. Initially, decision
surfaces were determined using the probability method for the two parameters judged to
have the greatest diagnostic utility with the scatter plot method.

With this summary of common experimental and data analysis methods, we now
urn to describing our resuics for the three clinical conditions of interest.
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: 1 i i Ath rost
3:1. Atheroscierosis

The basic lesion of atherosclerosis is a raised, focal plaque which forms within
the intimal layer of the artery (1]. The resulting increase in intimal thickness causes
progressive narrowing of the arterial lumen (1j. This narrowing can severely
compromise the delivery of oxygen to tissues whose vascular supply originates distal to
the site of the atherosclerotic obstruction (1). Although atherosclerosis affects all
muscular and elastic arteries, the consequences of coronary artery atherosclerosis are
pardcularly severe (1]. A frequent complication of this disease is myocardial infarction,
responsible for 20-25% of deaths in the United Siates [1).

This chapter is concerncd primarily with the applicaton of fluorescence
spectroscopy to the diagnosis and management of coronary artery atherosclerosis. As an
inroduction, relevant clinical issues in the diagnosis and treatmient of CAD will be briefly
reviewed. In addition, the etiology and pathogenesis of atherosclerosis will be reviewed:
in particular, the chemical and physicai changes amenabie to study using spectroscopic
techniques will be emphasized. A brief summary of literature related to applications of
fluorescence spectroscopy in the diagnosis and reaunent of atherosclerosis will be
presented. Finally, we will present, in detail, our method of developing a histochemically
based diagnostic algorithm for atherosclcrosis in both muscular and elastic arteries.

3:1.1. Clinical Issues

Symptoms of coronary artery disease (CAD) are those of diminished myocardial
oxygen supply [1, 2]. Therapies of CAD are therefore directed towards restoring the
balance of myocardial oxygen supply and demand [2]. This is achieved primarily by
augmenting myocardial blood flow and thus oxygen supply [2]. The three most
commonly used forms of treamment for CAD include medical management, in which
drugs are used to relax vascular smooth muscle and increase lumen diameter (2],
coronary artery bypass grafting (CABG), in which a venous or arterial bypass is
surgically constructed around the atherosclerotic obstruction (3], and percutaneous
wansluminal coronary angioplasty (PTCA), in which a balloon tpped catheter is advanced
to the site of the obstruction and inflated, remodeling the plaque to increase lumen
diameter [4].
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These methods of treatment have been reviewed in Chapter One. Although it is
clear that each has advantages and disadvantages, predicting in advance which method of
areamment would be most beneficial to a particular panent with CAD is difficult. Cerain
measurable risk factors have been associated with the failure of each of these meatments,
vet these are insufficient to accurately determine the most appropriate weaunent for a
paru-ular individual. Studies of the chemical composition of atheroscierotic lesions at
autopsy have indicated that the failure of some of these treatments may be related to
certain aspects of the histochemical composition of the lesion [S]. Currently, however,
no method of diagnosis is available to assess the histochemical composition of
atherosclerodc lesions in vivo. If such a method were developed, it would potendally
facilitate determination of the most appropriate theragy for CAD on an individual basis.

A newer method of weatment for CAD, currently under investigation in many
labs, is laser angiosurgery (LAS) [6-9]. LAS utilizes a percutaneously inseried optical
fiber catheter to deliver high power laser radiation to the site of an atherosclerotic
obstruction, resulting in its ablation [6]. This reatment appears to have some inportant
advantages relative to CABG and PTCA. As a percutaneous tec’nique, it is a less
invasive form of therapy than CABG. However, unlike PTCA, LAS resulis in the
removal of atheros “lerotic obstructions, leaving behind a smooth vessel wall, which may
result in a lower rate of restenosis [7-9). In additon, this method of plaque removal may
allow for the reatment of diffuse atherosclerosis, the significance of which is becoming
more apparent (10].

Although LAS promises many potential advantages, there are currendy significant
problems which must be solved before it can be implemented clinically. A major problem
1s that of catastrophic vessel perforation [6, 7, 9]. The laser radiation used to vaporize
atherosclerotic obstructions is also capable of removal of normal vessel wall,
necessitating the use of an appropriate guidance system o ensure that radiation is only
delivered to atherosclerotic dssue. Ideally, this guidance system would be capable of
establishing the amount of laser energy required to remove the atherosclerotic obstruction
without damage to any normal vessel wall. This is the concept of dosimenry, achieved
with interactive diagnosis and removal of tissue. As the amount of laser energy required
to remove a given volume of plaque varies with plaque composition and morphology
{11], the successful guidance system must be capable of determining the chemical
composition of the vessel both prior to and following laser ablation.
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As discussed in Chapter One, fluorescence spectroscopy provides a potential
means of non-invasively assessing the chemical composivon of tssue in vive in real tme.
If applied to arterial tissues, such a method could play an important role in improving the
therapies of CAD discussed above. One potential application is the development of a
guidance system for laser angiosurgery catheters. [n addition, fluorescence techniques
may prove useful in the non-invasive determination of arterial histochemistry to predict
the most appropriate therapy for CAD.

This chapter summarizes our work to develop such a spectroscopic method to
determine the histochemical composition of normal and atherosclerotic vessel wall in
muscular and elastic arteries. In developing this method, it is first necessary to consider
the morphologic and biochemical composition of normal and atherusclerotic arterial
assues. with special attention to those elements of tissue which will contribute to the
specoscopic signal. To this end, the next section contains a discussion of the
morphology, etiology and pathogenesis of atherosclerosis with special emphasis given to
those features which can be investigated using spectroscopic techniques.

3:1.2. Pathology of Atherosclerosis

‘To understand atherosclerosis, it is first necessary to consider the structure of the
normal arterial wall.

3:1,2.1. Nommal Vessel Wall

Arteries can be divided into three categories based on their size and certain
histologic factors. These categories include: large, eiastic arteries, such as the aorta,
medium sized, muscular arteries, including the coronary arteries, and small arteries (1).
All arteries are comprised of three circumferental layers, the intima, media and adventta,
in order of progression from the vessel lumen [1].

3:1.2.1.1. Aorta

In elastic arteries, such as the aorta, these three layers are well defined. At birth,
the intima of these vessels is comprised of only a layer of endothelial cells atop a delicate
basement membrane [1]. Throughout life, the intima progressively thickens,
accumulating a matrix of connective tissue, predominantly collagen, and some smooth
muscle like (myointimal) cells {1]. This process is known as intimal fibroplasia or
diffuse intimal thickening [1]. The second layer of the aorta, media, is made up mainly of
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concentric layers of elastin fibers, alternating with some layers of smooth muscle cells
(1]. The outer layer, adventitia, is comprised of loose connective dssue, in which nerve
fibers and some small nutrient vesseis are dispersed (1].

3:1.2.1.3. Coronary Artery

The intima of muscular arteries, such as the coronary arteries, resembles that of
the elastic arteries (1]. However, the inumal-medial border is more well-defined in
muscular arteries: the two layers are separated by the internal elastic lamina (IEL), a
discrete, fenestrated, layer of elastic tissue (1]. The media of muscular arteries
predominantly contains smooth muscle cells, arranged in concentric layers (1. Only a
few, fine elastic fibers are present. The media is separated from the adventitia by another,
less well developed layer of elastic tissue, the external elastic lamina (EEL) {1]. The
adventita is similar to that of elastic arteries, except that is is richer in nerve fibers, largely
because autonomic regulation of vessel caliber is important in contolling blood supplied
by muscular arteries {1].

:1.22. At lerosis

A\

3:1.2.2.1. Morphology

Atherosclerotic plaques are focal, raised, lesions which protrude into the lumen of
the artery (1]. They vary in size from 0.3 to 1.5 cm in diarneter, but can sometimes
coalesce tc form larger masses [1). Frequently these lesions are white to whitish-yellow
in color [1]. Histologically, plaques are generally confined to the intima {1]. There are
many methods of classifying atherosclerotic plaques. However, atherosclerotic lesions
are very heterogeneous, and it has been difficult 1o assess the relationship of different
classes of lesions to one another [1}.

We have utilized the classification scheme recently adopted by the Cleveland
Clinic Foundation, which subclassifies atherosclerotic lesions on the basis of their
histologic features [12]. Although defined on histologic grounds, the classificatons
within this scheme can be related roughly to stages in the progression of atherosclerosis.
Normal tissue (0) is indicated by an intimal layer consstuted primarily of endothelial cells
with minimal intimal thickening. Intimal fibroplasia (1), is characterized initially by
intimal proliferation of smooth muscle cells and fibroblasts. In well developed intimal
fibroplasia, collagen accumulates. An atheroscleroric plaque (2) is indicated when the
intima is infiltrated by lipids and foam celis. When the center of the plaque becomes

necrotic, the plaque is characterized as atheromatous (3). Both atherosclerotic and
70



atheromatous plaques can develop significant calcifications, and are then classified as
calcified atherosclerotic (4) and caicified atheromatous (5) plaques respecuvely. Non-
calcified (6) and calcified fibrotic/sclerotic lesions (7) are end stage plaques, charactenized
by intimal sclerosis with loss of lipids and foam cells. The location of the calcification -
the fibrous cap or atheromatous core - was noted for all calcified plaques. Figure 1
illustrates the histologic structure of each of these tissue types in the coronary artery.

. (1) _ (2) (3)

(3) (6) (7)

Figure 1: Histologic sections of normal and atherosclerotic coronary artery stained with

H&E, illustrating each of our tissue classifications: (0) normal, (1) indmal fibroplasia, (2)

atherosclerotic plaque, (3) atheromatous plaque, (4) calcified atherosclerotc plaque, (5)

calcified atheromatous plaque, (6) fibrotic/sclerotic plaque, and (7) calcified

fibrotic/sclerotic plaque. Classificaton (4), calcified atherosclerodc plaque is not shown.
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The meost clinically significant lesions are the atheromarous and calcified
atheromatous plaques (1]. In the coronary arteries, the narrowing of the lumen due to
these plaques, especially if accompanied by thrombosis, can frequendy lead to occlusion,
and may be the ultimate event causing myocardial infarction {1]. Hov-ever, 10 berter
understand the importance and inter-relationships of the aforementioned categories of
atherosclerosis, it is useful to consider the edology and pathcgenes:s of the disease.

3:1.2.2.2. Etiology and Pathogenesis

The eticlogy and pathogenesis of atherosclerosis are widely studied fields, whict
have been recently reviewed [13, 14]. Many competing theories have been proposed 10
describe this process, all of which can account for some of the features of atherosclerosis.
It appears unlikely that there is a single, unique pathogenesis of the disease (14]. Here,
we will summarize one theory, which invokes the role of hypercholesterolemia [14).

Hypercholesterolemia is a major risk factor for the development of atherosclerosis
(1). Studies in Europe and the United States have shown thar correction of
hypercholesterolemia will slow the progression and may even cause modest regression of
atherosclerosis [14]. All plasma lipoproteins contain cholesterol: however, it is primarily
low density lipoproteins (LDL) that are atherogenic {14].

Normally, endothelial cells prevent the deposition of plasma constituents in the
intima [1). However, increased levels of LDLs, fecal injury to or a focal increase in the
permeability of the endothelial cells can all resuit in the intimat deposition of LDL [14].
LDL deposited in the intima can be scavenged by macrophages [14]. However, in the
presence of myointimal cells, as in intimal fibroplasia, oxidative modification of LDL can
occur [14]. The resulting oxidized fatty acids can covalently link 1o proteins, forming the
relatively insoluble pigment, ceroid [14-16]. Ceroid is the term given 10 autofluorescent
material that is insoluble in a variety of organic solvents while retaining the ability to stain
with lipid soluble dyes [15]. Oxidized LDLs and ceroids are powerful chemotactic
agents, acting to recruit monocytes from the circulating blood stream to the intima (14).
In the presence of oxidized LDLs and ceroid these monocytes can be phenotypically
modified, acquiring the properties of macrophages [14]. As these macrophages arternpt
to scavenge oxidized LDLs and ceroid they are converted into foam cells [14]. This
uptake of oxidized LDLs and ceroids results in a decrease in macrophage motility, so that
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the resulting foam cells are trapped within the intima (14]. The presence of foam cells is a
defining feanire of atherosclerosis [12].

Oxidized LDL is also cytotoxic to endothelial cells, and its accumulation in the
inima resuits in damage to the endothelial cell lining (14). This enhances the intumal
migraton of more LDL, monocytes and macrophages during early stages of lesion
development {14]. As the endothelial cell layer is further disturbed, platelets adhere 1o the
exposed connective tissue martrix or to foam cells themselves (14]. These platelets release
platelet factors, which ultimately cause smooth muscle cell proliferation, deposition of
extrace'lular connective tissue (primarily collagen [17]) and the other processes that give
rise to the stenotic, advanced lesion (14]. Figure 2 illustrates this complex process of

lesion development.
Monocytes Platelet
High Plasma LDL Endothelial Injury _Adberence
: ¥
N 1) 7 Intima
LDL Infiltration y Platelet Factors
i l
Monocytes Myointimal Cells Smooth Muscle Cell
Proliferation
Oxidized LDL
and . .
. Connective Tissue
Ceroid Deposition
/—' ‘x
Macrophages Trapped Foarn Cells

Stenotic Lesion

Figure 2: Schematic diagram illustrating the etiology and pathogenesis of
atherosclerosis induced by hypercholesterolemia. Adapted from {14].

This explanaticn of the atherosclerotic process can be used to understand the
relationship of our various classifications of atherosclerosis. Intimal fibroplasia (1),
although not a normal state, rarely leads to hemodynamically significant obstructions,
especially in clastic arteries. However, the presence of myointimal cells in this lesion
implies that it may be a precursor o atherosclerosis. Atherosclerodc plaques (2),
characterized by the presence of foam cells, represent the inirial step in atherosclerosis.
Atheromatous plaques (2), characterized by the fonmation of a necrotic center, represent a
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more advanced stage of disease, in which tissue degeneration occurs, because diffusion
of oxygen from the lumen can no longer supply the nutritional requirements of the
thickened athercscierotic intima (1].

Fibrotic/sclerotic plaques (6), in which lipids and necrotic tissue have been
replaced with collagenous scar tissue, represent lesions in which regression of
atherosclerosis has occurred [18]. It is believed that this regression is affected by
macrophages, which phagocytize lipids and necrotc debris {18]. This implies that
monocytes and macrophages can play several roles in atherosclerosis (14, 18). Steinberg
has suggesied that they are important in atherogenesis [14], while other groups have
shown that they may be important in regression {18). The role played by these cells may
depend on the activities of macrophages in other processes in the body [18]. For
example, the effect of macrophage activators on tumor development depend on the timing
of their application in relationship to other activities of the reaculo-endothelial system
[18).

In some lesions, extensive calcification develops, either in the fibrous cap or
necrotic center of the atheroma. This caicification is an inorganic mixrure of calcium and
phosphate, primarily carbonate apatite or hydroxy-apatite [19). These calcificadons
deposit in a random way in an organic mamrix consisting primarily of elastn fibers. Ia
situations where extensive calcification has occurred, some collagen fibers may also be
calcified [19]. It appears that calcification begins when calcium ions bind to free carboxyl
groups on degenerating or regeneradng elastin fibers [19]. Phosphate ions then form
small complexes with the bound calcium, providing nucleation sites for further deposition
of inorganic apatites [19].

In our discussion of the pathobiology of atherosclerosis, particular attention has
been given to the role of oxidized lipoproteins and ceroid and the deposition of the
structural proteins, collagen and elastin. Although these substances are intimaiely
involved in the development of atherosclerosis, they have been stressed because they also
have been associated with autofluorescence {15, 16, 20-23]. 1t is known that collagen
and elastin from various sources are autofluorescent (20, 21]. This autofluorescence is
believed to be associated with crosslinks related to pyridinoline in these structural proteins
(20, 21]. Previous studies have reported an excitation maximum berween 300 and 350
nm and an emission maximum between 400 and 500 nm for these types of crosslinks
(20, 21]. Fluorescent lipcfuscin pigments, ceroids, have been observed in many

pathologic processes, where their deposition has been correlated with lipid peroxidation
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damage {22]. The excitation maxima of these pigments have been reporied in the range
from 350 - 400 nm, with emission maxima ranging from 430 - 460 nm and 540 - 580 nm
{23]. Thus, it appears possible that fluorescence spectroscopy can be used to detect the
presence of chemical constituents central to the development and progression of
atherosclerosis.

3:1.3. Brief Review of Arterial Fluorescence Literature

Many studies of arterial fluorescence have been carried out to determine if
fluorescence spectroscopy can be used to develop a diagnostic algorithm for
atherosclerotic plaque [24-31]. A detailed overview of these feasibility studies was
presented in Chapter One. They will only be briefly summarized here.

Kittrell and Sartori showed that fluorescence excited at visible wavelengths could
be used to differentiate normal aorta from fibrous atherosclerotic plaque (24], and
caicified plaque in vimro, respectively [25]. Deckelbaum and Leon showed, that using
ultra-violet excitation wavelengths, fluorescence spectroscopy could be used to
differentiatz normal aora from white fibrous plaques and yellow faity plaques {26, 28];
Leon noted, with UV excitadon, that calcified plaques were more similar to normai
ussues in their fluorescence properties. Deckelbaum has suggested that the differentiation
of normal and atherosclerotic coronary artery is not as successful with 325 nm excitation
as is that of normal and atherosclerotic aorta (28).

Both Clarke and Deckelbaum have artempted to correlate UV excited fluorescence
spectra to histochemical composition of tissue. Deckelbaum has shown with chermical
extraction studies, that at 325 nm excitation, the fluorescence signal of normal and
atherosclerotic aorta can be attributed to the structural proteins collagen and elastin [29].
Clarke has empirically correlated the fluorescence signal at this excitation wavelength to
the intimal thickness and the relative proportions of fibrous, fatty, and calcified tissue
within coronary artery athcrosclerosis [30]. In our laboratory, Baraga has established
diagnostic algorithms for the presence of non-calcified and calcified atherosclerosis in
human aorta based on fluorescence emission spectra obtained at 308 nm excitation (31].
Following a procedure similar to that detailed in Chapter One, he has shown that this
differentiaton is due to differences in the conmibutions of ryptophan, collagen and elastin
to the spectra of these tssues {31].
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The ultimate goal of most of these studies has been to develop a fluorescence
based guidance system for laser angiosurgery catheters. Although the potenunal of this
technique has been demonstrated in (24 - 31], there are many remaining issues which
need to be addressed. Many of these relate to th: procedure followed in developing
fluorescence based algorithms. For example, the choice of excitation waveiength in most
of these studies (25 - 30] appears largely to be a funciion of the laser available in the
researcher’s laboratory. In developing algorithms art these excitation wavelengths, only
the most rudimentary atteropts have been made to extract the information coatained in the
fluorescence spectra about the physico-chemical composidon of the tissue {29, 30].
Finally, in developing and evaluating diagnostic algorithms, the wealth of previous work
in medical statistics has been negiected {24 - 31]. These issues can be incerporated within
the systematc method of algorithm development we have proposed in Chapter One.

Other problems with these works are related to the choice of tssue samples. For
example, although most studies have been conducted in vitro using cadaver aorta (24-26,
28-31], recent studies have implied that significantly different results arc obtained wiih
muscular arteries such as the ceronaries {28]. In addition, some workers have focused
on only differentiating normal tissue from advanced atherosclerotic lesions and have
neglected intimal fibroplasia and atherosclerotic plaques with minimal intimal thickening
[26, 28, 29]. Many have not carefully determined tssue type with well defined histologic
categories, using instead such terms as yellow plaque, white plaque and whitish-yellow
plaque [26-30]. Furthermore, derailed studies of tissue fluorescence have not been
conducted in human subjects in vivo, 10 determine whether the results obtained in virro
are representative of the clinical situation. Leon has reported some data collected in vivo; .
however, in this study, the presence or absence of atherosclerosis was not determined
independently by hiswlogy [27].

In this chapter, we will atiempt to overcome these problems. We will apply our
systematic method to develop an algorithm for coronary artery atherosclerosis which can
be applied in vivo to several clinical problems. These clinical goals have already been
alluded to, but will be briefly described in the next section. Finally, our results will be
described in detail.
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3:2. iinical Problems Addressed by this Work

The diagnostic algorithmn for coronary atherosclerosis which will be presented in
this work was developed with three goals in mind. The first of these was to provide a
guidance system for laser angiosurgery catheters which could be applied in real nme in
vivo 10 deteniuine the histochemical composition of arterial tissue. In describing our
resuits, this goal will be emphasized, as this task is nearest completdon. However, the
same aigorithm has potential applications in two other situatons, which will also be
described. The first is to utlize fluorescence tc determine the chemical composition of
clinically symptumatic coronary artery atherosclerosis in order to ascertain the most
appropriate form of therapy. The second is to use this method to study the evolving
pathobiology of atherosclerosis ir vivo in a way not before possible.

3:2.1. Guidance System for Laser Angiosurgery Catheters:
Requirements of 2 Diagnostic Algorithm

For fluorescence to be effective as a guidance system for laser angiosurgery in the
tOrtuous coronary arteries, it obviously must allow removal of atherosclerotic tissue while
preveatng arterial perforation. It is known that ablaton of non-calcified atheroscleronc
tissues results in removal of a greater volume of tissue for a given laser energy than does
ablation of calcified atheroscierotic dssues {11}]. Thus, a method of determining the
chemical composition of atherosclerotic lesions would prove valuable in tailoring the
ablatdon dosimetry to vaporize the atherosclerotic obstruction with minimal damage 1o
anormnl ncsue, Ar the very least, to avoid perforation, 2 fluorescence diagnostc systemn
must be capable of identifying unknown vessel wall as normal, non-calcified plaque or
calcified plaque both before and after removal of tissue by laser ablation. Our algorithm
will be discussed in terms of these requirements.

We appiy our method of algorithm deveiopment to both aorta and coronary artery.
The feasibility of developing a diagnostic algorithm is first illustrated using aorta, since
cadaver samples of this tissue are easy 10 obtain and work with. The method is then
extended to coronary artery in virro. This represents an important step; this work will
demonstrate that there are important differences in the fluorescence spectra of elastic and
muscular arteries. The algorithms developed in vitro for atherosclerosis in these arteries
are then applied in vivo to ascertain whether modification is neccssary for clinical
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application. Finally, the integration of this method of diagnosis with a parucular laser
ablation system is discussed.

3:2.2. Method of Determining Optimal Form of Treatment

In addition to the specific applicavon of guiding laser angiosurgery, 1t is our behef
that fluorescence spectroscopy may uitimately impact on and improve cach of the
weamments for CAD discussed previously. The efficacy of many therapies of CAD has
been correlated tc the chemical composition of the atherosclerotic obstruction {5].
Fluorescence specaoscopy may be useful in selecting appropnate therapy, as 1t promises
to provide a method of assessing the chemical composition of plaque in vivo. This may
ultimately allow accurate prediction of those lesions which are truly ideal candidates for
LAS, PTCA, or CABG. In addition, using fluorescence spectroscopy, it may be
possible to determine when medical therapy is most appropnate. Supporung this
contention is the fact that the presence of the autofluorescent oxidized lipoprotein, ceroid,
has been correlated with the formanon of imreversible atherosclerotic lesions {15].

Although testing these hypotheses is not the focus of this work, the algorithm
developed here provides a means for doing so in clinical studies. Experiments addressing
these questions are proposed in Chapter Six.

3:2.3. Method of Studying Pathogenesis and Progression of Disease

Finally, it is our belief that the development of reliable ways to study the
histochemical composition of atherosclerotic lesions in vivo will facilitate the study of the
pathogenesis of atherosclerosis. Currently, there are no reliable methods of assessing
the composition of arterial tissue in vivo; standard histologic techniques ¢an be used only
following removal of tissue at autopsy, or less commonly, at surgery [1]. As there are
many controversies in the etiology and pathogenesis of this disease, a method capable of
assessing the presence of the histochemical features cenwral to the development of
atherosclerosis in vivo would be most valuable. In addition, the pathogenesis of
restenosis following CABG or PTCA could be studied in with this technique, to
determine whether it is similar to the formation of the inidal lesion. Although studying
the pathogenesis of atherosclerosis is not the focus of this work, the algorithm developed
here provides a means for doing so, in the appropriate clinical studies. Expeniments
addressing this topic are proposed in Chapter Six.
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With this intoduction, we now focus on the expenmental results obuined
following our method for developing a spectroscopic algonthm for the diagnosis of
atherosclerosis.

3:3. Survey of Arterial Spectroscopic Properties

The purpose of the first siep in our procedure is 10 explore the potennai of
fluorescence spectroscopy for the differentiation of normal and atherosclerotic artenal
tussue, and to determine the excitation wavelengths which are optimal for achieving this
differentiation. To address these issues, we surveyed the fluorescence properues of a
smail group of samples of aoria and coronary artery in vimro over a wide range of UV and
visible excitation wavelengths. These tissues represent typical examples of elastic and
muscular arteries [1].

3:3.1. EEMs of Normal and Atherosclerotic Tissue

This survey was accomplished by recording fluorescence excitation emission
matrices (EEMs), using the experimental procedure outlined for arterial tissues in Chapter
Two.

3311, Aota

Fluorescence EEMs were recorded from 14 samples of human aona in vitro [32].
Samples of abdominal and thoracic aorta were obtained from 10 human cadavers at
auropsy, within 24 hours of death. Upon receipt, samples were snap frozen in liquid
nitrugen and isopentane, and were stored at -70°C unal study. At the time of study,
samples were thawed to room temperature and were kept moist in a buffered (50 mM
TRIS), pH 7.4, isotonic, saline (140 mM) solution. Fluorescence EEMs were recorded
from grossly observable atherosclerotic lesions and surrounding normal appearing areas.
EEMSs were recorded from the intmal surface of the tissue, and following collection, the
surface area of the tissue studied was marked with india ink.

Samples were then fixed in 4% neutral, buffered formalin and submitted for
routine histologic analysis. Samples were classified according to the aforementoned
classification scheme of the Cleveland Clinic Foundation {12], by a single pathologist
Of the 14 samples studied, seven displayed (1) intimal fibroplasia, one was classified as
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{2) atherosclerotic plaque, two as (3} atheromatous plaque, and four as (5) calcified
atheromatous plaque. The calcified plaques were noted 1o be exwremely advanced lesions.

The EEMs of these ussues provide a complete characterization of their UV and
visible spectroscopic propernes. Our ultimate goal in analyzing this data is 10 determine
whether there are significant differences in the fluorescence properties of normal and
atherosclerotic tissues, and to determine at which excitation wavelengths these differences
are diagnostcally useful. Ideally, we would like to compare the fluorescence properties
of normal tissue with those of each stage in the progression of atherosclerosis. In
developing a guidance system for LAS catheters, at a minimum, we wish to use
fluorescence to differentiate non-atheroscierotic vessel wall, non-calcified plaques and
calcified plaques. Here, because of the relatively small number of samples of aorta
studied using this method. we have anempted tc achieve only the latter goal.

To this end, average EEMs were constructed for each of the following assue
categories: (0,1) non-atherosclerotc, (2,3) non-calcified plaque and (4,5) calcified
plaque. These are shewn as fluorescence contour maps in Figure 3, where contour lines
connect points of equal fluorescence intensity. The general features of the UV and visible
fluorescence of each of these types of tissus are similar. Seven peaks are present at or
near (280, 330 nm), (330, 380 nm), (350, 460 nm), (370, 590 nm), (470, 530 nm),
(470, 550 nm), and (470, 590 nm). Many of these peaks are separated by valleys which
run parallel to the excitation and emission axes. In particular, valleys can be noted at 420
;- nm, 540, and 580 nm. The fluorescence intensity, location and lineshape of each of these
peaks was different for the three types of tissue. However, the differences in locanon
and lineshape were more subtle than the differences in intensity. The fluorescence
intensity of each of these peaks is summarized as a function of tissue type in Table 1. In
additon, Table 1 includes a potendal assignment of the morphologic or molecular basis of
cach of these peaks. These assignments are based on results presented in Section 3:4.3,
and are discussed in detail later.
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Figure 3: Contour map representations of the average fluorescence EEMs of: (2) (0,1)
non-atherosclerotic aorta, (b) (2,3) non-calcified plaque and (c) (4,5) calcified plaque.
Two sets of linearly spaced contour lines are shown; ten from 200.0 to 20.0 and nine
from 18.0 to 2.0, where fluorescence intensity is given in arbitrary units relaave 1o the
fluorescence intensity of a standard. Ten contours are labeled as per the figrre legend.
The same set of arbitrary units is maintained for all EEMs shown in this thesis.
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Figure 3 (cont.).

Table 1: Excitation emission maxima in the average fluorescence EEMs of human aorma.

Peak Fluorescence Intensity from
Average Fluorescence EEM
(Arbitrary Units)

Approximate Non- Non- Calcified Potential
Excitation- Athero- Calcified Plaque Fluorophore/
Emission sclerotic Plaque (4,3) Chromomorph
Maximum (0,1 (2.3) (Table 4)
(290, 330 nm) 200 200 30 Trvptophan
(330, 380 nm) 40 80 40 Collagen Fibers
(350, 460 nm) 20 20 60 Elasan Fibers
_ Ceroid
(370, 590 nm) 10 6 20 Elasun Fibers
_ Ceroud
(470, 530 nm) 30 20 100 Elasun Fibers
Collagen
(470, 550 nm) 20 13 100 Elasan Fibers
Collagen Fibers
Ceroid
(470, 390 nm) 18 14 30 Elasan Fibers
Collagen Fibers
Ceroid

Although the general fearures of the fluorescence contour maps of these three
types of tissue are similar, there are many differences in the absoiute and relaave

intensities of the various excitation emission maxima. The peak near (290, 330 nm) is
82



similar in intcnsity'.in rormal and non-calcified plaques; however, it is approximately a
factor of two less intense in calcified plaques. The peak near (330, 380 nm) is of simular
intensity in normal tissues and calcified plaques; 1n non-calcified plaques it :1s roughly two
umes more intensely fluorescent. The peak near (350, 460 nm) is approximately three
umes more intensely fluorescent in caicified plaques that in non-calcified ussues. That at
(370, 590 nm) is least intense 1n non-caicified plaques, and most ntense 1n calcified
plaques. Finaily, there are three peaks at 470 nm excitauon and 530, 550 and 590 nm
emission. These are most intense in the calcified plaques, with the 530 and 550 nm
emission maxima being reladvely the highest maxima. The fluorescence intensity of these
peaks is lowest in non-calcified plaques; here again, the peaks at 530 and 550 nm have
relatively greater fluorescence inteasity than thart at 530 nm. In contrast. the 530 nm peak
is more intense than either of the subsidiary maxima in non-atherosclerotic tssue. The
valleys at 420, 540 and 580 nm are most prominent 1n the EEMs of non-atherosclerotic
assues and non-calcified plaques.

33.1.2.  Coronary Aniery

Fluorescence EEMs were recorded from 20 samples of coronary artery in viiro
using the method described in Chapter Two for artenal tissue. Tissue samples were
obtained surgically during heart ransplants from 10 recipient hearts. After remova’ of the
heart, the first several centimeters of the main branches of the coronary arteries were blunt
dissected. Intact anteries were then frozen in liquid nirogen ..d isopentane and stored at
-70°C. Before study, samples were thawed to room temperature; during all experiments
samples were kept moist with a buffered (TRIS 50 mM), pH 7.4, 140 mM saline
solution. The artery was opened, and spectra were obtained from the intimal surface.
EEMSs were recorded from grossly visible athersclerotic lesions and from surrounding
normal appearing areas. Following study, the intimal areas sampled spectroscopicaily
were marked with india ink. Samples were fixed in 4% formalin and submirtted for
routne histologic analysis. A single pathologist classified all samples according to the
classification scheme presented earlier in this chapter [12].

Of the 20 samples, one was classified as (0) normal, four as (1) intimal
fibroplasia, two as (2) atherosclerotic plaque, one as (4) atherornatous plaque, three as (5)
calcified atherosclerodc plaque, seven as (6) calcified atheromatous plaque and two as (7)
calcified fibrotic/sclerotic plaque. Average EEMs were calculated for non-atherosclerotic
samples of coronary artery belonging to categories (0) and (1), non-calcified plaques
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including categones (2) and (3), and calcified plaques including samples trom categones
(4). (5) and (7). These average EEMs are shown as tluorescence contour maps in Fig. 4.

Again, the tluorescence EEMs ot each ussue type cottaun stmalar teatures: four
sroad excianon-emission maxima. located near (290, 330 nm), (330, 380 nm), (340,
410 nm). and (450, 520 nm). These peaks are separated by valleys para.lel to the
excianon and emussion axes at 420 nm. More subtle valleys are aiso appreciable at 540
am. Although the general features of these tluorescence EEMs are similar, many
differences can be appreciated in the fluorescence intensity, locaton and lineshape of
these peaks. To summarnze this informanon and facilitate comparnison, these fluorescence
EEMSs have been charactenzed by the approximate posidon and intensity of all local
excitaton-emission maxima in Table 2. This companson neglects the small shifts in the
positions of these maxima and the fluores. . ..ce lineshapes of the associated peaks. In
addidon, Table 2 includes a potennal assignment of the morphologic or molecular basis of
each of these peaks. These assignments are based on results presented in Section 3:4.3,
and are discussed in detail later.
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Figure 4: Average ‘luorescence contour maps of (0,1) non-atherosclerotic coronary
artery, (2.3) non-caicified plaque, and (4,5,7) calcified plaque. Two sets of linearly
spaced contour lines are shown: ten from 200.0 to 20.0 and nine from 18.0 to 2.0 umits,
where fluorescence intensity is given in arbirrary units relarive to the fluorescence
intensity of a standard. The ten contours are labeled as per the figure legend. The same
set of arbitrary units is maintained for all EEMs shown in this thesis.
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Tab!le 2: Excitaton Emission Maxima in the
Average Fluorescence EEMs of Coronary Artery
» eCPeraean,

Fluorescence Intensity
(Arbitrary Units)

Approximate | Non- i Non- § Calcified Potential
Excitation- } Athero- Calcified § Plaque Chromophore/
Emission j sclerdiic Plaque 4, 5) Chromomorph
Maximum i Tissue 2, 3) § (Table 4)
I (0, 1)
(290, 330 nm) 200 140 140 Tryptophan
(330, 380 nm) 80 80 80 Collagen Fibers
(340, 440 nm) &0 20 40 Elasan Fibers
Ceroid
Elasan Fibers
(460, 520 nm) 20 18 20 Collagen Fibers
Ceroid

From Table 2, it is evident that, for a given peak, the fluorescence intensity varied
with tssue type; for example, the (450, 520 nm) peak was more intense in non-
atherosclerodc tissues than in other types of tissue. The (290, 330 nm) peak was more
intense in non-atherosclerotic tssues than in other types of tssue. The peak at (340. 440
nm) was slightly more intense in non-atherosclerotic dssues. In additon, although each
type of tissue contained four peaks in generally similar locations, there were slight shifts
in the exact location of the maxima, as well as slight differences in peak width or
fluorescence lineshape. For example, visual inspection of Figure 4 shows that the peak
near (450, 520 nm) is shifted to longer excitaton and emission wavelengths in the
fluorescence EEMs of all types of atherosclerotic tssue.

Thus, based on this limited number of samples, it can be concluded that the
fluorescence properties of normal and atherosclerotic antery differ; in fact, the
fluorescence properties of lesions with different composition are different. It should also
be noted that there are many differences in the fluorescence EEMs of muscular and elastic
arteries. Diagnostic algorithms for atherosclerosis, based on fluorescence spectroscopy,
will, as a result, have 1o be tailored depending on the ultimate target.
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3:3.2. Choice of Optimal Excitation Wavelength

Based on the differences observel in a v.,ual inspecton of the fluorescence
contour maps of a limited number of normal and atherosclerotic artenal tissues, 1t is clear
that it may be possible to differendate normal arterial tissue and several tvpes of
atherosclerotic lesions using fluorescence specmoscopy. Thus, further study, to exploit
these differences in 2 diagnostic algorithm for atherosclerosis was underntaken. In this
process, the primary goal was the development of a guidance sysiem for laser
angiosurgery catheters. As discussed earlier, this application requires, at a minimum, the
discrimination of normal dssue, non-calcified and caicified plaque. The first step in our
process of algorithm development is the selection of excitaton wavelengths at which this
discrimination can best be achieved. We have utilized the fluorescence EEMs to select
these wavelengths in both aorta and the coronary artenies.

The following procedures were used to compare the average fluorescence EEMs
of normal, non-calcified and calcified plaques. First we compare the fluorescence
intensities of the excitaton emission maxima to determine which of the corresponding
excitaton wavelengths is most sensitive 10 the presence of various types of disease.
Then, for more detail, we compare the diagnostic efficiency of all wavelengths using the
rato and difference of the average fluorescence EEMs.

3321 Acma

An examination of Table 1 shows that at any of the excitaton maxima - 290, 330,
350, 370, and 470 nm - there are observable differences in the average intensities of the
fluorescence emission maxima of normal and atherosclerotic human aorta. At either 370
or 470 nm excitation, these average intensities are different for normal tissue, non-
calcified plaque and calcified plaque. These differences are greatest at 470 nm exciaton.

This simple analysis, however, is not sensitive to differences in the precise
location of excitation emission maxima, or to differences in fluorescence lineshape, such
as the bandwidth of a peak. A simple method of detecting these types of differences,
described in detail in Chapter Two, is to calculate the ratio and difference of the average
fluorescence EEMs of the various subgroups of tssue. In ratio EEMs presented in this
chapter, the EEMs of atherosclerotic tissue were always divided by the EEM of non-
atherosclerotic tssue. In difference EEMs, the EEM of non-atherosclerotic tissue was

always subtracted from that of atherosclerotic tissues. A simple interpretation of these
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comparison EEMs is to regard all local maxima as regions where atheroscleroac ussues
exhibit greater fluorescence intensity or umque fluorescence bands, and local minima as
regions where norma! ussues exhibited greater flucrescence intensily oOr unijue

fluorescence bands.

Figure 5 shows the difference of the average fluorescence EEMs of non-calcified
plagues and non-atheruscicrouc nssue and calciqied plaques and non-atheroscizronc
dssue. There are five peaks in the contour map of the difference of the average EEMs of
non-calcified plaques and non-atherosclerotic dssues, at (330, 380 nm), (380. 460 nm),
(470, 520 nm), (470, 560 nm) and (470, 600 nm); again, these peaks are separated by
valleys parallel to the excitation and emission axes ar 420, 540 and 580 nm. The largest
of these is at (330, 380 nm). There are three peaks in the corresponding contour map for
calcified plague at (290, 330 nm), (390. 460 am), and at (450, 540 nm), separated by
valleys at 420, 54C and 580 nm. The largest of these is the (450, 540 nm) peak.
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Figure Five: Contour map representations of the difference of the average fluorescence
EEMs of (a) non-calcified plaque and (b) calcified plaque and non-atherosclerotic dssue.
In (a), 15 contours are shown; five spaced linearly from 30 to 10 units, and ten spaced
linearly from 8 to -10 units. In (b), 10 linearly spaced contours are shown from -160 10
80 units, where fluorescence intensity is given in arbitrary units relative to a standard.
Ten contours are labeled in each, as per the figure legend.
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Figure 5 (cont.):

These peaks correspond o the differences in peak intensity highlighted in Table 1;
however, the shifts in the locaton of the excitation-emission maxima in the difference
maps indicate that, in addition to differences in the intensites of the excitation-emission
maxima, the peak posidon and lineshape ~re also sensitive to the presence of disease.

Figure 6 shows a contour map representation of the rato of the average
fluorescence EEMs of non-calcified and calcified plagues 1o non-atherosclerodc aora.
Four peaks are discernible in the rato of the non-calcified plague to non-atherosclerouc
aona at (330, 380 nm), (390, 490 nm), (470, 560 nm) and (310, 420 nm). The first
three of these peaks correspond to the differences highlighted in both Table 1 and the
difference map. Five broad peaks are discernible in the contour map represenang the
ratio of the average EEM of calcified plaque to that of non-atherosclerotic aorta. These
are at (290, 350 nm), (330, 360 nm), (340, 450 nm), (470, 570 nm) and (470, 610 nm),
and again represent differences already highlighted in Table 1 and the difference map. In
addition, in both these ratio maps a broad peak parallel to the emission axis is present at
420 nm.
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Figure 6: Contour map representations of the ratio of the average fluorescence EEMs of
(a) non-calcified plaque and (b) calcified plaque to non-atherosclerotic aorta. Twenty
linearly spaced contours are shown from 0.1 to 2.0; alternate contours are labeled 1 - 10.
In (b) an additional 8 linearly spaced contours are shown from 3 to 10.

Thus, the rato and difference maps provide a complete characterizadon of the
differences in the fluorescence propertes of normal and pathologic tssues. As discussed
in Chapter Two, the location and value of local maxima and minima provide a means of
characterizing these differences. Each local maxima or minima in these comparison maps
can be thought of simply as representing a portion of the specarum sensitive to the
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(a)

presence of disease. In seiecting excitation wavelengths to accomplish the diagnosis of
disease, the most complete amounc of information can be obtained by selecnng excitaton
waveiengths which sample all regions sensiave to pathology.

Obviously, to record data in or near real time, it is usetul to limit the number ot
exciraton wavelengths to a minimum. A single excitation wavelength can be represented
on a fluorescence confour map as a horizontal line parallel to the emission wavelength
axis. Thus, a graphical analysis of the ratio and difference maps provides a method of
selecting the minimal number of excitation wavelengths which can be used to completely
characterize all histochemically distinct differences in the fluorescence properues of
normal and pathologic dssues. This analysis consist simply of drawing the minirnum

number of horizontal lines which intersect all the separate peaks in the ratic and difference
maps.

Figure 7 indicates that this can be accomplished in aorta with only three excitation
lines: 310, 350 and 470 nm % 10 nm. These excitation wavelengths were selected on the
basis of empirical comparisons; however, it will be shown later that these wavelengths
sample chromophores which are intimately related to the pathobiology of atherosclerosis.
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Figure 7: contour maps of the (A) ratio and (B) difference of the average fluorescence
EEMs of (1) non-calcified plaque and (2) calcified plaque and non-atherosclerotic aorta.
The three horizontal lines at excitation wavelengths of 310, 350 and 470 nm indicate the

three excitation lines which sample all local maxirna and minima in the rado and difference
maps.

91



(b)

o.M 3.8 P \)
p v Bl 7
gm at $40.60 5 /;7 I'g
: i /!
: i 4
b /
lma ima ¢
i N
H - er (o
=
B,
0.4t S8t /\\\“{ 9 ;5
| ISP I L . P 1 \ . . ks bt
%0.4 4.9 42.% %50.9 4.9 %8.3 %.a 43.8 i N -] 648.59
Figure 7 (cont.):
3:3.2.2. nary Arterv

In 2 similar way, the excitation wavelengths most sensitive to the presence of
coronary artery atherosclerosis can be selected. An examination of Table 2 shows that the
excitation emission maxima at (290, 330 nm), (340, 44C nm) and (450, 520 nm) all
exhibit a higher fluorescence intensity in non-atherosclerotic tissues than in calcified or
non-calcified plaques. The fluorescence intensity of the peak at (330, 380 nm), on the
other hand, is relatively constant in these types of coronary artery. This simple
characterization indicates thes there are differences in the fluorescence emission intensity
at three of the excitation wavelengths corresponding to excitation maxima: 290, 340, and
450 nm. These differences are greatest at 290 and 450 nm excitadon. Ag-in, this simple
analysis, however, is not sensitive to differences in the precise location of excitation
emission maxima, or to differences in fluorescence lineshape, such as the bandwidth of a
peak. To assess these differences, the ratio and difference of the average fluorescence
EEMs of the various subgroups of tissue were calculated.

Figure 8 shows contour map representations of the difference of the average non-
atherosclerotic tissue EEM and the average EEMs of non-caicified and non-calcified
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plaques. Both difference maps exhibit maxima at three locations: (290, 330 nm), (360,
460 nm) and (440, 510 nm). The largest absolute difference in both types of plaque 1s at
(290, 330 nm). Smaller differences in absolute tluorescence intensity can be observed at
(360, 460 nm) and (440, 510 nm). These correspond roughly to the differences
observed from a comparison of the fluorescence intensities of the three peaks at (290, 330
nm), (340, 440 nm) and (450, 520 nin), su:nmarized in Table 2. The slight shift in the
posidons of the exciratdon emission maxima in the difference maps indicate that there are
differences in the exact positon and lineshape of the four peaks observed in the average
fluorescence EEMs of tssue.
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Figure 8: Contour map representations of the difference of the average fluorescence
EEMs of non-atherosclerodc tissue and (a) non-caicified plaque and (b) calcified plaque.
Two sets of linearly spaced contours are shown; nine from -100 to -20 units and six from
-15 to 10 units. The same set of arbitrary units is mainained for all EEMs in this thesis.
Ten contours are labeled as per the figure legend.
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Figure 8 (cont.):

Figure 9 shows the contour map representations of the rado of the average EEMs
of non-calcified plaque and calcified plaque 1o the average non-atherosclerodc EEM. In
these ratio maps, four peaks can be appreciated with excitation- emission maxima at (280,
380 nm), (340, 380 nm), (400, 460 nm) and (550, 610 nm). Again, these differences
are similar to the differences described in the absolute intensities of the excitation
emission maxima in the average EEMs of each tissue type, as summarized in Table 2.

The greatest relative difference in fluorescence intensity of normal and pathologic
tissue is observed at (550, 610 nm); here the fluorescence intensity of atherosclerotic
tissue is greater than that of normal tissue. However, this corresponds to a region of
tissue in which the absolute fluorescence intensities are smail. The fluorescence iniensity
of atherosclerotic tissues is less than that of non-atherosclerotic tissues, maximally less at
(280, 380 nm) and (400, 460 nm). The fluorescence intensity of these tssues is roughly
the same at (330, 380 nm); however, this location represents a local maximum of 1.0in
the ratio contour maps.

94



338.8¢

. T\ CONTOUR VALLES
E S \“\,’/\\ S=sm=zsSocsois
» A i
i AN
i . 0 * »
3 % 73,/ \\\\'\ {1 ) ?/’\vf 2 % {ga«‘;‘g%
;3 . )} s /o % 1,
Vi gxia-J { :/,’ o5 1% Lonea
! . B : 'f * , -
D, L dE
3 t ‘-\\ ! \ 4 . -
E “'“’%"( 18 (49'/”
A NG
%0.0 3608 400 0.0 660.08
550.98 ¢ 0~ <
4 _CONTOUR UALLES
ol /) )\ i
5 90.09 i % 16006+
F= 4 ¥ 1.399E+00
e s R AW XS
(b) 3 e RN
S0 "N Dby et
i RO L' 9 40eeE-ar
5 3 f e 18 % 2.098E-01
250,08t 1) P gy

L

| I I U IS T T T N T I |
260,68 360.08  460.00 60.88  669.90

Dmiss-on Aavelength ‘nm)

bedss

Figure 9: Contour map representarion of the ratio of the average fluorescence EEMs of
(a) non-calcified plaque and (b) calcified plaque to that the average EEM of non-
atherosclerotic coronary artery. Twenty linearly spaced contours are shown from 2.2 to
.2; alternate contours are labeled 1 - 10.

The ratio and difference maps provide a measure of the differences in the
fluorescence properties of normal and non-calcified and calcified plaques. As discussed
above, the location and value of local maxima and minima provide a means of
characterizing these differences. Figure 10 shows, that for normal and atherosclerotic
coronary artery, all local minima and maxima in the ratio maps can be sampled with only

three excitation wavelengths at 310, 350 and 450 + 10 nm. These excitation
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wavelengths were selected on the basis of empirical comparisons; however, it will be
shown later that these wavelengths sample chromophores which are intimately related to
the pathobiology of atherosclerosis. Interestungly, although there were significant
differences in the fluorescence EEMs of non-atherosclerotic and atheroscleroac elasuc and
muscular arteries, the same exciation wavelengths can be used to diagnose the presence

or atherosclerosts in these types of arteries.
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Figure 10: The (A) ratio and (B) difference of the average EEMs of (1) non-calcified
plaque and (2) calcified plaque to non-atherosclerotic coronary artery. The three
horizontal lines drawn at 310, 350 and 450 nm represent excitadon lines which intersect
all local maxima and minima in these maps. Thus, these represent excitation wavelengths
which sample all possible histochemical differences in normal and pathologic coronary
artery in the UV and visible region of the specgum.
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3:4. 476 nm Excitation

Based on the results of the EEM study, three excitation wavelength regions were
identfied at which the emission spectra of non-atherosclerotic and atherosclerotic
muscular and elastic arteries were most different. These three excitation regions were
chosen because they sampled all regions of the UV and visible portion of the spectrum at
which the emission of these tissues differs. Thus, all of the diagnostic information in a
fluorescence EEM can be obtained with three emission spectra excited in thiese regions.

In choosing a single excitation waveiength region for detailed development of a
diagnostic algorithm, several factors should be considered, including:

1. the ease of generation of the excitation wavelength, from a consideration of
available laser sources;

2. the penetration depth of the excitation wavelength in aormal and atherosclerotc
artery. Ir particular, in developing guidance systems for laser angiosurgery, the
relationship of the penetration depth of the excitation wavelength and the ablating
radiation needs to be considered. For 2ffective control of ablation, the penetration
depth of the excitation wavelength should be greater than that of the ablation
wavelength.

3. The relationship of the chromophores sampled with the particular wavelength
to the pathobiology af atherosclerosis should be considered, and

4. the relative size of the emission intensity at particular excitation wavelength
should be examined for signal to noise (S/N) considerations.

Bas1 on these considerations, and the results of previous studies conducted in
our laboratory {24), the 450-470 nm excitation region was sclected for further in depth
studies. In particular, 476 nm excitation was chosen, as it can be easily obtained from an
argon-ion laser. The penetration depth of this wavelength in normal human aorta is
approximately 300 um {33). This is greater than the intimal thickness of normal muscular
and elastic arteries and is also greater than the typical intimal thickness in intimal
fibroplasia and many early atherosclerotic plaques, implying that with this excitation
wavelength both structural and histochemical information can be extracted from the
resulting emission spectra. Many groups use UV or IR wavelengths for ablation of
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atherosclerotic plaque, and the penetration depth of wavelengths in these regions is
significantly less than 300 pm (34]. Also the amount of tissue which can be reliably
removed by ablation at these wavelengths is less than 300 pm (34]. The chromophores
which are sampled by this excitation wavelength have been shown to be intimately related
to the pathobiology of atherosclerosis {35]. Finally, although the emission intensities of
arterial spectra excited in the visible portion of the spectrum are iess than those excited in
the far UV region, spectra with reasonable S/N have been obtained with 476 nm
excitation in vivo in near real time [36].

At 476 nm excitation, the spectroscopic properties of normal vessel wall and the
various stages in the progression of atherosclerosis were characterized in detail. From
this characterization, 2 model of tissue fluorescence was developed. The parameters of
this model were then utilized to develop diagnostic algorithms for the presence of
atherosclerosis in mascular and elastic arteries. The results of these studies will be

presented here.

Samples of thoracic and abdominal aorta were obtained from human cadavers at
autopsy, within 24 hours of expiration. Samples of the first 5-10 mm of the major
coronary arteries were obtained at surgery from recipient hearts during heart transplants.
Upon receipt, all samples were snap frozen in liquid nitrogen and isopensane and stored at
-70°C undl study.

At the time of the experiment, tissues were thawed to room temperature, and were
kept moist in a buffered (TRIS 50 mM), pH 7.4, 140 mM solution of saline. At the time
of study, the artery was opened, and fluorescence spectra were recorded from the intimal
surface of the artery. 476 nm LIF spectra were recorded from all discrete observable
plaques and surrounding normal appearing regions using the spectral catheter system
described in Chapter Two. Following spectral analysis, the intimal area sampled by
fluorescence was marked with india ink, the sample was fixed in 4% formalin, and
submitted for histologic analysis. All samples were classified according to the scheme
presented earlier by a single pathologist [12}.

Spectra were obtained from 148 separate sites in aorta from 30 cadaver sources.
Spectra were recorded from 82 sites of coronary artery from 15 patients. Table 3
provides a summary of the histologic classification of these tissues. Data presented in the
remainder of this report is from these sample sets.
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Spectra at this excitation wavelength were obtained using the specwral catheter
system described in Chapter Two. This system was chosen for several reasons. The
first is that, uniike the conventional spectrofluorimeter used to collect tissue EEMs, it
provides a well defined excitation and collection geometry (33, 37]. It has been shown
that the contributions of attenuation to the fluorescence spectra of turbid materials such as
human assue are governed in part by the excitaton and collection geometmes. Thus, a
well defined collection geometry is required for meaningful comparisons of data obtained
with different fluorimeters. The catheter system described in Chapter Two also provides
a collection geometry with a fixed distance between the surface of the tissue and the
detector, so calibrated fluorescence intensity informadon can be reliably recorded.
Finally, this system can be used to collect data in vivo with minor modifications [36}.

Table 3: Summary of histologic classifications of 148 samples of human aorta

_ _____and 82 samples of human coroaary .
# Tissue Classification | # Samples of # Samples of
: Aorta Coronary Arter

(0) Normal 16 5
(1) Intirnal Fibroplasia 58 34
(2) Atherosclerotc Piaque 25 15
(3) Atheromaious Plzgue 11 I
(4) Calcified Atherosclerotic 10 0
Plaque
(5) Calcihied Atheromatous 14 18
Plaque _
(6) Fibrotic/Sclerotic Plaque 7 0
(7) Calcified 0 8
Fibrotic/Sclerotic Plaque

3:4.1. Typical Data
4.1.1. A

Figure 11 shows characteristic spectra of normal human aorta (0), and two types
of plaque: atherosclerotic plaque (2),and calcified atheromatous plaque (5). Each of these
spectra conrains similar features; three peaks are present near 520, 560 and 600 nm, two
valleys occur at 540 and 580 nm. Although generally similar, there are several
differences in the fluorescence spectra of these tissues. The peak fluorescence intensity
of the normal aorta is greater than that of both plaques; with the calcified plaque having a

slightly greater peak fluorescence intensity than that of the non-caicified plaque. The
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relative intensites of the peaks also varies. The 520 nm peak is the most intense peak in
the normal tissue spectrum; however, in the spectrum of non-caicified plaque, the 550 nm
peak is roughly the same intensity as that of the 520 nm peak, and in the calcified plaque,
the 550 nm peak is the most intense peak. Finally, the valleys at 540 and 580 nm appear
more prominent in the fluorescence spectrum of the normal tissue. Although spectra are
presented here from three individual samples, these trends were observed in the
fluorescence of most samples of normal aorta and non-calcified and calcified plaques.
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Figure 11: Representative 476 nm excited laser induced fluorescence spectra of human
aorta. Typical data is shown for (0) normal tissue, (2) an atherosclerotic plaque, and (5)
a calcified atheromatous plaque. Fluorescence power is given in arbitrary units, but the
same set of arbitrary units is maintained throughout this chapter for data obtained with the
spectral catheter system described in Chapter Two.

These teatures are similar to those observed in the fluorescence EEMs of normal
and atherosclerotic aorta at 470 nm exciration (Fig. 3 and Table 1). There, emission
maxima were present at 530, 550 and 590 nm with more prominent valleys at 540 and
580 nm than in Fig. 11. It will be later demonstrated that these valleys are due ro
antenuation of oxy-hemoglobin, and are more prominent in spectra collected with systems
that have the collection geometry of the conventional fluorimeter used to record the EEMs
[37].

The differences in the fluorescence lineshape of normal and atherosclerotic aorta
are similar in both Figs. 3 anc 11. In both, the 550 nm emission peak is more intense

100



relative to the 530 nm peak in atherosclerotic tissues, particularly in calcified plaques.
The fluorescence intensity of normal tissue is more intense than that of non-cilcified
plaques at 470 nm excitation both ip the EEMs and in Fig. 11. However, the
flucrescence intensiry of calcified plaques was greater than normal dssue at 470 nm
excitation in the EEMs. Figure 11 shows that, typically, with the catheter system, the
fluorescence intensiry of normal dssues is slightly greater than that of calcified plaques
assues at 476 nm excitation. As discussed in more detail later, this difference is likely
due to the fact that the fluorescence EEMs of calcified plaques were collected from
extremely advanced calcified lesions in which the fibrous cap had calcified. An EEM of a
more typical lesion, histologically similar to those examined with the catheter system,
showed similar intensity differences as in Fig. 11.

3412, Coronary Arterv.

Figure 12 shows representative specta of three samples of human coronary artery
obtained at 476 nm excitation using the catheter system described in Chapter Two.
Spectra are shown for individual samples of (0) normal artery, (2) atherosclerotic plaque
and (5) calcified atheromatous plaque. Fluorescence power is reporied here in the same
set of -arbitrary units as that of Fig. 11.
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Figure 12: Typical 476 nm laser excited fluorescence spectra of (0) normal coronary
artery, (2) atherosclerotic plaque and (5) calcified atheromatous plague. Fluorescence
power is reported here in the same arbitrary units as Fig. 11.
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Again, the general features of these three spectra are similar, with fluorescence
peaks present at or near 520, 550 and 600 mix, and valleys at or near 540 and 580 nm.
Differences were obscrved in the peak and relative fluorescence intensities of normal and
atherosclerotic tissues. In coronary artery, the peak fluorescence intensity of nommnal
artery is higher than that of non-calcified plaque; however, the peak fluorescence intensiry
of the calcified plaque was greater than that of normal tissue. The 520 nm peak was the
most intensely fluorescent peak in the spectrum of normal tissue, however; the 550 nm
peak was the most intense in the spectra of atherosclerotic tissues. For coronary artery,
the valleys at 540 and 580 nm were slightly more pronounced in the fluorescence
specirum of normal tissues. Although spectra are presented here from three individual
samples, these trends were observed in general in the fluorescence of normal aorta and
non-calcified and calcified plaques.

These ieatures are again similar to those observed in the EEMs of non-
atherosclerotic and atherosclerotic coronary artery (Fig. 4 and Table 2). In general, the
valleys at 540 and 580 nra were much less pronounced in the EEMs of muscular arteries;
thus, Table 2 reported only a single excitation emission maximum in this excitation region
at (450, 520 nm). However, as pointed out earlier, this maximum was shifted to longer
emission wavelengths in atherosclerotic tissues. This is also seen in Fig. 12, where the
peak emission wavelength of non-calcified and calcified plaques is at approximately 560
nm. Again, in both the EEMs and in Fig. 12, the peak intensity of non-calcified plaques
is slightly less than that of normal tissues at 470 nm excitation. The fluorescence EEMs
indicate that the fluorescence intensity of calcified plaques is also slightly less than that of
normal tissues at 470 nm excitation. This is not in agreement with Fig. 12; however,
many of the calcified plaques from which EEMs were recorded were only minimally
calcified. As discussed later, this is most likely the source of this discrepancy.

Thus, at 476 nm excitation, the fluorescence spectra of normal and pathologic
aorta and coronary artery share the same general features. As noted in the EEM study, at
476 nm excitation, there are significant differences in the fluorescence propertes of
normal and atherosclerotic muscular and elastic arteries. However, both the absolute
fluorescence intensity and the relative intensities of the peaks and valleys appear to vary
between normal tissues, non-calcified plaques and calcified plaques in these arteries,
suggesting that the chemical differences in these tissues can be sampled using 476 nm
excited fluorescence spectroscopy. The remainder of this chapter focuses on developing

methods to extract this chemical information from the fl;orescence spectra and applying it
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to the diagnosis of atherosclerosis. The differences observed in the fluorescence spectra
of aorta and coronary artery suggest that algorithms will need to be deveioped separately
for muscular and elastic anteries.

3:4.2. Empirical Algorithms

The simplest method of algorithm development, in fact, does not require
developing a method to extract chemacal information from the fluorescence spectra. The
empirical comparison of the typical spectra shown in Figs. 11 and 12 suggests several
parameters of these spectra that might have diagnostic utility. For example, in aorta, the
peak fluorescence intensity of normal tissues is greater than that of atherosclerotic tissues.
A simple diagnostic algorithm might then coasist of ¢ ymparing the absolute fluorescence
intensity of the 520 nm peak, 1(520). Similarly, the relative intensities of the 520 and 550
nm peaks or the 600 nm peak and the 580 nm valley might also be utilized.

3421, Aorta

We have explored the periormance of such empirical algorithms using the data set
of 148 samples of aorta. Figure 13 provides a graphical representation of the most
successful, that based on I(520). This figure shows the fluorescence intensity of the 520
nm peak as a function of sample type for all 148 samples. On average, 1(520) is greater
for non-atherosclerotic tissues than for atherosclerotic tissues. A simple algorithm
represented by the smaight line at 1(520) = .011 separates most non-atherosclerotic tissues
(0,1), from atherosclerotic tissues (2-6). This algorithm correctly diagnoses 77% of the
148 samples; however, its performance is particularly poor for calcified tissue (5,6),
achieving a correct diagnosis in only 52% of the cases. Figure 11 illustrates the reason
for this, the peak fluorescence intensity of calcified plaques is more similar to rhat of
normal tissues than is that of non-calcified plaques.

The performance of this simple algorithm is enconraging; it indicates that
fluorescence spectroscopy does provide diagnostically useful information. However,
although simple, this method of algorithm development completely neglects the wealth of
information about the chemical and physical characteristics of the tissue contained in the
fluorescence spectra. As stressed earlier, it is likely that a method of obraining this
information in real time in vivo will be useful in improving therapies of CAD. Extraction
of this information may also improve the perforrnance of diagnostic algorithms for
atherosclerosis based on tluorescence spectroscopy. The remainder of this chapter
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focuses on developing a model of tissue fluorescence and applying this model to data
from the previously described sample sets in order to exwract this type of physicochemical
information and urilize it diagnostically to detect atherosclerosis.
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Figure 13: Empirical diagnostic algorithm for the detection of atherosclerosis in human
artery. The fluorescence intensity at 520 nm is plotted versus sample type for 148
samples of human aorta. The straight line at I(520) = 0.11 indicates the decision surfaces
points above this line are diagnosed as non-atherosclerotic, while points below the line
represent atherosclerotic samples. The algorithm correctly diagnoses 77% of all samples;
however, only 52% of calcified plaques are correctly diagnosed with this algorithm.

3:4.3. Morphologic/Biochemical Basis of Fluorescence

The groundwork for developing a model of tissue fluorescence has been
developed previously. In Chapter Two, we derived a general equation which described
the fluorescence of single and multi-layer tissues in terms of contributions from individual
constituents which could contribute to the fluorescence specrrum through attenuarion or
fluorescence. This equation, shown below for tissues comprised of a single, optically
thick layer, provides the basis by which we will extract physicochemical information
from tissue fluorescence spectra.

i uai(lx)(pi(x;xm)

1

(1) S(AxAm) = kP(A P
{un(lx) "'l»"(i(}‘-m»

M=z

i=1
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The symbols used here are defined in detail in Chapter Two, basically, [
represents contributions of absorption or attenuation from individual tissue constituents,
and ¢j represents the same for fluorescence. QOur procedure will be to fit tissue specra to
eq. (1), where the individual fluorescence and attenuation contributions from each tissue
compenent will be varied to minimize the sum of the squares of differences between the
experimental and calculated spectra. These parameters are reiated te the chemical
composition of the tissue. In this chapter, we will interpret the diagnostic implications of
these parameters for atherosclerosis in muscular and elastic arteries.

In order to accompiish this task, we must first identify which components of
arterial tissue contribute to the fluorescence spectrum. This requires identification of the
individual moiedes in tissue which attenuate light or fluoresce and determination of their
spectral characteristics. This identification can be made at several levels, for example, the
precise chemical structures which are responsible for attenuvation or fluorescence
(chromophores) can be determined. Another approach is to identify tissue constituents
which fluoresce and/or attenuate based on their morphologic characteristics

(chromomorphs).

The most fruitful approach depends on the uitimate application of the diagnostic
algorithm. As our primary goal is to obtain histochemical information about
atherosclerotic lesions in vivo in real time using flucrescence spectroscopy, we have
approached this identification from a morphologic point of view. We have utilized 476
nm excited fluorescence microscopy to identify the fluorescent morphologic structures
within aorta and coronary artery.

This identification, which will be described in the following section, allowed for
two important steps to be taken. Knowledge of the morphologic identity and localization
of individual fluorescing chromomorphs allowed us to manipulate tissue samples in order
to separately record the fluorescence and attenuation lineshapes of chromomorphs which
both attenuate light and fluoresce. Furthermore, using these techniques and reflectance
spectroscopy, identification of chromomorphs which simply attenuate was completed,
and attenuation lineshapes were obtained. These studies provide the basis for application
of Eq. (1) to 476 nm excited fluorescence spectra of arterial tissue.

Furthermore, based on this identification of chromomorphs contributing to spectra
excited with 476 nm light, we were able to utilize fluorescence EEMs in order to identify
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most of the chromomorphs contributing to the fluorescence specira of these tissues over a
wider range of UV and visibie wavelengths. In some cases, this coupled information
allowed us to make a molecular identification of the chromophores.

3431, Aoma

The morphologic, and in some cases, the biochemical identity of fluorescing
constituents of aorta have been established in the UV and visible regions of the spectrum.
At 476 nm excitation, fluorescence microscopy was utilized to morphologically identify
these constituents. These identifications were then used to identify the morphologic basis
of peaks in the fluorescence EEMs near 476 nm excitation.

3:4.3.1.1. 476 nm Excitation
343,111, Fluorescence Photo-Microscopy!

The morphologic basis of human aorta autofluorescence at 476 nm excitation has
been established using fluorescence microscopy and has been reported in detail
previously [35]. The relevant results of this study wiil be summarized here. A standard
fluorescence microscope was adapted for 476 nm epi-illumination from an argon-ion
laser. The fluorescence of 4 um thick unstained frozen sections of human cadaver aorta
was observed using long pass filters with 50% transmission at: 515, 530, 570, 590 and
610 nm. Excitation intensities varied from 0.3 - 2.6 mW/mm2. Fluorescence was
observed visually, and documented photographically. In all cases morphologic identity
of fluorescing structures was determined by comparing the autofluorescence of unsuiained
section to light microscopy of serial sections stained with hemotoxylin and eosin (H&E),
Movat's pentachrome and oil red O stains. The various barrier filters were used to
characterize the peak emission wavelength and approximate bandwidth of fluorescent
peaks emanating from the various chromomorphs. Autofluorescence was characterized
for 16 samples of human aorta fror 9 patients. Samples were classified according to
histologic type; one sample was classified as normal, five as displaying intimal
fibroplasia, six as non-calcified plaque and four as calcified plaque on the basis of H&E
morphology.

1The results described in this section are largely the work of collaborators at the Cleveland Clinic
Foundation, primarily Dr. Maryann Fitzmaurice and Dr. George Bordagaray. Their conmributions are
gratefully acknowledged. 106



In normal arteries the observed autofluorescence was artributed to the structural
proteins, collagen and elastin. The majority of the intima in normal aorta was not
fluorescent. The media, however, contained thick intensely fluorescent fibers arranged in
parailel arrays which corresponded to elastin fibers on Movat stains. Also in the media
were thinner, !ess intensely fluorescent tibers which corresponded to collagen fibers on
Movat stains. The fluorescence of the adventtia was intermediate in intensity between
that of the intima and media, and was due to loosely arranged connective tissue fibers.
Although the collagen fibers appeared less intensely finorescent, the color of elastin and
collagen autofluorescence was similar with all barrier filters from 515 to 590 nm. No
structural protein autoflucrescence was observed in normal tissues with the 610 nm
barrier filter. In incmal fibroplasia, the autofluorescence of the intima was increased,
sometimes approaching the fluorescence intensity of the media. This fluorescence
comresponded o the presence of densely packed collagen fibers on Movat stains.

In the intima of non-calcified plaques, there was a moderately intense band of
autofluorescence associated with the fibrous cap, which corresponded to densely packed
collagen fibers on Movat stains. The color of this autofluorescence was siraiiar to that of
the stuctural protein fluorescerce associated with normal aorta. When an atheromatous
core was present, its aatofluorescence was extremely heterogeneous, and was
characterized by intensely fluorescent deposits, either solid or ring-shaped, seen against a
non-fluorescent background. The autofluorescence of these deposits corresponded to
large exira-cellular lipid deposits in the atheroma core on oil red O stains. These
fluorescent deposits were most abundant at the border between the atheroma core and the
adjacent fibrous cap, and appeared to increase in amount with the severity ¢f the plaque.
With the 515 nm barrier filter, these fluorescence deposits appeared yellow in color. As
the wavelength of the barrier filter was increased, the fluorescence intensity of these
deposits decreased, but not to the same extent as did the structural protein fluorescence.
Further studies showed that these deposits were resistant to exmraction with typical lipid
solvents, thus they possessed all the propemnies of ceroid, an oxidation product of
lipoproteins [15], and were identified as such [38]. In atherosclerotic plaques, the
fluorescence characteristics of the media remained essentially unchanged from that of
normal arteries, unless the atherosclerotic lesion extended to involve the media.

The autofluorescence of calcified plaques was generaily similar to that of non-
calcified plaques. Some of the fluorescent deposits in the atheromatous core of these

plaques corresponded to discrete calcified deposits on H&E stains. The fluorescence of
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these deposits was yellow in color, and frequently visibls even with the 610 nm barrier
filter.

343,112, EEMs

These results suggest that in normal aorta, two arnterial constituents contribute to
the fluorescence spectrum: the szuctural proteins collagen and elastin. A preliminary
survey of their fluorescence properties under the fluorescence microscope indicates that,
with 476 nm excitation, the fluorescence properties of these proteins are similar, with a
peak fluorescence near the green region of the spectrum (510-520), and fluorescence
intensity decreasing with increasing wavelength, not extending past 610 nm. In
atherosclerotic plaques, these proteins also contribute to the fluorescence spectum;
however, the fluorescence of ceroid, peaking near the yellow region of the specttum
(550-560 nm), is also important (35].

This can be used to interpret the visible region of the EEMs and the typical
fluorescence spectra obtained at 476 nm excitation presented earlier. In both the EEMs of
aorta and the spectra in Fig. 11, at 470 nm excitation, three distinct peaks are present at
520, 550 and 590 nm emission. These results suggest that the 520 nm peak is due to the
emission of collagen and elastin fibers, and the 550 nm peak is due to the emission of
ceroid. The 550 nm peak was observed to be relatively more intense than the 520 nm
peak in atherosclerotic plaques, consistent with our observation of increased ceroid in
these tissues. In addition, the 520 nm peak i< most intense in the fluorescence EEMs of
normal tissues. This is consistent with our ccservation that the fluorescence intensity of
elastin fibers is greater than that of collagen fibers. The media of aorta is primarily
comprised of elastin, and the primary fluorescent soructurs in the intima is collagen. As
the intimal thickness increases, in atherosclerosis, the relative contribution of the media
(elastin fibers) decreases, and the fluorescence intensity at 520 nm decreases.

Although this interpretation is consistent with our data, it cannot account for two
features of the fluorescence EEMs at 470 nm excitation. The origin of the fluorescent
peak at 590 nm emission is unclear in all tiss<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>