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Abstract

The advantages of using Raman spectroscopy for disease diagnosis have been
investigated extensively in the past. Unlike conventional techniques that probe the
structural and anatomical changes associated with disease, the Raman spectroscopy
approach is based on detecting the molecular markers of disease progression. While in
vitro studies have demonstrated the potential of Raman spectroscopy for diagnosing
disease, several important obstacles remain for its use in a clinical setting. Problems in
acquiring in vivo tissue spectra with acceptable signal to noise ratio in a short collection
time and providing diagnostic information in real-time need to be addressed. The goal of
this thesis is to present the design and implementation of a Raman spectroscopy system
capable of providing real-time diagnostic information in vivo. Improvements made to
ensure clinically acceptable excitation power and real-time calibration, data analysis, and
disease diagnosis are discussed. The system was used to characterize atherosclerotic
tissue in human femoral and carotid artery. The results of the in vivo experiments show
that it is possible to acquire Raman spectra with excellent signal to noise ratio in 1 s. The
ability to acquire tissue spectra and extract clinically relevant diagnostic parameters
within 3 s allows physicians to assess the disease state in real-time.
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Title: Professor of Physics
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Motivation

Cancer and heart disease are the two leading causes of death in the United States. About

7 million Americans are currently suffering from coronary heart disease, the most

common form of heart disease. 1.2 million new cases of cancer are diagnosed each year.

Cancer claimed 549,838 lives in 1999, while over 528,000 people died from coronary

heart disease [1]. Early detection and treatment of disease is crucial for reducing the

mortality rate. Conventional imaging, however, is inadequate for detecting the presence

of early stages of disease. Structural and anatomical information probed by present

techniques often fails to provide the very information needed by physicians to make an

accurate diagnosis and prescribe proper treatment. Furthermore, time consuming and

expensive histopathologic examination of a tissue biopsy is often needed to make a

definitive diagnosis for most diseases. Such techniques are invasive and require a large

number of biopsies from random locations for accurate diagnosis. In addition,
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Chapter 1: Introduction

histopathologic examination of arterial tissue is not possible since arteries cannot be

biopsied.

Advances in biomedical spectroscopy have been driven by the need to provide

minimally invasive, objective, and quantitative diagnostic information in a timely

fashion. Applications of lasers and optical techniques such as reflectance, fluorescence,

light scattering, and Raman spectroscopies are playing an increasingly important role in

biomedical sciences. Fluorescence spectroscopy has been able to successfully diagnose

atherosclerosis, as well as cancer in the colon, cervix, oral cavity, and lung. This

technique, however, is limited due to the lack of sharp spectral features and relatively few

fluorophores in tissue. Infrared spectroscopy has been used to study breast, lung, and

colon cancers, but it is hindered by the effects of strong water absorption in that range.

Among the optical spectroscopy techniques, Raman scattering can provide the

most detailed information about the chemical composition of the tissue under study.

Unlike infrared spectroscopy, Raman spectroscopy can avoid the effects of water

absorption by using excitation wavelengths in the near-infrared (NIR) region, where

water absorption is minimized. NIR excitation also minimizes generation of the broad

spectral features of fluorescence. Raman scattering, therefore, has been used extensively

in biology and biochemistry to study the structure of biologically relevant molecules.

Unlike conventional techniques that probe the structural and anatomical changes caused

by disease, the Raman spectroscopy approach is based on detecting the molecular

markers of disease progression. The relative peak intensities and spectral positions of

various sharp bands yield fingerprints of relevant molecular components. Since the
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progression of disease is usually accompanied by chemical changes, the molecular

composition of tissue can be used to provide important disease diagnostic information.

Much evidence indicates that Raman spectroscopy has the potential to provide

real-time diagnostic information with histologic accuracy without removing tissue. The

physician's ability to diagnose disease with detailed chemical analysis in real-time,

combined with the potential to monitor disease progression over time is crucial for

developing new treatment approaches and reducing patient mortality and morbidity.

1.2 Theory of Raman Scattering

Before discussing the use Raman spectroscopy for biomedical applications, we briefly

recall the Raman effect. A detailed discussion of this topic can be found in McCreery

[2]. The Raman effect is one of the basic interactions between light and matter. In the

photon view, light incident on matter can be absorbed or scattered. The scattering can be

either elastic or inelastic. Most of the time the light is scattered elastically and the

emerging photons exit with the same energy hvO, and frequency v0 , as the incident

photons, a process called Rayleigh scattering. Inelastically scattered Raman photons,

however, are shifted up or down in frequency by the characteristic vibrational energy h v,

of the molecule (Figure 1.1). During Stokes Raman scattering, the incident photon loses

energy by exciting the molecule from its ground state to an excited vibrational state. As a

result, the scattered photon appears at a lower frequency v, = v - vi relative to the

incident photon. During anti-Stokes Raman scattering, the scattered light appears at a
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Chapter 1: Introduction

higher frequency vas = v 0 + vi since it gains energy by interacting with the molecule

which is initially in an excited vibrational state.

Energy
hvO hvo hvO hvO+hvh

hvh

hvO hvO- hv,

Vibrational_ -

State

Ground "
State Rayleigh Stokes Anti-Stokes

Scattering Raman Raman
Scattering Scattering

Figure 1.1: A photon with certain energy excites a molecule and scatters
elastically (Rayleigh scattering) or inelastically (Raman scattering).

According to the classical view, light acts as an electromagnetic wave inducing a

dipole moment in the molecule. The induced dipole, which reradiates scattered light with

or without exchanging energy with vibrational states of the molecule, is determined as

P=aE (1.1)

where P is the strength of the induced dipole, a is the polarizability, and E is the incident

electric field. The incident electric field of a monochromatic plane wave is

E = EO cos 2movt (1.2)

where v0 is the frequency of the incident laser light. A molecule with N atoms has 3N-6

vibrational normal modes. The vibrational mode Q, of the ith harmonic frequency vi is

13



Chapter 1: Introduction

Qi =Q' cos 27vit. (1.3)

To a first-order approximation, the polarizability of electrons in the molecule is

modulated by the ith vibrational mode such that

a = ao + a Q,. (1.4)
dQ)

Substituting Eq. (1.3) into Eq. (1.4),

a=ao + Qioda cos 2)vit. (1.5)
(dQj

The resulting strength of the induced dipole is obtained by multiplying Eq. (1.5) with Eq.

(1.2) and using the trigonometric identity given by Eq. (1.6).

cosAcosB= I [cos(A + B) + cos(A - B)], (1.6)
2

P da cos 2(vo + vi )t + cos 2x(vo - v, )t.-. P= a0 E0 cos 2 fvotEo Q," Joso. (1.7)SdQj 2

As can be seen from Eq. (1.7) the induced dipole reradiates the incident light at

three different frequencies. The first term, which is at the same frequency as the incident

laser light, describes Rayleigh scattering. The second term at a higher frequency V0 + Vi

represents the anti-Stokes Raman scattering, and the third term at vo - vi is Stokes

Raman scattering.

The classical view provides an insight which is very useful for designing Raman

spectroscopy systems with a high signal to noise ratio (SNR). The polarization and

scattering intensities for both Rayleigh and Raman scattering are linearly dependent on

laser intensity. More importantly, the value of (da/dQi) is generally much smaller than
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a0 . As a result, the Raman effect is several orders of magnitude weaker than Rayleigh

scattering and requires the use of notch filters for rejecting the intense Rayleigh light.

It is important to note one limitation of the classical view. Eq. (1.7) predicts equal

magnitudes for both Stokes and anti-Stokes Raman scattering. However, according to

quantum mechanics, the probability of finding a molecule in a particular state is given by

the Boltzmann distribution. Since the ground state is generally more populated than the

vibrational states, the magnitude of Stokes Raman scattering is much larger than the

magnitude of anti-Stokes Raman scattering. Therefore, Stokes Raman scattering is

usually the observed Raman signal.

1.3 Biomedical Raman Spectroscopy

1.3.1 Previous In Vitro Work

The potential of Raman spectroscopy to diagnose disease by probing the biochemical

makeup of tissue has been documented in several review articles [3-8]. Raman

spectroscopy systems with excellent SNR have been proposed to study tissue in vitro [9-

12]. Recent studies have investigated the ability to distinguish normal and diseased tissue

in the brain, skin, cervix, gastrointestinal tract, breast, and arteries. Mizuno, et al. used

Raman spectroscopy to study brain tissue and tumor [13, 14]. Raman spectroscopy has

also been assessed for detecting Parkinson's disease [15] as well as brain edema [16].

Casepers, et al. have studied the molecular composition of different skin layers to
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Chapter 1: Introduction

understand the relation between skin disease and biochemical changes in the skin [17].

Distinctive molecular abnormalities in skin neoplasia have also been studied [18].

Several studies have investigated the use of Raman spectroscopy for detecting

cancerous lesions in the cervix, gastrointestinal tract, and breast [19]. Mahadevan-

Jansen, et al. reported 82% sensitivity and 92% specificity for differentiating

precancerous tissue from all other tissues in the cervix [20]. Studies have been

performed to demonstrate the potential of detecting premalignant gastrointestinal lesions

[21, 22]. Raman spectroscopy has also been used extensively to characterize normal and

cancerous breast tissue [23, 24]. Haka, et al. have reported 88% sensitivity and 93%

specificity for identifying microcalcifications in benign and malignant breast lesions by

probing the differences in their chemical composition [25, 26]. A chemical and

morphological model of cancerous lesions in the breast has been developed to understand

the state of disease progression [27]. The model relates Raman spectral features to

diagnostic parameters used by pathologists.

Similar work has also been done to characterize arterial tissue using Raman

spectroscopy. Several in vitro studies have been performed to characterize the

biochemical makeup of atherosclerotic plaques [28-32]. Buschman, et al. were able to

perform a chemical analysis of individual cellular and extracellular components of

atherosclerotic lesions during different states of disease progression [33]. The study

showed that Raman spectra of various morphologic structures could be modeled by a

linear combination of basis spectra obtained from several biochemicals present in arterial

tissue. Furthermore, the basis Raman spectra of eight different morphologic structures
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were used in a linear least squares minimization model to calculate the contribution of

each morphologic structure to intact coronary artery tissue spectra [34]. The

morphologic structures used to characterize coronary artery tissue spectra included

calcified minerals, t-carotene, cholesterol crystals, foam cell/necrotic core, adventitial

adipocytes, smooth muscle cells, collagen fibers, and elastic lamina.

A diagnostic algorithm was developed to separate the samples in a calibration

data set into three categories: non-atherosclerotic tissue, calcified plaque, and non-

calcified plaque [34]. Optimum separation between the three diagnostic classes was

achieved by using logistic regression on fit contributions of various morphologic

structures. The lines separating the three regions are

CM = -0.07 + 0.31(FCNCNCR + CCNCR) (1.6)

CM = 0.17-0.48(FCNCNCR + CCNCR) (1.7)

CM = -0.07 + 0.30(FCNCNCR + CCNCR (1.8)

where CM is the fit contribution of calcified minerals. FCNCNCR, and CCNCR are the fit

contributions of foam cells/necrotic core, and cholesterol crystals, respectively, in a non-

calcified region. Eq. (1.6) separates non-atherosclerotic tissue from non-calcified plaque.

Eq. (1.7) separates non-atherosclerotic tissue from calcified plaque, while Eq. (1.8)

separates non-calcified plaque from calcified plaque. The algorithm was tested on a

validation data set and was able to correctly classify 64 (94%) of 68 coronary artery

samples.
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1.3.2 Previous In Vivo Work

There are three main obstacles for extending the in vitro Raman spectroscopy analysis to

tissue in vivo. First, the Raman signal from tissue is extremely weak and might require

prohibitive excitation powers or long collection times to obtain spectra with acceptable

SNR. Second, the fluorescence signal from in vivo tissue is several orders of magnitude

larger than the Raman signal and masks the sharp Raman features. Finally, large Raman

and fluorescence background signals are generated in the optical fibers when the

excitation light travels through the delivery fiber and the Rayleigh scattered light travels

back through the collection fibers. The large backgrounds contaminate the tissue spectra

and contribute significant shot noise that can overwhelm the signal of interest.

Raman spectrometer systems designed to minimize the effects of in vivo tissue

fluorescence and maximize SNR have been proposed previously [35-37]. Extensive

work has also been done in the past to develop high-throughput optical fiber Raman

probes with proper filtering capabilities to suppress the effects of fiber background

generated by the excitation light [38-41]. Some efforts have been made to characterize

normal and diseased in vivo tissue with Raman spectroscopy [42,43]. However,

inadequate filtering as well as low throughput and collection efficiencies have kept these

systems from acquiring in vivo data with good SNR in clinically acceptable times. In

vivo studies for detecting precancerous tissue in the cervix were only possible with

collection times that exceeded several minutes [39, 44, 45]. Developments in endoscopic

imaging have shown some promise for detecting premalignant gastrointestinal lesions
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without requiring a biopsy [46]. Preliminary work has also been done to determine the

molecular composition of arterial wall in vivo [47].

The obstacles outlined above, however, continue to hinder the development of in

vivo Raman spectroscopy. Much of the previous work was done with large excitation

power and collection times on the order of many seconds or minutes to achieve

acceptable SNR. Furthermore, the data calibration and analysis were performed off-line

after all of the spectra were acquired. As a result, physicians were unable to assess the

disease state in real-time.

1.4 Thesis Work

The development of an optical fiber Raman probe by Motz, et al. has significantly

improved the SNR of previously used clinical Raman systems, thus allowing data

acquisition with shorter collection times [48, 49]. The goal of this thesis is to present the

design and implementation of a system capable of real-time data acquisition, analysis,

and disease diagnosis.

Hardware and software improvements, made to ensure clinically acceptable

excitation power and real-time calibration, data analysis, and disease diagnosis are

discussed in Chapter 2. In vivo experiments performed on human femoral and carotid

artery tissue are presented in Chapter 3. The goal of the in vivo study is to see whether

the in vitro models and diagnostic algorithms developed by Buschman, et al. could be

extended to a clinical environment [33, 34]. The experiments are also used to investigate

whether the new system can be used to acquire in vivo Raman spectra with acceptable
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SNR in short enough collection times to allow for real-time disease diagnosis. Finally,

the conclusion and future directions are presented in Chapter 4.
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Chapter 2

Real-Time Clinical Raman System

In the previous chapter, we discussed in vitro studies that can prospectively classify

atherosclerotic tissue with >94% accuracy. The development of a mobile Raman

spectroscopy system based on optical fiber probes for light delivery and collection will

allow us to perform similar studies in vivo. This chapter briefly describes the design and

development of a compact Raman spectroscopy system suitable for clinical work. It also

gives a detailed description of the software and hardware modifications made to provide

real-time disease diagnosis in a clinical setting.

2.1 Description of the In Vivo System

The Raman system used for our in vivo work is similar to those described by Brennan, et

al. [1] and Shim, et al. [2]. The system uses an 830 nm InGaAs diode laser (Process

Instruments, Salt Lake City, UT). Tissue fluorescence is an obstacle for in vivo Raman

measurements since it is generally several orders of magnitude larger than the Raman
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signal and masks the sharp Raman features. However, the use of near-infrared (NIR)

excitation wavelengths, rather than the shorter visible wavelengths, reduces the

fluorescence to a manageable level [3]. This is because fluorescence typically originates

from the lowest excited electronic states of molecules. These states have energies

corresponding to visible wavelengths and therefore cannot be excited by the lower energy

NIR light. Although the fluorescence background can be further reduced by using

excitation wavelengths longer than 830 nm, it prohibits the use of high-sensitivity charge

coupled device (CCD) detectors. Excitation wavelengths shorter than 270 nm in the

ultraviolet region also reduce the fluorescence background. However, these wavelengths

have shallow penetration depths in tissue, allowing only superficial features to be probed.

Furthermore, ultraviolet light at these wavelengths is also mutagenic [3].

As shown in Figure 2.1, the 830 nm laser beam is collimated by a pair of

cylindrical collimating lenses CL1 and CL2. The collimated beam then passes through a

bandpass filter (BP), which transmits greater than 90% at 830 nm and disperses other

wavelengths away from the beam path. The filtered laser beam is incident on a mirror

(M), which directs it through a lOx microscope objective (MO) for focusing onto the 200

gm core diameter excitation fiber. Transmission of the laser beam to the probe is

controlled by a high-speed, 6 mm aperture, computer-controlled shutter (Vincent

Associates, Rochester, NY) between the mirror and the microscope objective (cf. Section

2.2).

A bifurcated optical fiber catheter is used to transport the excitation and scattered

light to and from the tissue sample at the distal end of the catheter. Fifteen collection

26



Chapter 2: Real-Time Clinical Raman System

fibers, each with a 200 pm core diameter, surround a single excitation fiber at the distal

end of the probe. When the excitation laser light passes through the fused silica of the

excitation fiber, it generates an intense background signal. The fiber background then

undergoes Rayleigh scattering and enters the collection fibers along with the Raman light

from tissue. The shot noise from the fiber background can often be larger than the tissue

Raman signal itself. Therefore, a short pass filter is placed at the tip of the excitation

fiber such that only the 830 nm excitation laser light reaches the tissue. In addition, a

long pass filter is placed on the tips of the collection fibers in order to prevent the

Rayleigh scattered excitation light from entering the collection fibers and generating

additional fiber background.

At the proximal end, the fifteen collection fibers are aligned at the entrance of the

spectrograph slit in a linear array. The numerical aperture (NA) of the collection fibers is

fl# matched to the collection cone of the Holospec fl.8 spectrograph (Kaiser Optical

Systems, Ann Arbor, MI) (NA~0.26) to conserve throughput. Conventional reflective

spectrographs often introduce aberrations from the collimating and focusing optics. The

Holospec spectrograph reduces the effects of this problem by using transmission optics as

well as a holographic notch filter (NF) and grating (G) designed to correct for off-axis

abberations. Spherical aberrations, however, still exist for large apertures. The notch

filter is needed to remove the Rayleigh scattered 830 nm excitation light and prevent it

from saturating the CCD detector. The grating used for the clinical system has a spectral

range of 0-1850 cm' and provides a resolution of -9 cm'.
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Figure 2.1: Clinical Raman system.

The dispersed light from the grating in the spectrograph is incident on a highly

sensitive, back illuminated CCD detector (Princeton Instruments, Trenton, NJ). The

CCD has a detector array of 1340 x 400 pixels. The quantum efficiency of the detector at

800 nm is -75% and falls off to about 20% at 1000 nm. The full-well capacity of a single
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pixel is 250,000 electrons with a dark current of 0.01 electrons per pixel per second at a

temperature of -100*C. The in vivo spectra are obtained by vertically binning the signal

from the fifteen collection fibers. In order to minimize the noise resulting from dark

current, pixels that do not receive light from the fifteen collection fibers are not binned.

2.2 Safety

The in vivo Raman system outlined in the previous section must adhere to several safety

guidelines in the clinical environment. First, any part of the system that touches the

patient directly or indirectly must be kept sterile. Next, the excitation laser power cannot

exceed a predetermined threshold value. Finally, none of the stray laser light can leak out

of the system. A few modifications must be made to the in vivo system in order to

address these issues.

Accurate control of the excitation laser power is accomplished with LabVIEW,

V.6.1 (National Instruments, Austin, TX). LabVIEW provides flexibility for interfacing

with various devices such as the laser, laser shutter, and CCD detector.

Since we cannot risk desterilizing the probe tip by measuring the excitation power

with a power meter, we use a sterilized block of Teflon to calibrate the excitation laser

power. The diagram in the upper half of Figure 2.2 depicts the feedback loop for setting

the proper excitation laser power in a sterile operating room. A Teflon spectrum obtained

prior to the procedure is used to determine the expected signal (target intensity) for the

desired excitation power. A sample Teflon spectrum is shown in Figure 2.3. The most

intense features in the spectrum are due to the remaining quartz background from the
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probe. Peaks corresponding to Raman shifts of Teflon can be seen at 1060, 1130, 1295,

and 1440 cmf.

Start Laser

Display Diagnosis

Figure 2.2: Real-time data acquisition process.

During the procedure, spectra of an identical sterilized Teflon block are taken and their

peak intensities are compared to the target intensity. LabVIEW continues to adjust the
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laser power automatically until the target intensity is obtained, or until a predetermined

threshold laser power is reached.

x 10

0.25 s, 120 mW

2.5-

2-

0o 1.5 -

1-

0.5 -

0
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Figure 2.3: Teflon spectrum acquired with a single-ring Raman probe.

The laser power is modulated remotely through an analog waveform provided by

a data acquisition card (National Instruments, Austin, TX). Figure 2.4 shows the

dependency of laser power incident at the microscope objective (Figure 2.1) on the

amplitude of the analog voltage waveform provided by LabVIEW. Since optical

component losses differ from system to system, this relationship must be established

empirically for each configuration. Although there is a non-linearity in the observed

power at low voltages, the relationship is linear around our operating range of 100 mW.

The linear relationship allows us to adjust the laser power with a feedback loop easily and

reliably.

Finally, the utmost care must be taken to ensure that none of the stray light from

the laser leaks out of the system. The optical components of the system, therefore, are

encased in a tight black case. Furthermore, the laser beam is blocked with a high-speed,
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computer-controlled shutter. The shutter opens automatically just before data acquisition

begins and closes immediately after the acquisition is complete (Figure 2.2). The shutter

then remains closed until the system receives a signal through Labview for another

acquisition.

350

300- P= 0.4054V - 172.8
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Figure 2.4: Dependency of laser power incident at the microscope objective on
external modulation voltage. Solid line is the linear fit through measured data
points.

2.3 Real-Time Analysis

Raman spectroscopy has wide-ranging diagnostic applications from cancer detection to

Alzheimer's disease and atherosclerosis diagnosis and its potential to characterize in vivo

tissue has been well established by Hanlon, et al. [3]. Recent advances in Raman probe

design promise the collection of in vivo spectra in clinically realistic times (cf. Chapter

3). However, all of the analysis has previously been performed offline. In order to

effectively use Raman spectroscopy as a minimally invasive tool for making real-time
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diagnosis in a clinical setting, we need to develop software that can acquire data and

rapidly perform the necessary calibrations, signal processing, and data analysis. Such

software will then allow us to extract the relevant diagnostic parameters in real-time.

LabVIEW is the primary platform for data acquisition and analysis in the real-

time clinical system. In addition to providing flexibility for interfacing with various

devices in the system, LabVIEW allows automation of calibration and data analysis

routines by providing a direct interface to Matlab, V.6.5.0 (The Mathworks, Natick, MA).

The modular design of the real-time system provides easily adaptable Matlab calibration

and data analysis routines. Various model basis spectra for the particular disease we are

studying can also be incorporated easily into the system. For the purpose of

demonstrating the working real-time system, we will use atherosclerotic disease as an

example. In the following sections, we first describe the system calibration and data

analysis steps needed for the in vivo experiments described in Chapter 3. We then take a

look at how these steps are automated to make a real-time diagnosis.

2.3.1 System Calibration

A spectrum of 4-acetamidophenol (Tylenol) is used for Raman shift calibration. As can

be seen in Figure 2.5, the Tylenol spectrum has several sharp peaks in the 200-1700 cm-

region, which can be identified easily. The pixel positions along the horizontal axis of

the CCD are mapped to eighteen different peaks in the Tylenol spectrum with a fifth

order polynomial fit for the wavenumber calibration.
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Figure 2.5: Tylenol spectrum after background removal.

Intensity calibration and accurate control of the laser power are necessary for

ensuring clinically acceptable excitation power levels. Although in principle one of the

known peaks of the Tylenol spectrum can be used to calibrate the intensity of the system,

it is difficult to do so because of the sterilization constraints in a clinical setting.

Therefore a block of Teflon, which can be easily sterilized, is used to calibrate the

intensity and laser power (cf. Section 2.2).

The Raman light from tissue is severely distorted due to several different artifacts

introduced by the system. First, there is a spectral distortion introduced by the CCD,

since its quantum efficiency varies as a function of wavelength. The notch filter and the

grating in the spectrograph are additional sources of spectral distortion. Finally,

transmission through the filters in the probe tip is not constant across all wavelengths in

the region of interest. In order to correct for these distortions, we divide the raw data

34



Chapter 2: Real-Time Clinical Raman System

from tissue by the normalized spectrum of a white light source which is diffusely

scattered by a reflectance standard (BaSO4) (Figure 2.6).
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Figure 2.6: White light spectrum used to correct for wavelength dependent
system responses.

The remaining fiber background that was not eliminated by the probe filters must

also be removed from the raw tissue data. More than 95% the Rayleigh scattered

excitation light is filtered out by the collection filters in the tip of the optical fiber Raman

probe. The remaining excitation light, however, enters the collection fibers and

introduces a large fiber (quartz) background to the Raman light from tissue. The quartz

background from the excitation fiber also undergoes Rayleigh scattering and enters the

collection fibers, adding to the fiber background generated by the excitation light. The

fiber background is characterized by collecting the laser light reflected from a block of

aluminum. This spectrum is then subtracted from the white light corrected tissue data to

remove the unfiltered probe background. A sample aluminum spectrum with normalized

intensity is shown in Figure 2.7.
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Figure 2.7: Aluminum spectrum for characterizing the probe background.

Finally, we need to correct for the effects of tissue fluorescence. Since the

fluorescence features are generally much broader than the Raman features, we can isolate

the tissue Raman signal by subtracting a fifth order polynomial from the raw data [4].

2.3.2 Data Acquisition and Analysis

Figure 2.8 shows the flow of data between different modules of the real-time clinical

Raman system. As shown on the left-hand side of Figure 2.8, LabVIEW controls the

laser, laser shutter, and CCD detector for data acquisition (See Appendix A). LabVIEW

drivers to control the CCD are written by R3 -Software (Lawrenceville, NJ). The right-

hand side of Figure 2.8 depicts LabVIEW interfacing with Matlab subroutines (See

Appendix B) for real-time data analysis and atherosclerosis diagnosis.
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Figure 2.8: Data flow in the real-time clinical Raman system.

All spectra for system calibration are acquired prior to the clinical procedure. The

proximal end of the excitation fiber is aligned with the microscope objective to maximize

the laser power coupled into the probe. The linear array of collection fibers is aligned to

focus the collected light onto the entrance of the spectrograph slit. After aligning the

proximal ends of the optical fiber probe, LabVIEW is used to configure the acquisition
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time, region of interest, and binning parameters for the CCD. The Tylenol, white light,

aluminum, and Teflon spectra are then acquired using LabVIEW and loaded into the

system at some time prior to the in vivo procedure. Since the power of the white light

source is arbitrary, the intensity of the white light spectrum is normalized before it is used

for spectral response correction. The aluminum spectrum is then corrected for spectral

response by white light division and normalized. Raman shift calibration is also

performed at this time with the Tylenol spectrum. Finally, the model basis spectra are

loaded into the system. The probe and the Teflon block are then sterilized for the in vivo

procedure.

Another spectrum of the sterilized Teflon block is taken at the beginning of the

procedure to set the laser power (cf. Section 2.2). The system is then ready to take

spectra from tissue and analyze them in real-time. As we can see in Figure 2.9(a), the

raw tissue spectrum from a normal femoral artery consists of small Raman features,

which are barely discernable above the large fiber and fluorescence background.

We first perform a spectral response correction on the tissue data by dividing it

with the white light spectrum. The tissue spectrum is truncated at this time to pixels

corresponding to the region of interest (686-1788 cm ). Figure 2.9(b) shows the raw

tissue data after its intensity is normalized and corrected for the spectral response. As we

can see, the artifact introduced by low quantum efficiency of the CCD at longer

wavenumbers is now partially corrected. As shown in Figure 2.8, the next step is to

remove the fiber background from the tissue data by subtracting the aluminum spectrum.

The relationship between the intensity of the aluminum spectrum and the tissue spectrum
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is dependent upon the tissue type, which is unknown a priori. Therefore, we subtract the

same aluminum spectrum scaled with twenty different intensities to determine the

optimal ratio for background removal. The spectrum that results in the lowest standard

deviation of the residual between the data and the model fit is used for subsequent

analysis. Figure 2.9(c) shows the tissue Raman spectrum after it is corrected for the

effects of the fiber background. Finally, Figure 2.9(d) shows the Raman spectrum of

tissue from a normal femoral artery after the effects of tissue fluorescence have been

removed. The spectrum was collected in four accumulations of 0.25 s for a total

collection time of 1 s with 120 mW excitation laser power. The intensity of the spectrum

is normalized after fluorescence removal. Note that the pixels along the horizontal axis

have been mapped to wavenumbers using the Raman shift calibration provided by the

Tylenol spectrum. Removal of fluorescence reveals the fine detail contained within the

Raman spectrum that cannot be seen in Figure 2.9(c).
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Figure 2.9: Raman spectrum of a non-atherosclerotic femoral artery (a)
unprocessed, (b) after spectral response correction, (c) after background
subtraction, and (d) after fluorescence removal.

2.3.3 Diagnosis

The last step needed to extract clinically relevant parameters from the tissue Raman

spectrum is carried out by fitting the data with an established Raman spectral model.
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Basis spectra from the morphological model outlined by Buschman, et al. are used to fit

the in vivo tissue Raman data [5]. The eight different basis spectra in the model

characterize the following morphological structures: calcified minerals, $-carotene,

cholesterol crystals, foam cells/necrotic core, adventitial adipocytes, smooth muscle cells,

collagen fibers, and elastic lamina. In addition, we use basis spectra for epoxy, sapphire,

hemoglobin, and water to account for components of the optical fiber probe tip as well as

the in vivo environment.

Several linear regression approaches can be used to fit our measured spectrum

with the model basis spectra, as outlined by Martens and Naes [6]. In the partial least

squares regression method, the measured spectrum y is projected onto a few spectra

T =(t1 ,J 2 I..., tk)

instead of all of the basis spectra in the matrix

X = (xI, x 2,..., Xi)

where i>k. By projecting the common features of the i model basis spectra in X onto the

k spectra in T, the model in X is compressed into a more stable and easily interpretable

model. However, since the morphological model basis spectra are a good

characterization of the measured spectra, the ordinary least squares (OLS) method is

utilized to fit the data. The problem is formulated as

y = Xb + e (2.1)

where y is the measured spectrum, X is a matrix with one column for each of the i basis

spectra, and b is a matrix of fit contributions we are trying to predict. The column vector
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e accounts for the error due to measurement noise in the data as well as modeling errors.

The goal then is to estimate b such that the squared error

Ilel 2 = Iy - Xb| 2  (2.2)

is minimized. This is accomplished by minimizing the scalar product

eTe = (y - Xb) T (y - Xb). (2.3)

Solving for the estimated b, we find

= (X TX)1 XT y. (2.4)

The model fit to the measured spectrum is then calculated as

= X = X(X TX)' XTy. (2.5)

The resultant fractional fit coefficients, b, are used to make a diagnosis based on the in

vitro diagnostic algorithm developed by Buschman, et al. [7].

Finally, the tissue Raman spectrum, model fit, residual between the data and

model fit, fractional fit coefficients, and diagnosis are plotted on the computer screen

(Figure 2.10). Depending on the speed of the computer, the entire process of data

acquisition, analysis, and diagnosis takes 2-4 s. The timing breakdown for each step of

the process is shown in Table 2.1. The reported times are for a 1.8 GHz Pentium 4

processor with 512 MB of RAM.
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Figure 2.10: Real-time display of tissue Raman spectrum, model fit, residual, fit
contributions, and diagnosis of a normal tissue sample in the femoral artery. The
collection time for the spectrum was 1 s with 120 mW excitation power. The
total time for data acquisition and analysis was under 3 s.
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Process Time (ms)

Open Laser Shutter 0.700

Collection Time 1000

Load acquired spectra 139

Spectral response correction 1

Background removal 10

Fluorescence removal 771

Ordinary least squares fitting 491

Diagnostic algorithm and on-screen display 411

Table 2.1: Timing breakdown for data acquisition, analysis, and disease
diagnosis in the real-time system.

In conclusion, the necessary software and hardware modifications have been

made to the previous in vivo system to allow for a real-time disease diagnosis in a clinical

environment. The modular design of the real-time system grants us the flexibility to use

models and diagnostic algorithms specific to a disease. In the future, the current

diagnostic algorithms could be expanded to provide information about various stages and

progression of disease as well as the ideal course of treatment.

Limitations to reducing the total time for data acquisition, analysis, and disease

diagnosis are mainly imposed by two factors. First, the collection efficiency and

throughput of the optical fiber Raman probe determine the time needed for collecting in

vivo tissue spectra. Significant improvements in the design of the probe filters and
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collection optics may lead to higher throughput and collection efficiency, which would

allow us to acquire in vivo tissue spectra in less than 1 s.

Reduction in time for data analysis is mainly limited by processor speed. As can

be seen in Table 2.1, the most time consuming steps for data analysis is OLS fitting of the

data. The relationship between the intensity of the aluminum spectrum and the tissue

spectrum is unknown a priori. Therefore, the same aluminum spectrum scaled with

twenty different intensities is needed to determine the optimal ratio for background

removal. As a result, OLS fitting has to be carried out on twenty different spectra for

each tissue site. Development of algorithms that rely on knowledge of a priori

probabilities of probing a certain tissue type might allow us to reduce the time spent on

analyzing the data.
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Chapter 3

In Vivo Experiments and Results

We now present the results of a clinical study, which was performed to demonstrate the

potential of Raman spectroscopy for in vivo atherosclerosis diagnosis in real-time. The

study was approved by the MetroWest Medical Center Institutional Review Board, and

the Massachusetts Institute of Technology Committee on the Use of Humans as

Experimental Subjects. The goal of the study was to see whether the in vitro models and

diagnostic algorithms developed by Buschman, et al. could be extended to characterize in

vivo atherosclerotic tissue in real-time [1, 2]. The results for nineteen of the twenty cases

presented in this section were not available to clinicians in real-time when the

experiments were performed. However, the real-time clinical system described in

Chapter 2 is now capable of providing immediate diagnostic information to clinicians and

was utilized in the final case.
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3.1 Methods

Raman spectra were acquired from the peripheral vessels of patients undergoing carotid

endarterectomy or femoral bypass surgery. A total of 74 different sites on 20 different

patients were examined. 23 biopsies were obtained for 34 of those sites and evaluated by

a blinded pathologist for confirmation.

The clinical system described in Section 2.1 was used to acquire the Raman

spectra. The Teflon block used for excitation laser power calibration and the front-

viewing optical fiber Raman probe were sterilized prior to the procedure (cf. Section 2.2).

Lights in the operating room were turned off at the surgeon's command. Spectra were

acquired from the proximal anastomosis sight during femoral bypass surgery and from

the posterior arterial wall during carotid endarterectomy. The tip of the front-viewing

optical fiber probe was held normal to the tissue surface as spectra were acquired at 0.25

s intervals for a total integration time of 5 s with ~100 mW excitation laser power. A

biopsy was obtained and the excitation spot was marked with a stitch for histologic

examination at a later time.

System calibration and data analysis were performed as described in Section 2.3.

In short, the spectrum of a sterilized Teflon block was used for calibrating the intensity.

Eighteen known peaks in the Tylenol spectrum were used to calibrate the Raman shifts.

The spectral response correction was performed by dividing the tissue spectra with a

spectrum of white light scattered from a reflectance standard. A spectrum of aluminum

was used to characterize the probe background and was subtracted from the tissue
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spectra. Finally, a fifth order polynomial was subtracted from the measured spectra to

remove the slowly varying fluorescence background.

3.2 Results

3.2.1 In Vivo Raman Spectra

Tissue Raman spectra were characterized through ordinary least squares (OLS) fitting

with twelve basis spectra, which included a spectrum of epoxy, sapphire, water, and

hemoglobin in addition to the eight morphologic structures used by Buschman et al. in

their in vitro work [2]. The fractional fit contributions of certain morphologic structures

were then used to classify each site as non-atherosclerotic tissue, calcified atherosclerotic

plaque, or non-calcified atherosclerotic plaque.

Figure 3.1 shows typical Raman spectra (dotted line) of in vivo tissue samples

from each of the three diagnostic categories. The OLS model fits (solid line) are also

shown in Figure 3.1. Residuals (data minus fit) are shown on the same scale, but with an

offset. The morphological model was able to account for the different features of the

measured spectra for normal and diseased tissue. Excellent agreement between the

calculated model fits and the measured spectra demonstrates that the in vitro morphologic

basis spectra are able to characterize in vivo tissue.
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Non-atherosclerotic Tissue

.
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Non-calcified Atherosclerotic Plaque
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Figure 3.1: Typical Raman spectra of femoral artery tissue from each of the
three diagnostic classes: (a) non-atherosclerotic tissue, (b) non-calcified
atherosclerotic plaque, and (c) calcified atherosclerotic plaque. The dotted line is
the measured spectrum and solid line the model fit. The lower line in each graph
is the residual (data minus fit).
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Model Component (a) (b) (c)

Collagen Fibers (CF) 0.14 0 0.01

Cholesterol Crystals (CC) 0 0.28 0.35

Elastic Lamina (EL) 0 0.05 0

Adventitial Adipocytes (AA) 0.32 0.23 0.07

Foam Cells and Necrotic Core (FCNC) 0.19 0.38 0

Smooth Muscle Cells (SMC) 0.35 0.06 0.56

Calcified Minerals (CM) 0 0 0.94

f-Carotene (BC) 0.01 0.38 0

Table 3.1: Relative fit contributions of the eight morphologic
spectra shown in Figure 3.1. (a) Non-atherosclerotic tissue,
plaque, and (c) calcified plaque.

structures for the
(b) non-calcified

Table 3.1 shows the relative fit coefficients for each of the three spectra shown in

Figure 3.1. The fit coefficients are consistent with the biochemical and morphological

changes expected with disease progression. Since the intima is thin in non-

atherosclerotic artery, we would expect to see a large spectroscopic contribution from

smooth muscle cells as well as the adipose tissue in the adventitial layer. In addition,

little or no contribution from cholesterol crystals and calcified minerals was seen. On the

other hand, slightly lower contribution from adventitial adipocyte was seen in calcified

and non-calcified atherosclerotic plaque due to a thickened intima. Furthermore, the

contribution from foam cells/necrotic core and cholesterol crystals was much higher due

to the presence of plaques. Finally, the Raman spectrum of calcified atheroscelrotic

plaque was dominated by contribution from calcified minerals.
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While the concentration of B-carotene in arterial tissue is low, the results from

OLS fitting showed large differences in its fit contribution for different diagnostic

classes. A large contribution of $-carotene was found in non-calcified plaques, since it is

a lipophilic molecule. Consistent with Buschman, et al., the fit contributions from the

seven other morphologic structures were renormalized after removing the contribution

from $-carotene [2]. This was done in order to prevent $-carotene from masking the

contributions from other morphological structures. Similarly, a large contribution from

calcified minerals was seen in calcified atherosclerotic plaques. Therefore, the fit

coefficients of the six remaining morphologic structures were renormalized without the

contribution from calcified minerals. As a result, the reported fit contributions are only

relative and sum to a value greater than one.

The in vitro diagnostic algorithm outlined by Buschman, et al. was applied to the

fit coefficients presented in Table 3.1 for each of the three different tissue sites [2]. Fit

contributions of calcified minerals, foam cells/necrotic core, and cholesterol crystals were

used by the diagnostic algorithm (cf. Section 1.3.1). Although the presence of $-carotene

is an obvious identifier of non-calcified plaque, it was not used by the algorithm since it

only provides correlative information about the actual disease progression in tissue.

Blind evaluation of tissue biopsies by a pathologist confirmed the diagnoses determined

by Raman spectroscopy for the three sample spectra shown before (Figure 3.2).
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0.25A Z n

(a) (b)

(c)

Figure 3.2: Hematoxylin and eosin stained sectioning used for histologic
confirmation of the diagnoses determined by analysis of the spectra shown in
Figure 3.1 for (a) non-atherosclerotic tissue (4x), (b) non-calcified plaque (20x),
and (c) calcified plaque (4x).

Histologic examination of the 23 biopsy samples showed that 25 out of 34 sites

were correctly classified into one of the three diagnostic classes by Raman spectroscopy.
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3.2.2 Signal to Noise and Integration Time

The collection time for Raman spectra presented in the previous section was 5 s at -100

mW. Figure 3.3 shows the Raman spectra of a non-calcified atherosclerotic tissue site at

1 s intervals within the 5 s integration time.

800 1000 1200 1400

Raman Shift (cm 1)

1600 1800

Figure 3.3: Raman spectra of non-calcified atherosclerotic femoral artery tissue
at 1 s intervals.

As we can see, there was negligible variation in the spectra from each second to

the next. We define the signal to noise ratio for the clinical system as

(3.1)SNR = 1
a(error)

where error is the difference between the measured spectrum and the model fit and

a(error) is its standard deviation. Although the SNR fell when the total integration time

was reduced from 5 s to 1 s, we were able to extract the morphologic fit contributions

without losing diagnostic accuracy. Figure 3.4 shows the mean ± standard deviation of
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the fit contributions from five 1 s spectra taken from each of the three different sites

discussed in the previous section. Small error bars in Figure 3.4 indicate that the

deviation in fit contributions from second to second was small. Furthermore, excellent

correlation was found between the mean of the fit contributions of the five 1 s spectra and

the contributions for the entire 5 s collection time in all 34 cases (Table 3.2).

Non-atherosclerotic Tissue Non-calcified Atherosclerotic Plaque

CF CC EL AA FCNC SMC CM BC
Model Component

(a)

0.4

0.3-

0

0.2 -
0

0.1 -

0I
CF CC EL AA FCNCSMC CM BC

Model Component

(b)

Calcified Atherosclerotic Plaque
1

0.9

0.8

=0.7

0.6
.2

0.5

0.4
0

0.3

0.2

0.1

CF CT L AAFN M

CF CC EL AA FCTNC SMC
Model Component

(c)

CM BC

Figure 3.4: The mean ± standard deviation of the fit contributions of five 1 s
spectra from a tissue site in each of the three diagnostic classes.
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Model Component Correlation (R)

CF 0.9958

CC 0.9858

EL 0.7805

AA 0.9983

FCNC 0.9956

SMC 0.9850

CM 0.9996

BC 0.9994

Table 3.2: Correlation between mean of the fit contributions of the five 1 s
spectra and the contributions for the entire 5 s collection time in all 34 cases.

The correlation coefficient R in Table 3.2 is defined as follows.

R(ij) = C(i, j) (3.2)
C(i,i)C(j, j)

where each of the 34 elements of vector i is the mean of the fit contributions of a

particular morphologic structure for the five 1 s spectra. Vector j is the fit contribution of

a particular morphologic structure for the 5 s spectra in all 34 cases. C is the covariance

defined as

C(x, y) = E[(x - E[x])(y - E[y])]. (3.3)
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3.3 Discussion

Results of these experiments show that the in vitro basis spectra of the

morphological model and the diagnostic algorithm can be used to characterize

atherosclerotic tissue in vivo. By using semi-quantitative biochemical and morphological

information, we can diagnose atherosclerotic lesions in arteries without requiring a

histologic examination of excised tissue. 25 (74%) of 34 cases were classified correctly

into one of three different diagnostic classes, as opposed to 94% accuracy reported for the

in vitro experiments [2]. The fit contributions varied significantly from sample to sample

within the same diagnostic class. Two main reasons can explain the difference in

accuracy between in vivo and in vitro experiments. First, 34 cases is not a large enough

sample size to deduce a statistical estimate of the accuracy of the presented technique.

Second, more importantly, in some cases there was poor registration between the spot

from which the Raman spectra were taken and the spot examined by the pathologist. The

rigid time constraints during surgery prevented the surgeon from properly marking the

spot of data collection in some cases. Registration techniques need to be improved for

future studies in order to definitively establish the accuracy of using Raman spectroscopy

for in vivo diagnosis of atherosclerosis.

Nevertheless, the results indicate that real-time diagnosis of atherosclerosis is now

possible. The analysis of integration time shows that the 1 s Raman spectra look almost

identical to those collected over 5 s. Excellent signal-to-noise ratio can be achieved with

1 s integration time at an acceptable excitation laser power (-100 mW) for a clinical

setting. There is an excellent correlation between the fit coefficients for tissue spectra
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collected over 5 s and over 1 s. The ability to acquire tissue spectra and extract fit

contributions within 3 s allows for a real-time diagnosis of atherosclerosis.

The information provided by Raman spectra was used to classify tissue into one

of three diagnostic classes. However, the detailed biochemical and morphological

information can be used in the future to provide information about the stage of disease

progression as well as the ideal course of treatment. By improving the current model to

detect more subtle morphologic differences, a finer diagnostic categorization can be

achieved. For example, by increasing our sensitivity for foam cells and necrotic core,

atherosclerotic plaques (foam cells only) can be distinguished from atheromatous plaques

(foam cells and necrotic core). Furthermore, the presence of foam cells, necrotic core,

and cholesterol crystals are significant markers of plaque instability. By making the

necessary modifications to the present model, we can use the semi-quantitative

information provided by Raman spectroscopy to distinguish between stable and unstable

plaques in real-time.
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Chapter 4

Conclusion

4.1 Accomplishments

A Raman spectroscopy system capable of providing real-time disease diagnosis in a

clinical setting has been designed, developed, and tested. The implemented software

package utilizes LabVIEW to interface with various components in the system.

LabVIIEW control of system components such as the laser and laser shutter allows data

acquisition in accordance with clinical safety guidelines. In addition, Labview makes use

of the computational power and versatility of Matlab for performing real-time data

analysis while offering a customizable and user-friendly interface. The modular design

of the system allows easy incorporation of models for any disease. Furthermore, it

provides easily adaptable data analysis routines as well as diagnostic algorithms.

The system was used successfully to acquire in vivo tissue Raman spectra from

human femoral and carotid artery. The results of the experiments showed that in vitro

model basis spectra and diagnostic algorithm developed by Buschman, et al. can be used
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to provide chemical and morphological information about atherosclerotic tissue in vivo

[1]. The development of a high-throughput optical fiber Raman probe with filters in the

probe tip has made it possible to obtain spectra with excellent signal-to-noise-ratio in 1 s.

Therefore, the real-time system can acquire data, perform data analysis, and present

clinically relevant parameters within 2-4 s in a clinical setting. The development of a

real-time system has also made it possible to scan large tissue areas for molecular

markers of disease.

4.2 Future Directions

4.2.1 Side-Viewing Raman Probes

An optical fiber probe with a front-viewing collection and delivery geometry has already

been designed and constructed for in vivo Raman spectroscopy and was used for the

experiments presented in this thesis [2, 3]. However, the ability to obtain intravascular

Raman spectra percutaneously is limited due to the inadequacy of the existing delivery

and collection geometry. The current challenge is to develop an optical fiber probe that

allows transluminal access to the coronary arteries while permitting the same efficiency

in transmission of Raman photons and filtering of fiber background as the front-viewing

probe.

There are several design criteria that need to be addressed for designing a side-

viewing optical fiber probe. First of all, the probe diameter needs to be extremely small,

-1.5 mm in diameter. This means that the number of collection fibers might need to be
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reduced compared to the 15 used by the front-viewing design, resulting in lower

collection efficiency. Preliminary simulations show that a probe with 9 collection fibers

and lower, but sufficient, collection efficiency can be designed. In addition to having a

small diameter, the probe needs to be flexible so that it can be inserted percutaneously

into the vasculature through the femoral artery and guided to the coronary arteries. The

collection and delivery optics also need to be designed such that a circumferential view of

the arteries is provided. A lateral pull back with a circumferential side-viewing probe

will allow us to generate a Raman image map of the entire arterial surface. Finally,

balloon or saline flush technology needs to be combined with the Raman probe to

minimize the effects of blood on the Raman signal.

The development of a side-viewing probe that meets the design criteria outlined

above will allow the use of Raman spectroscopy as a minimally invasive tool for

assessing coronary heart disease state in real-time.

4.2.2 In Vivo Studies

The work presented in thesis provides proof that Raman spectroscopy can be used for

real-time diagnoses of disease in a clinical setting. However, extensive in vivo

experiments need to be performed to evaluate its accuracy for diagnosing various

diseases. Furthermore, diagnostic algorithms that allow us to distinguish stable from

unstable plaques need to be developed in order to fully utilize the potential of Raman

spectroscopy for disease diagnosis.
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O [..2] r.

5tore the user specficied File Number value as a global variable.

R----be FiJ Nuber 0
CD

0
CD

CD

C
'Wm WmMmj RmmofsMmV a CmoiNx- _Mwm] j "-sWIFF ow "'Mrs-q'N" ml % w 48901, silos



- II
~Store the CCD parameters as global variables. r~-~ -~i -~

IStore the CCD parameters as global variables.
Also store data processing options (file path, real time analysis, etc.) as global variables.

wData Path

0

R eal Time Analyie
T ~ .........-..--- Real TimeAays

Nuto Increment]
T ., .-~ ~. At Increment

bisable Laser Shutter
T ..........-. -.... ODisable Shutterl

U *~Number- cf Images

umber of Accumulations|
V - =NumeirofAcuuatios

x-it

Hle Number
13 ljFile Numbr

sure (sec)]

c uire Focus Fla
U

+*Acquire Focus Flag

21 Params
qua Ul!

Ulf 1 ROI Params
UI WI

UR

Dl

CD
5
CD

C)
W

a ] ----------- 1 0



S e.

Set the ROI for the CCD.
Setup the experiment (configure exposure time, # of accumulations, etc.)

l*ae Handlel1

rror out
SAcquire Focus Flag

*ROI~~~~~ Paas IZAui~ Number of Images

-- m-ra Handle

Nubrof Accumulations

j..~ L.u~minsinuWSt~UfES"p

CD

CD

0

UOU 0, Q- 0 UTFATIUMMEMIMMOM Zja M Zr,=TQ;C Cr Q



calibrate.vi

This vi is used to load the model basis spectra and the calibration spectra (from the data specified by the user) in the sytem.

alibrate
TEW......

|True

MATLAB Scripti
close;
set(0,'DefautFigureUnits','normalized');
et(ODefautFigureposition',[0.5 0.4 0.5 0.5]);

-- ------J-

------ ~~~~True r- ----------

MATLAB Script
load clinicalmodel;
[wn]=sgclincalib(int2str(caldate));

ahbration Date
1aidatej

CD
=S

X

CD

CD
:z

0



teflon focus.vi

_______1116

reate a .5PE role with theI
ser specified fie Dath. | 0Camera Handle I

|@Camera13

reat

Data Path
15tart the Camera|U

IFOCUS

Aqcuire teflon spectrumn and adjust laser power. Run the while loop until the target intensity is reached, the
maximum power is reached, the user chooses to quit, or the loop has run 10 iterations.

mmvT rue ' mmm

Data

?___L

Stop_ rror outStOp
Close

|Sto the camera.

data, save it to the SPE file and display it on the screen.
soadjust the laser power.

CL

0D

I [O..2] 0FM C

----------- Laser Power (Y)J
P -e r -- T i J EHAI

i LEF I



adjust power (increment).vi

Input Teflon Spectrum djus -.- ' Target?
Target Peak Height ower . -Max Power?

Max Power (V) -
IThis vi is used to autcnmatically chanGe the voltage provided to set the laser power based on the value of the teflon intensity.,

put Teflon Spectrum|

ar ge PeakHeht

K

N N-True 11

lIf target is not reached, increment the laser power by a preset increment value.

Update the Analog Output channel on
the DAQ with the determined value. I

V True

Max Powe V

Quit if the voltage to be set is greater than the
voltage corresponding to max power. Max Power?

..--... ~....-.. ... ~-4 E I]

---- -- - - -------- - - - - - - - - -

Compare the max of the input teflon
spectrum with the target intensity.
Quit if the target has been reached.

&- WWE" PTT-1- 00%

10-:Li'Ser Pcewe- Ivll

ar t?

MINN

-----



A
ppendix A

: LabV
IIEW

 Im
plem

entation

A

1)
]m

CD

0..
0

ea;

C
.C

75

------- ---



A
ppendix A

: L
abV

IE
W

 Im
plem

entation

-
B

48 .3
i

76



A
ppendix A

: L
abV

IE
W

 Im
plem

entation

I 
-

rnII~I
hi

.3

N

7215 
1

2 
0

'.I

2 
-

77

m



A
ppendix A

: L
abV

IE
W

 Im
plem

entation

0

U

78



Appendix B: Matlab Subroutines

Appendix B

Matlab Subroutines

79



Appendix B: Matlab Subroutines

function [wn] = sgclincalib(Date);

%function [wn] = sgclincalib('Date');

%This program creates calibrations for clinical Raman data. The only output is the wavenumber file which
%is cut to the usable range. The only necessary input is the date of the procedure 'mmddyy', but the
%program relies on the pre-configured numbering scheme for clinical procedures. Global variables for
%various backgrounds necessary for proper analysis are also created. These include the white light
%spectrum for spectral correction in clinload.m, and a smoothed aluminum spectrum which is used in
%clinload.m for removal of the fiber background. Globals are also created for cutting of the data in
%clinload.m

clf

global wn
wn=[];
acet=[];
global alum
alum=[];
global white
white=[];
global minpix
minpix=[];
global maxpix
maxpix=[];

%Create wavenumber calibration
csfilename=sprintf('%s', 'mw_', Date, '-cs-');
acetname=sprintf('%s',csfilename,'2','.txt')
acet=load(acetname);
%acet=acet';
alumname=sprintf('%s',csfilename,'3','.txt')
alum=load(alumname);
%alum=alum';
wn=tylenol-ccf(acet/acet(1)-alum/alum(1));
plot(wn,acet/acet(1)-alum/alum(1));

%Cut wavenumber calibration to usable range
minpix=max(find(wn<680));
maxpix=min(find(wn>1800));
wn=wn(minpix:maxpix);
wn=wn';

%Load white light spectrum
whitename=sprintf('%s',csfilename,'4','.txt')
white=load(whitename);
%white=white';

%Cut white light and aluminmum spectra
alum=alum(minpix:maxpix);
white=white(minpix:maxpix);

%Normalize and correct data for spectral response
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white=white/max(white);
alum=alum./white;
alum=alum/max(alum);
alum=smooth(smooth(smooth(smooth(alum))));

function [data] = sgclinload(Date, filenumber);

%function [data] = sgclinload('Date,' filenumber);

%This program loads data from in vivo Raman procedures. It should be preceeded by clincalib.m. It
%averages the data from all frames of a given acquisition. Then corrects the data for white light spectral
%response and cut the data into the usable range. It also normalizes the data by the maximum intensity.

%Load in vivo data
infilename=sprintf('%s','mw_', Date, '_in_', int2str(filenumber), '.txt');
global data
data=load(infilename);
%data=data';

global minpix
global maxpix
global white

%Average the data
if size(data,1)>1

data=mean(data(1:size(data,1),minpix:maxpix));
else data=data(1,minpix:maxpix);

end
%White light devision
data=data./white;

%Normalize data
data=data/max(data);

function [allini, FC, morphFC, Fits, Resids, FullDev] = sgclinfit(Model);

%function [allini, FC, morphFC, Fits, Resids, FulDev] = sgclinfit(Model);

%This program analyzes clinical Raman data. It should be preceeded by %clincalib.m and clinload.m.
%The only necessary input is the Model used for analysis. allini is a matrix of the clinical data. FC are the
%normalized fit %coefficients from the model for the spectrum in allini. morphFC are the normalized fit
%coefficients of the elements from the morphological model present in the Model used for analysis. Fits is
%the spectral fit to the data. Resids is the residual to the fit. FullDev is the standard deviation of the
%residuals created from the fits that %result from fitting the model to the data with various weightings of
%the aluminum background subtraction. FullDev should be checked to ensure that a minimum has been
%achieved, indicating proper subtraction of the aluminum background. Finally, the program plots the data,
%along with the fit and residual.
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global wn
global alum
global data

FC=[];
morphFC=[];
Fits=[];
Resids=[];
FullDev=[];
meanFC=[];
stdFC=[];

P=[];
calibwn=[];
calibP=[];
devP=[];
normallFC=[];
allFits=[];
allResids=[];

x=1];
y=H;

%Subtract various weightings of the aluminum background
for j= 1:20,

P(j,:)=data-alum/(2*0. 1 *j);
end;

%Remove the fluorescence background
P=chopfit(P,6, 1);

%Calibrate the data matrix

[calibP,calibwn]=calibrate2(P, wn, 686, 1788, 2);

%Renormalize the data
for j=1:20,

calibP(j,:)=calibP(j,:)/max(calibP(j,:));
end

%Calulate the fit coefficients
FC=nnfit(calibP, Model);

%Correct for oversubtraction of the sapphire spectrum,
if FC(:,12)==0

Model(12,:)=-Model(12,:);

y=- 1;
%recalculate fit coefficients with inverted sapphire spectrum

FC=nnfit(calibP, Model);
else

y=1;
end

%Caluculate the fits
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allFits=FC*Model;

%Calculate residuals
allResids=calibP-allFits;

%Calculate the standard deviation of the residuals
for j=1:20

devP(j)=std(allResids(j,:));
end

FullDev=devP;

%Find the smallest residual for each exposure
x=find(devP==min(devP));

%Normalize the all fit coefficients

normallFC=FC(x,:);

clear FC

for j=1:12,
FC(j)=100*normallFC(j)/sum(normallFC);

end
FC(12)=y*FC(12);

%Normalize the morphological model fit coefficients

for j=1:8,
morphFC(j)=100*normallFC(j)/sum(normallFC(1:8));

end

clear allini

allini=calibP(x,:);

Fits=allFits(x,:);

Resids=allResids(x,:);

%Plot the data
set(0,'DefaultFigureUnits','normalized');
set(O,'DefaultFigureposition',[0.5 0.4 0.5 0.5]);
figure(1);
clf;

subplot(1,1,1);
plot(calibwn, allini, 'b.');
hold
plot(calibwn, Fits,'r');
plot(calibwn, Resids+2*min(allini),'k');
axis([680 1800 min(Resids)+2*min(allini) max(allini)]);
set(gca,'YTick',-1:.25: 1);
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set(gca,'YTick',-1:.25: 1);
xlabel('Raman Shift (cmA{-1} )' 'fontsize', 12);
ylabel('Intensity (a.u.)', 'fontsize', 12);

function f = sgdiagnose-heme(FC);

%Function applies the diagnostic algorithm to the fit coefficients and displays the diagnosis on the screen.

%function f = sgdiagnose(morphFC);

morphFC=[];
morphFC=[FC(1:8)];
morphFC=100*(morphFC/sum(morphFC));
nobetaFC=[];
nocmFC=[];

%Remover beta Carotene and re-normalize the fit coefficients.
nobetaFC=[morphFC(1:6),morphFC(8)];
nobetaFC=nobetaFC/sum(nobetaFC);

%Extract calcium mineralization.
cm=nobetaFC(3);

%Remove calcification and re-normalize the fit coefficients.
nocmFC=[nobetaFC(1:2),nobetaFC(4:7)];
nocmFC=nocmFC/sum(nocmFC);

%Extract cholesterol crystal + foam cell/nacrotic core.
ccfc=nocmFC(2)+nocmFC(5);

%Plot
set(O,'DefaultFigureUnits','normalized');
set(O,'DefaultFigureposition',[0.01 0.4 0.47 0.5]);
figure(2);
clf;

%Plot the normal or calcified vs. non-calcified plaque line.
plot([(0.07/0.30) 1],[0 0.23]);
hold;

%Plot the normal vs. calcified plaque line.
plot([(0.24/0.79 ) 0],[(0.17-0.48*(0.24/0.79)) 0.17]);

%Plot diagnosis.
plot(ccfc,cm,'rd','MarkerSize', 12,'MarkerFaceColor','r');

84



Appendix B: Matlab Subroutines

if cm<(-0.07+0.30*ccfc)
title('Diagnosis: Non-Calcified Plaque','fontsize', 14);

elseif cm<(0.17-0.48*ccfc)
title('Diagnosis: Non-Atherosclerotic Tissue','fontsize', 14);

else
title('Diagnosis: Calcified Plaque','fontsize', 14);

end

axis([0 1 0 1]);
xlabel('Cholesterol+FCNC', 'fontsize', 12);
ylabel('Calcification', 'fontsize', 12);

%Display fit coefficients
set(O,'DefaultFigureUnits','normalized');
set(O,'DefaultFigureposition',[0.5 0.03 0.49 0.15]);
figure(3);
clf;

axis([0 1 0 1]);
axis off;

text(0,1,['Collagen Fibers:' ''num2str(morphFC(I))],'fontsize', 12);
text(0,0.75,['Cholesterol Crystals:' ' 'num2str(morphFC(2))],'fontsize', 12);
text(0,0.5,['Calcified Minerals:' ''num2str(morphFC(3))],'fontsize', 12);
text(0,0.25,['Elastic Lamina:' ' ' num2str(morphFC(4))],'fontsize', 12);
text(0.5,1,['Adventitial Adipocytes:' ''num2str(morphFC(5))],'fontsize', 12);
text(0.5,0.75,['Foam Cells/Necrotic Core:' ''num2str(morphFC(6))],'fontsize', 12);
text(0.5,0.5,['Beta Carotene:'' ' num2str(morphFC(7))],'fontsize', 12);
text(0.5,0.25, ['Smooth Muscle Cells:' ' 'num2str(morphFC(8))],'fontsize', 12);
text(0,0, ['Hemoglobin:' ' 'num2str(FC(9))],'fontsize', 12);

set(0,'DefaultFigureUnits','normalized');
set(0,'DefaultFigureposition',[0.5 0.4 0.5 0.5]);
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