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ABSTRACT 

Microscopic fluorescence imaging of thick biological tissue has been successfiiUy demonstrated 

with a fiber-based, slit-scanning, confocal microscope. The system developed under this research consists 

of an illumination arm, a fiber-optic imaging system, and a detection arm. The illumination arm is an 

anamorphic optical system that converts a circular, laser beam into a cylindrical beam forming a line image 

at the proximal face of the fiber-optic relay. This relay system is comprised of a fiber-optic imaging 

bundle, a miniature objective lens, and a miniature hydraulic positioning mechanism. It delivers 

illumination to a remote sample and simultaneously collects the fluorescence from the sample. The 

miniature objective lens and positioning mechanism were specially designed and fabricated for this system, 

allowing for high resolution imaging and optical sectioning in-vivo. The detection arm relays the 

fluorescence image at the proximal face of die fiber-optic relay with magnification onto a two-dimensional 

CCD. Characterization of the system has demonstrated a lateral resolution of three microns. The axial 

resolution when imaging a point object is 10 microns. When imaging a planar object, the axial resolution is 

25 microns. Images are acquired at a rate of 2-4 frames per second and the imaging performance has been 

evaluated with different biological models including animal peritoneal tissue and human prostate tissue in-

vitro. In-vivo images of human skin and rat peritoneiun have also been acquired to demonstrate that patient 

motion does not adversely affect the performance of the system. These in-vitro and in-vivo images 

demonstrate the capability of the system to resolve cell nuclear morphology, to visualize cell density and 

organization, and to image at selected depths below die tissue surface. 
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CHAPTER 1: Introduction 

They are ill discoverers that think there 

is no land when they see nothing but sea. 

Fnuicis Bacon' 

The advent of minimaily-invasive medical procedures has done much to revolutionize surgical 

techniques, minimizing patient trauma and significantly reducing recovery times. Advances in optical 

technology, such as the introduction of fiber-optic imaging bundles and miniature imaging systems, have 

been a dominant factor in the rapid proliferation of various minimally invasive techniques, both diagnostic 

and therapeutic. While much has been accon^lished, considerable interest remains in the continued 

development of new devices to diagnose and treat the numerous illnesses that affect the human condition. 

One general illness of considerable significance is cancer. Over the past few decades, a 

tremendous amount of research has focused on this disease because of the number of people it affects 

(Table 1-1) and the large economic costs of cancer-related health care. The overall mortality^ rate &om all 

cancer has declined over the past few decades. Lung cancer, however, has seen a steady increase over the 

past 40 years due to smoking habits. While the mortality rate decrease is notable for some conditions, such 

as stomach cancer, it is minimal for ovarian cancer and even increasing for breast and prostate cancer^. 

Successful treatment of many cancerous conditions depends to a large degree on the stage at 

which they are detected. The earlier the detection, the higher the likelihood of successful treatment. When 

a patient is suspected to have cancer, a doctor often performs a biopsy, taking a sample of tissue cells, 

which is then evaluated using a microscope to determine if the cells are benign or malignant However, 

when cancer is in its early stages, determining its exact location is not trivial. This problem can make 

sample selection during biopsy an extremely difficult task. 
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Cancer Cases by Site and Sex* Cancer Deaths by Site and Sex 

Prostate Breast Lung Long 
244,000 182,000 95,400 62,000 

Lung Lung Prostate Breast 
96,000 73,900 40,400 46,000 

Colon & Rectum Colon & Rectum Colon & Rectum Colon & Rectum 
70,700 67,500 27,200 28,100 
Bladder Uterus Pancreas Ovary 
37,300 48,600 13,200 14.500 

Lymphoma Ovary Lymphoma Pancreas 
34,000 26,600 12,820 13,800 
Oral Lyn^homa Leukemia Lymphoma 

18,800 24,700 11,100 11,330 
Melanoma of Skin Melanoma of Skin Stomach Leukemia 

18,700 15,400 8,800 9,300 
Kidney Bladder Esophagus Liver 
17,100 13,200 8,200 6,500 

Leukemia Pancreas Liver Brain 
14,700 13,000 7,700 6,000 

Stomach Kidney Bladder Uterus 
14,000 11,700 7,500 10,700 

Pancreas Leukemia Brain Stomach 
11,000 11,000 7,300 5,900 
Larynx Oral Kidney Multiple Myeloma 
9,000 9,350 7,100 5,000 

All Sites All Sites All Sites All Sites 
677,000 575,000 289,000 258,000 

Table 1-1: Leading Sites of New Cancer Cases and Deaths - 1995 Estimates^ 
* excluding basal and squamous cell skin cancer and carcinoma in situ 

This dissertation discusses the development of a new medical imaging device called the remote-

access slit-scanning confocal microscope for use in the diagnosis of cancerous lesions in-situ. This 

instrument has been developed as a minimally invasive, fiber-based tool to aid doctors in evaluating tissue 

inside the body, potentially obviating the need for tissue biopsy. That is, instead of taking die tissue 

sample from the patient to the microscope, the microscope is taken to the patient. 

The device was initially conceived by Dr. Arthur Gmitro and his graduate student, David Aziz^ 

who developed the first prototype. This dissertation describes the evolution of the initial prototype into a 

mobile, flexible system designed for use in a clinical setting. The current system has been configured with 

a novel, miniature optical and mechanical assembly capable of relaying images of tissue &om within the 
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body to an extemal camera, making visualization at the cellular level possible. To understand why 

microscopic visualization inside the body would be useful, a brief discussion of cancer would be 

appropriate. 

I.I What is camcer? 

The term cancer refers to a family of diseases in which abnormal cells develop and grow in the 

body. This disease is characterized by uncontrolled growA. Cancer is caused by various extemal and 

internal mechanisms, with individuals displaying varying genetic predispositions to the development of 

certain Qrpes. Extemal mechanisms include chemical agents, viruses, diet, and radiation. Intemal 

mechanisms include genetic changes (mutations, oncogenes), homional imbalances, and immune 

conditions. These mechanisms modify the behavior of the cells within the organism and can lead to the 

development of cancer. 

In order to understand cancer in temis of the aberrant behavior of cellular function, it is important 

to first understand how the nomial cell behaves. Figure l.I depicts the typical cell cycle, which is 

encountered during proliferation^. 

Restriction Restriction 
Pomt (R) Pomt (R) 

Figure 1.1: Cell Proliferation Cycle 

The Go state is the resting or quiescent state of the cycle in which the cell performs its vital function but is 

not in the process of proliferating. If growth is required, to replace damaged tissue, for instance, then the 

cell may move from the quiescent state (Go) to a growth state (G,). In die G, phase of die growth cycle, the 
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cell actively synthesizes proteins and RNA. If the desired level of synthesis is achieved, then the cell may 

pass through the restriction point (R) and proceed to the synthesis of DNA in the S phase. During the G2 

phase, the new chromosomes formed durmg the S phase condense, and finally during the mitotic period (M 

phase), the chromosomes divide forming two nuclei and eventually two daughter cells. There is a 

permanent resting state, referred to as terminal differentiation, where the ceil will never again proliferate. 

In adults, cells of the nervous system are an exanq>le of terminally differentiated cells. 

The biology of both normal and cancer cells can be divided into three main components, growth, 

differentiation, and chromosomal stability'. The difference between normal and cancer cells is not in this 

biology, but in how these aspects are regulated. In the case of cell growth, there are active controls 

governing the rate at which various cells >vill proliferate. In cancer cells, it appears that these controls are 

altered leading to rapid or imchecked growth. While this condition is not sufficient to produce a tumor, it 

is a necessary one. 

Differentiation of cells in an organism is the process by which cells express the genes coded in 

their DNA leading to specialization of cell fimction. While all cells (except germ cells) have an identical 

complement of DNA, they do not express the genes in the same way. These variations in gene expression 

lead to the development of different phenotypes. There is, for example, a low level of differentiation in the 

embryonic stage as the cells in the endoderm, mesoderm, and ectoderm migrate and differentiate to form 

the various tissues of the human body. As an embryo matures, cell differentiate into increasingly 

specialized types. In cancer cells, gene expression is affected such that differentiation is distorted. Tumor 

cells may modify their particular stage of differentiation, or they may mutate into an inappropriate or 

abnormal cell type^ 

Chromosomal instability leads to the development of variant cells, which may exhibit properties 

detrimental to the host In some cases, the cells may develop efBcient punqiing mechanisms that make 

them resistant to drugs. For example, multi-drug resistance in cancer ceils makes it more difficult to treat 

some tumors with chemotherapy. 
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1.2 Cancer Diagnosis 

The fafluie of legulatoiy mechanisms in cell proliferation and difierentiation often leads to the 

development of growths or tumors. However, not all growths are malignant. Some are merely bem'gn. The 

analysis and correct diagnosis of these tumors is often difficult, especially in the early stages. 

Pathologists make determinations of the malignancy of a tumor at two levels: macroscopic and 

microscopic. At the macroscopic level, two features are important in this analysis: invasion and metastasis. 

Invasion refers to the extension into and destruction of local tissue by cancer. Metastasis is the spread of 

the cancer to remote regions of the body through channels such as the lymphatic system or the 

bloodstream. Benign neoplasms (abnormal growth of cells, e.g. tumors) grow as smooth, rounded masses 

with well-defined boundaries. They are usually enclosed within a fibrous capsule and do not invade 

surrounding tissue. Malignant neoplasms have irregular growth patterns, usually lacking well-defined 

margins and enclosing structures. They often invade surrounding tissue and may display areas of necrosis, 

when large, due to the inability of the neoplasm to maintain the necessary blood supply for its rapid 

growth. Finally, indication of metastasis to other parts of the body is the definitive marker that a malignant 

condition exists in the body. Generally, a metastatic condition is diagnosed histologically by the 

identification of a cell type in an inappropriate location. 

Structural differences between normal and cancerous growdis also exist at the microscopic or 

cellular level. The most marked differences are in the characteristics of the cell nuclei. Cancer cells tend 

to have larger nuclei than normal cells. The nuclear-to-cytoplasmic ratio is about 1:5 in normal cells 

whereas in cancer cells it can approach 1:1'. Cancer cell nuclei tend to show an increase in nuclear 

material due to a higher DNA content As a result, if a DNA specific marker is used, these cells may 

appear more heavily stained than their normal counterparts. Nuclear pleomorphism, which is the 

variability in nuclear size and shape, is also a common characteristic of cancer cells but not generally seen 

in normal cells. Finally, since the growth rate of neoplasms is higher than the growth rate for normal cells, 

an increased fiequency of mitoses can be seen with cancer cells'. While normal cells also undergo mitosis, 

they normally do not exhibit the abnormal mitotic figures seen in cancer cells. Malignant cells frequently 
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contain tripolar or quadripolar mitotic spindles, or fiagments of condensed chromatm disseminated at 

random throughout the dividing cell'". 

Pathologists make diagnoses about the condition of the neoplasm based on microscopic evaluation 

of these structural attributes. The remote-access slit-scarming confocal microscope discussed in this 

dissertation has been designed to allow microscopic visualization of these stmctural differences in-situ. 

The confocal nature of the device is important for optimizing image quality in en face imaging and the 

assessment of invasion. The confocal attribute allows for optical sectioning; therefore, cells located 

beneath the surface can be visualized at a selected depth. This feature allows pathologists to assess the 

extent of invasion by determining if cancer cells have penetrated through structures such as the basement 

membranes. 

Since this device is tailored to work as a fluorescence imaging system, it may be possible to 

exploit the differences in the chemical structure of normal and cancer cells by employing fluorescing 

agents that are specific to cancer cells. In this way, the cells in the field of view that ''light up" can be 

easily identified as cancerous. 

1.3 Specific Appiication 

Peritoneal implants of ovarian cancer, which is the spread of ovarian cancer to the peritoneal 

cavity, is one area where this "optical biopsy" system might be useful. Ovarian cancer is the second most 

prevalent gynecologic cancer, causing more deaths than any other cancer of the female reproductive 

system". Only 23% of all cases are diagnosed when the cancer is still localized. When the cancer is 

detected relatively early, the survival rate is 90%. The overall S-year survival rate for all ovarian cancers, 

however, is relatively low at 42%. 
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Site All Stages % Local % Regional % Distant % 
Oral 52 79 42 19 

Colon-rectum 59 91 60 6 
Pancreas 3 9 4 2 

Lung 13 47 15 2 
Melanoma 85 93 57 15 

Female Breast 80 94 73 18 
Cervix uteri 67 90 51 12 
Cotpus uteri 83 94 67 27 

Ovary 42 90 41 21 
Prostate 80 94 85 29 
Bladder 80 92 48 8 
Kidney 56 87 57 9 

Table 1-2: Five-Year Relative Survival Rates by Stage at Diagnosis*'̂  
^Adjusted for normal life expectancy. This chart based on cases diagnosed in 1983-90, followed through 
1991.Source: Cancer Statistics Branch, National Cancer Institute 

Early detection of ovanan cancer is possible through periodic pelvic examinations. When the 

presence of ovarian cancer is suspected, a laproscopic examination of the ovaries and peritoneal cavity is 

performed. However, if the peritoneal implants are relatively recent, identification of the cancerous lesions 

is difficult leading to false diagnoses (high false negatives rates). For this reason, this application appears 

well suited to testing the feasibility^ of an in-situ instrument that can aid doctors in the visualization of 

abnormal areas, enhancing the diagnostic process. 

The goal of this research is to develop a minimally invasive imaging system that would allow 

doctors to more acciurately select tissue for biopsy if the presence of the cancer is suspected. This device is 

designed to visualize the morphology of the cells. Because it is confocal, it will allow for visualization of 

the cells to a selected depth below the surface. 

The utility of this device is not limited to investigations of ovarian cancer. The endoscopic nature 

of the device will allow for investigations of other types of cancer such as peritoneal inq)lants of colon 

cancer, pseudotumor peritonei, and endometriosis. Other applications of the instrument may include 

analysis of lesions in the lung, bladder, and cervix. 
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1.4 DissertatioH Overview 

Having discussed the objectives and motivation for this research, the remainder of the dissertation 

will focus on the optical details of the project and the preliminary experiments that demonstrate the 

performance of the sj^tenL The next chapter will review the fimdamentals of confocal microscopes, 

specifically addressing the mathematical theory behind the slit-scanning system. Chapter 3 will delve into 

the design issues associated with developing an imaging device capable of functioning in a clinical 

environment As with the fabrication of any optical instrument characterization of the ^tem is extremely 

important in order to understand how the system compares to die performance predicted by the theory. 

Fundamental parameters of performance (MTF, radiometric throughput resolution, etc.) and how they 

were measured will be addressed in chapter 4. Following the discussion of system characterization, 

chapter S presents the results of imaging experiments performed using the remote-access, slit-scanning 

confocal microscope with di£ferent biological models. These in-vitro and in-vivo images allow for an 

assessment of the ability of the system to image cell structures, density and organization in an e£fort to 

identify cancer. Chapter 6 will provide a final summary where the conclusions of this research are outlined 

and future directions for this research are considered. 
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Chapter 2: Confocal Theory 

There never comes a point where a theory can be said to be true. 

The most that one can claim for any theory is that it has shared 

the successes of all its rivals and that it has passed at least one 

test which they have failed 

A.J.Ayer(1910-89)" 

The introductory chapter of this dissertation reviewed the motivation and the goals of diis 

research. In order to provide a complete and conqirehensive discussion of the system, a review of the 

fundamental theory of fluorescence microscopy, including confocal microscopy, is necessary. This chapter 

begins with an explanation of the operation of conventional fluorescence microscopes and the difficulties 

of imaging thick biological samples using such systems. Then a discussion of the confocal microscope will 

elaborate on how this system overcomes some of the problems associated with the conventional design. 

Following this conceptual discussion of the two categories of microscopes, the mathematics of the imaging 

theory governing these systems will be evaluated. From the results of the imaging theory, parameters for 

system performance, such as lateral and axial resolution, can be obtained The system described here 

employs a slit aperture instead of a pinhole aperture to improve the speed of operation. A comparison of 

these aperture geometries is undertaken to evaluate the differences in perfonnance. The last section of this 

chapter concentrates on the issues associated with the incorporation of a fiber-optic imaging bundle. This 

component has significant effects on the performance of the system, and is addressed separately. 

2.1 Conventional Fluorescence Microscope 

The conventional fluorescence microscope is a standard optical system with five basic 

components; a source, a condenser lens, an objective lens, a tube lens/eyepiece, and a detector. There are 

a variety of configurations for this type of microscope. For this discussion, a general epi-illumination, 

infinite-conjugate system will be considered (fig. 2.1). 
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Figure 2.1: Infinite conjugate conventional fluorescence microscope system. 

The microscope shown in figure 2.1 employs Koehler fllumination'̂  where the source is imaged by the 

condenser lens onto the pupil of the microscope objective. This configuration ensures efiBcient throughput 

of the illumination arm. An interference filter placed in the illumination arm can be employed to convert 

the broadband source into a narrowband source having the appropriate wavelength range for excitation. A 

dichroic beamsplitter reflects the illumination towards the objective, which projects the light onto the 

sample. Fluorescence &om the sanqile is collected by the objective, transmitted by the dichroic 

beamsplitter, and foctised onto the CCD by the tube lens. 

The conventional microscope system works well when the sample is thin. However, in cases 

where the sample is thick, conventional fluorescence microscopes often perform poorly. The microscope 

is focused on one plane of the object at any particular time. The other fluorescing planes in the volume are 

out of focus and appear blurry at the detector. Superposing these blurry images with the in-focus image 

leads to a generally blurry image with reduced resolution. The confocal microscope configuration attempts 

to remedy this situation by collecting light from a thin section within the volume of fluorescence while 

rejecting the light coming firom planes that are out of focus. 
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Z2 Confocal Ftuorescence Microxope 

A simple confbcal microscope also employs epi-iltumination as shown in figure 2.1, however, 

there are significant differences firom the conventional system. The differences are difScult to highlight 

using a similar diagram, so a simple, unfolded depiction of the system is shown in figure 2.2. 

Point 
apettare 

Detector 
(Xd,yd) 

Imaging 
lens 

Condenser 
lens 

Figure 2.2: Simple confocal microscope. 

Unlike the conventional system, the confocal configuration utilizes a point source rather than an 

extended source. Usually, a monochromatic laser source is used instead of a filtered broadband source. 

The point source is imaged by the condenser lens onto the sample. This is an example of critical 

illumination'̂  where the source is imaged onto the sanqile. In this example, the sanqile is thick and 

relatively transparent From the diagram, it is clear that the beam converging on the sample illuminates a 

volimie of the sample. Again, the entire illuminated volume fluoresces, emitting light, which is collected 

by the imaging lens and focused onto the detector. As mentioned previously, this is a problem in the 

conventional system because out-of-focus planes are imaged simultaneously with the in-focus plane 

yielding a blurry image. However, if a pinhole aperture is placed directly in front of the detector, then only 

some of the light is collected. From the diagram, it can be seen that with this pinhole aperture in the proper 

location, most of the light coming from the in-focus point reaches the detector. The light coming from 

points that lie in out of focus planes is largely rejected by the aperture. 
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One drawback of the confocal configuration is that it does not allow for die simultaneous 

acquisition of a two-dimensional image. The point source illuminates a point on the sample in the focal 

plane and the fluorescence &om this point is imaged onto a point detector. In order to obtain a two-

dimensional image, the sample has to be scanned in two dimensions to build up the image point by point. 

Although simultaneous acquisition is sacrificed, the confocal system provides the significant advantage of 

allowing three-dimensional imaging. If the position of the sanqile is shifted longitudinally along the 

optical axis, then a different plane in the thick sanqjle comes into focus. Scanning die sanq>Ie laterally 

again builds up an image of this plane point by point In this way, different planes can be imaged in a thick 

sample and a three-dimensional image of the object can be obtained. The imaging of thin slices using 

confocal microscopes is called optical sectioning and is an extremely useful property for imaging thick 

samples. 

In order to allow confocal imaging of remote sites, such as those inside the body, a fiber-optic 

imaging bundle can be inserted to relay the image plane to a remote site. While the addition of this 

component allows for access to remote locations, it has significant efiects on system performance. These 

effects are discussed later in the chapter. 

2.3 Imaging Theory 

2.3.1 Definitions 

Before a theoretical treatment of microscope systems can be developed, it is helpful to define 

certain fimctions and variables that will be useful in the development Considerable use will be made of 

Fourier theory in these discussions. The standard two-dimensional Fourier and inverse Fourier transform 

pair is defined as,'' 
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A familiar Fourier pair is the reef function and its transform, the sine function. These functions are defined 

in one-dimension and two-dimensions as 
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Due to the circular symmetry of optical systems, the cyl and somb fimctions are often encountered. These 

fimctions form a zero-order Hankel transform pair and are defined as. 
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(2J) 

(f] 

where // is the 1" order Bessel function and somb or "sombrero" function, is a southwestern moniker for 

the familiar Airy fimction. Finally, in order to represent sampling systems, the comb fimction is defined as 

2 , (2.9) 

where 5 is the Dirac delta function. For more details on these definitions, the reader is referred to reference 

16. 

The theoretical discussion throughout this chapter will assume that the optical system being 

considered is linear and shift-invariant Linearity and shift-invariance allow the modeling of these systems 

using simple linear systems theory. The output fimction, i(x,y), for such a system is calculated by taking 

the convolution of the input function, o(x,y), with the system response function, h(x,y), 

iix,y) = oix,y)**h{x,y). (2.10) 

This expression in integral form is 

00 00 

Kx,y)= ^ ^o(a,P)h(x-a,y-P)doaifi . (2.11) 

In an optical system, i(x,y) represents the image, o(x,y) represents the object, and h(x.y) represents the 

system point-spread function (PSF). For coherent imaging, the system is linear and shift-invariant with 

respect to field amplitudes. The fimction, h(x,y), represents the coherent PSF of the system, and the image 

and object functions in (2.10) and (2.11) correspond to the image and object an^litudes. 

For incoherent imaging, the system is linear and shift-invariant with respect to irradiance. In this 

dissertation, the notation of lowercase functions used in (2.10) will be used for coherent imaging systems. 

The notation of uppercase fimctions will be used for incoherent imaging systems, e.g. 

I{x,y) = (Kx,y)**H{x,y) . (2.12) 
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In an incohetent imaging system, the object function, 0(x,y), represents an irradiance function. If the 

object is semi-transparent, then the object fimction represents an irradiance transmittance, which is found 

by taking the magnitude squared of the object transmissivity 

0{x,y) = |o(x,>')f. (2.13) 

If the object is self-luminous or is fluorescent, then the object fimction will represent a radiant exitance 

(radiated power per unit area). The system function represents the incoherent PSF and the resultant image 

represents an irradiance distribution in the plane of observation. The important quantity in this analysis, 

the incoherent PSF, is proportional to the magnitude-squared of the coherent PSF,'̂  

H{x,y)a\hix,yi^. (2.14) 

Closely related to the PSF of an optical system is the optical transfer function (OTF) of the system, which 

is simply the Fourier transform of the PSF. For a coherent imaging system, the OTF is defined by the pupil 

fimction of the optical system." The incoherent OTF is calculated by taking the autocorrelation of the 

coherent OTF." The relationships between the various quantities are summarized in figure 2.3. 

Magnitude Squared Autocorrelation 

Coherent PSF 

Incoherent PSF 

h(x,>')oc|/i(x,;;)|2 

h(x,y) = 3-^{//i^(#,7)} 

Pupil Fimction = Coherent 
Transfer Function 

Pupil Function: if(4,T|) 

Incoherent transfer fimction 

Figure 23: Block diagram showing Fourier relationships between various quantities for coherent and 
incoherent imaging systems. 
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2.3.2 Conventional Fluorescence Microscope 

The conventional fluorescence microscope is a non-scaiming system capable of acquiring a two-

dimensional, magnified image of an object. Narrowband iUumination incident on die sample yields a 

fluorescence distribution that is nnaged by the objective/tube lens combination onto the CCD. Since the 

fluorescent sanq>le can be modeled as an incoherent object, the theory describing the operation of these 

systems is straightforward. Standard incoherent imaging theory will be used since the system is linear and 

shift-invariant widi respect to irradiance. 

A simple model utilizes a monochromatic source that is projected onto the sample using a Koehler 

configuration, such as that shown in figure 2.1. If the iUumination irradiance distribution at the sample is 

given by S(x,yJ and the fluorescent yield of the object is described as F(x,y), then the sample radiant 

exitance will be described by 

This system can be modeled mathematically using linear systems theory. To keep the discussion sinqile, 

the magnifications of the objective and tube lens are ignored in this mathematical treatment The following 

definitions will be helpful for this discussion. 

• Ho(x.y) - PSF of objective lens 

• He(x,y) - PSF of tube lens 

The irradiance distribution after the objective is found by taking the convolution of the object 

irradiance with the PSF of the objective lens (2.16). The tube lens then focuses this distribution onto the 

CCD forming an image. This operation is again represented as a convolution of the intermediate 

distribution, N(x,y), with the PSF of the tube lens (2.17). 

0{x,y) = S{x,y)nx,y). (2.15) 

Nix,y) = Oix,y)**H„{x,y) (2.16) 

I{x,y) = N(^x,y)**H,ix,y) (2.17) 

Substituting 2.16 into 2.17 3delds 

Iix,y) = 0{x,y)**{H„{x,y)**H,{x,y)} (2.18) 
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I{x,y) = CKx,yy*[)ix.y) (2.19) 

I{x,y) = S{x,y)F{x,y)**D{x^y) (2J20) 

In equation 2.19, the PSF's of the objective and tube lens are combined into a single PSF characterizing die 

imaging performance of the microscope with a single function, D(x,y). For the remainder of this chapter, 

the objective and tube lens will be considered as a single lens system in order to simplify die expressions. 

As a final comment, the imaging performance of the system is solely dependent on the performance of the 

detection arm (i.e. objective and tube lens). The performance of the illumination arm is not significant in 

this evaluation because the illumination is broad and smoothly varying. As a result, the incoherent PSF of 

the illumination arm optics will have a negligible efiect on the illumination inadiance distribution at the 

sample plane. It will be shown in the next section that this is not the case for the confocal fluorescence 

microscope. 

2.3.3 Confocal Fluorescence Microscope 

In order to develop an analytical expression for the confocal fluorescence microscope, it is 

necessary to review its operation as diagrammed in figure 2.2. In this configuration, a source is imaged 

onto the sample. The illuminated portion of the sample is then re-imaged onto a CCD. By scanning the 

object, an image of the entire sample is reconstructed. The following ftmction definitions describe die 

various quantities in the system. The s, o, and d subscripts identify the source, object and detection planes 

respectively. 

• ^sC^S'ysf'• Radiant exitance of source 

• ffi(xo,ya} • Combined PSF of optics used to image source onto sample 

• foCxo-yo) - San^ile fluorescence jaeld 

• H(i(xd,yd) '• Combined PSF of optics used to image sample onto CCD 

• A(i(X(i,yd): Detector aperture fimction 
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The coordinates at vaiious locations in the optical path are shown in figure 2 J.. The relationship between 

these coordinate systems are determined by the magnifications of the illumination arm, mi, and the 

detection aim, md. 

• • 

The illumination distribution at the object plane, SoCxoryoJr is given by the convolution of the 

source radiant exitance with the PSF of the illiunination arm. 

mf mi mi 
(2^1) 

The object fluorescence distribution is given by 

Ooix^,yo) = . {2:22) 

This fluorescence distribution is then imaged by the detection arm optics onto the CCD, yielding an ou^ut 

plane irradiance distribution. 

UA^d,yd)^\o,i^,^)**HAxd,yd) 
mj mj mj 

Cfdixa,yd) = -^S,i^,^)F,(^,^r*HAxj,y^). 

(223) 

(224) 
mj mj mj mj mj 

In order to reconstruct the two-dimensional image, the sample needs to be scanned in two-

dimensions. At the object plane, this can be represented mathematically as a lateral shift of the object, 

shifted object = F„(Xg-x'„,y„-y[,) (225) 

By taking object scanning and coordinate scaling into account, the irradiance distribution at the detection 

plane is given by 226, 

^d(^d ̂ y d —S 2 » /* o niu m 
" -'')K(^-x'„^-y:,) **Mj(xj,yj). (226) 
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The detector functions by integrating the inadiance incident upon the detector aperture. The final output 

image is given by, 

CO 00 

KK'y'o)= j . (2.27) 

Substituting equation 2.26 into the integrand of 2.27 completes the general incoherent imaging equation for 

the scanning confocal microscope. This equation provides a prescription for analytically determining the 

output of the scanning system given a partictilar object fluorescence yield function. 

An equivalent way of evaluating this configuration, and one that may provide some more insight, 

is to evaluate the distributions at the object plane instead of at the detector plane. That is, when the source 

is imaged onto the object, the illumination function is given by the convolution of the source fimction with 

the point-spread function of the illimiination lens. Similarly, imaging the detector aperture function back 

through the detection lens yields a detection sensitivity fimction, which is the convolution of the detector 

aperture fimction with the inverted point-spread function of the detection lens. The detection sensitivi^ 

fimction describes relatively how much light from a given point on the object will be detected. 

In most cirounstances, the illumination by the source and the sensitivity of the detector are 

greatest on axis. Moving off axis, the illumination starts to decrease; and similarly, the sensitivity of the 

detector to h'ght coming &om this point also decreases. In combination, these two effects narrow the 

overall point-spread function. This phenomenon is discussed later when expressions for the lateral and 

axial resolution of the system are derived. The representation of the total system response as the product of 

the illumination and detection sensitivity fimctions can be verified mathematically using eqs. 2.26 and 

2.27. Equation 2.26 can be rewritten in integral form as 

f j --Ko) 
'"d "»«/ '"rf 

Substituting this expression into 227 yields 

~^^yd ~yd)^d^d -(2.28) 



36 

flO CO QO 00 

ii<,y'o)= WW —r-^oC .—)^o\. •*<»' V o )  
«* iHj ntj nij 

Hjixj -Xa^yd -ydUd(Xd^yd)dxjtfyjdxjefya 

(Z29) 

The tenns in 2^9 can be rearranged to produce 

where 

n<,yo)= f f-V^o(—)^o(—' (2^0) 
^ ^ntj Wrf ntj ntj ntj nij 

00 00 

DAxd,yd) = ̂ d^ J jffdi^d -^'d'yd -yd)^di.Xd^yd)d^d^d. (2.3ia) 

Dd(Xd,y'd)='"Ud(x'd.y'd)**Hdi-x'd -y'd). (2-3ib) 

and use of the following relation is made, 

Ddix'̂ ^y'd) = £>»(—.—) = D,ix:,y:). (2.32) 
fid "•</ 

Equation 2.3 lb is an interesting expression in diat the detection sensitivity function at the object plane is 

calculated by taking the convolution of the detector aperture function with an inverted PSF. This inversion 

is a consequence of imaging in reverse through the detection arm. Equivalently, this equation could have 

been written as a correlation of the aperture function with the non-inverted PSF. 

Further simplifying 2.30 by representing the illumination function and detection sensitivity 

functions in terms of coordinates at the object plane, leads to the following expression for the final image, 

CO 00 

Ii<,yo)= I -yo)Kixl,y'o)D,(xl,yl)dxldyl. (2.33a) 

lix',,y'„) = [S„{x',,y'„)D,ix',,y',)](S>^F„ix',,y',). (2.33b) 

This result indicates the two-dimensional correlation of the object fluorescent yield with the product of the 

illumination and detection sensitivity functions is the output of the confocal microscope system. 
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With the system developed in this disseitation, it is not possible to scan the sample. Instead, the 

images of the source and detector are scanned in tanden^ to constiuct a two-dimensional image of the 

sample. If this is the case, usmg a similar mathematical treatment, a result analogous to 233a is obtained, 

go 00 
Ioi^o,y'o)= J -yo)dxl,fyl, (234a) 

nK,yo) = Wo>y'„) ® . (234b) 

However, it is inqjortant to note that since the correlation operation is not commutative, 233b and 234b 

are not equivalent. In general, this result will differ &om 233b with respect to inversion of the axis 

because moving the soiuce and detector in one direction is equivalent to moving the object in the opposite 

direction. 

This analysis is limited because the illumination and detection sensitivity fimctions are only two-

dimensionaL In order to evaluate the axial resolution of the system, knowledge of the three-dimensional 

illumination and detection sensitivity functions is required. This, in turn, requires knowledge of the three-

dimensional PSF's of the illumination and detection aims. The equations presented above can be 

generalized to three dimensions quite easily as shown below. However, developing analytical solutions in 

three-dimensions for specific functional forms of the illumination and detection apertures and PSF's is 

generally not possible. Despite this limitation, the following expression can be used to represent the 

system in its most general form, 

CO CO 

J I ^Fix,y,z)Six-x'„,y-y'„,z)IKx-x'g,y-y'„,z)dxdydz, (235) 

where 

00 a> 
Six,y,z)= J ^A^ix',y')H,{x,y,z-x',y')dx'dy' (236a) 

^0 —CO 

00 00 
D(x, y,z)= J jXj ix\y')HJ (-x,-y, z; x', yytt'dy'. (236b) 

-00-00 
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Since the integrals are not convolutions, they are less restrictive and the requirement of shift-invariance is 

removed. Having obtained two- and three-dimensional, analytical expressions for the image given an 

object function, the lateral and axial resolution can be determined. 

2.4 Lateral ResoiutioH 

One of the principal parameters used to characterize an optical system is its lateral resolution. 

Various definitions have been proposed for this parameter such as the Rayleigh criterion '̂ and the Sparrow 

criterion.' For purposes of this discussion, the lateral resolution will be defined by the full-width half-

maximum (FWHM) of the system PSF. The PSF of a system is determined by evaluating the ou^t 

distribution due to a point object A point object is represented as 

Fix, y, z) = S(x, y, z) . (2.37) 

Substituting this expression into 2.3S yields 

^(*0. J'o ) = / J y, z)S(x -x'„,y-y'„, z)D{x -x'„,y-y'„, z)dxdydz (238) 

CO CO 

K.x'„,y'„)= j js(x,y)S(x-x'„,y-y'„,0)D(x-xl„y-y'„,0)dxdy (239) 
-flO-flO 

I(x\y') = S(x',y',0)D{x',y',0). (2.40) 

The final equation indicates that the system PSF for the confocal fluorescence microscope is 

found by talcing the product of the illumination and detection sensitivity functions at the object plane. This 

result is different from that obtained for the conventional fluorescence microscope (eq. 2.20) in which the 

illiunination arm had little effect on the system PSF. It is important to note that the width of both the 

source fimction. As, and the detection aperture function, Aj, have to be on the order of the size of their 

corresponding PSF's in order for the system to operate in confocal mode. If either function is wide 

compared to its corresponding PSF, then the system will no longer operate as a confocal microscope. This 

issue is discussed in more detail later in the chapter. 
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To see the nunificatioiis of this analysis, a sinq>le system can be evaluated using the expressions 

formulated above. Going back to the system diagrammed in figure 2.2, it is assumed that the illumination 

lens and detection lens are thin lenses and circularly symmetric. Because of the circular symmetry, the 

pupil fimctions for each lens can be defined with respect to a radial coordinate, r. 

Pi{x,y) = (2-41) 

Pa ix,y) = (r) = (2.42) 

These functions are circularly symmetric, so the corresponding coherent PSF's can be deteimined by 

taking the zero-order Hankel transform of the pupil functions, 

A,(r) = oc somb{D;p\ r (2.43) 

(r) = (r)}cc sombjDj p} r . (2.44) 

The ratio of the pupil diameter to the image distance is equal to twice the effective numerical aperture (NA) 

for each of the lenses. This relationship can be substituted into 2.43 and 2.44 and these equations can be 

written as 

«,(r) =soma (2.45) 
L J 

hj (r) = . (2.46) 

These expressions describe the coherent PSF of both the illumination and detection portions of the 

system in temis of first order parameters. They can be used to make comparisons between the 

conventional and confocal configuration. From the analysis at the beginning of this chapter, the s3rstem 

PSF for the conventional scanning system is the PSF for the detection arm, which is given by 

ir)«\hj (r)|̂  oc . (2.47) 
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For a confocal system, the pomt spread fimction for a point source and point detector is calculated using 

2.21 and 2.34a respectively. Substituting these results into 2.40 yields 

In fluorescence imaging, the detection wavelength will be greater dian die illumination wavelength and the 

PSF of the detection arm will be wider than the PSF of the illumination arm for the same NA. For 

fluorescence imaging, it is usually desired to have the emission wavelength much greater than the 

excitation wavelength so that the illumirution energy can be completely separated from the fluorescent 

energy with the use of a dichroic beamsplitter. However, as die emission wavelength increases for a given 

excitation wavelength, the system PSF increases in width indicating a loss in lateral resolution. This 

phenomenon not only affects the lateral resolution, but, as discussed later, will also affect the axial 

resolution. 

In confocal reflection imaging, the illumination and detection wavelengths are the same 

If the numerical apertures are also equal, the system PSF simplifies to 

Figure 2.4 shows a plot of the point-spread functions for the conventional and confocal systems. 

It is apparent that the width of the PSF is smaller for the confocal system than it is for the conventional 

system, indicating that the confocal system has better lateral resolution. In theory this is the case; however, 

this conclusion is based on the existence of a true point source and point detector. In reality, a true point 

source is non-physical because it will not emit any Ught and a true point detector is non-physical because a 

delta function pinhole will not collect any light. The source and detector must have finite sizes. Later in 

this chapter, the effect of finite sized apertures on system performance will be discussed. 

(2.48) 

|A(r)l'' flc|soOT6^-^^^J (2.49) 
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Comparison of conventional and confbcal 
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Figure 2.4: Cross section of conventional and confocal point spread functions for an ideal sjrstem with 0.5 
NA. These results assume a true point source and point detector. 

2.5 Axial ResolutioH 

One of the key properties of a scanning confocal microscope is its ability to perform optical 

sectioning. This property refers to the ability of the system to collect light from a particular slice within a 

"thick" fluorescent object, while rejecting the light coming from areas outside of the slice. The thickness 

of the slice within the volume Aat is "in focus" is related to the axial resolution. For this system, two 

different measures of axial resolution are discussed, as defined by the axial point response function and the 

axial planar response fimction. The axial point response describes how well two fluorescent points at 

different locations along the optical axis are resolved. The axial planar response describes how well two 

fluorescent planes at dififerent locations along the optical axis are resolved. Each measure is useful under 
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different circumstances. For example, a tissue sanq)Ie, in which the cells are sparsely distributed, can be 

considered as a collection of point objects. In this case, the system response would be more accurately 

described by the axial point response and the axial resolution would be defined as the FWHM of this 

function. If the tissue sample had a high density^ of cells, it would be more appropriately modeled as a 

series of planar objects and more accurately modeled by the axial planar response. In this situation, the 

axial resolution would be given by the FHWM of the axial planar response function. 

Equation 2 J5 can be used to find general expressions for both the point response and the planar 

response. The axial point response, Ipoint, is determined by scanning a fluorescent point object along the 

optical axis and plotting the variation in on-axis intensity with defocus. Mathematically, the point object is 

represented by a delta fimction, 

F{x,y,z) = S{x,y,z-z'„). (2.50) 

Substituting 2.S0 into 235 yields 

CO GO 00 
\\\S{x,y,z-z'„)Six-x'„,y-y'^,z)Dix-x'„,y-y'„,z)dxdydz (2.51) 

f(x'„.y'o.z'o) = S(x'„,y'^.z'JD(x'„,y'„.z'„) (2.52) 

On axis, x'g and y^ are zero so the axial point response is given by, 

. (2.53) 

The axial planar response, Ipiane  ̂ is determined by calculating the integrated intensity of a point 

object as a function of position along the optical axis. This is equivalent to the on-axis intensity of a planar 

object as a fimction of position along the optical axis. At different positions along the optical axis, an 

image of the point object is recorded and the integrated intensity of this image is calculated. By 

performing this calculation for a series of points along the optical axis, the axial planar response as a 

function of defocus is constmcted. Mathematically, this function is determined by integrating 2.52 with 

respect to the image coordinates. This operation is shown in equation 2.54, 
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fpia^(^o)= j \s(x^o-yoX)D(x'„-yo'^o)d^o'fyo- (2-54) 
—a>--«o 

Equations 2^3 and 2.54 provide analytical expressions for two different measures of axial 

response functions of the confocal fluorescence microscope. An interestmg aspect of these derivations is 

that, in both instances, knowledge of the illumination and detection sensitivity functions with respect to 

defocus is required. Consequendy, knowledge of the three-dimensional PSF's of both the illumination and 

detectioa arms is necessary to specify the axial point and planar response fimctions. 

For any optical system that is linear and shift invariant, the field distribution at die image plane 

(i.e. no defocus) is given by the Fourier transform of the amplitude distribution in the exit pupil of the 

system. This inq>lies that the image plane represents the Fraunhofer diffraction pattern of the field 

distribution in the exit pupil of the optical system. On either side of the image plane (Le. defocus ^ 0), the 

field distribution corresponds to the Fresnel region of diffraction. A rigorous calculation of this behavior is 

complicated and tedious and is usually evaluated graphically or numerically. A thorough discussion of the 

distribution of light through fbctis is given in Bom and Wolf.^ For the system developed here, the three-

dimensional behavior of the system PSF was modeled using GLAD [Applied Optics Research, Rochester, 

NY], which is a wave propagation software package. Figures 2.5a and 2.5b show the amplitude 

distribution through focus for an F/1 lens. 
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Figure 2Sa: Amplitude distribution of beam through focus for an F/1 lens. 
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Figure 2^b: Amplitude distribution of beam through focus for an F/1 lens. 

In the discussion of lateral resolution earlier in this chapter, the ideal behavior of a conventional 

microscope was con^ared to the ideal behavior of a confbcal microscope using standard incoherent 

imaging theory. A similar approach is taken here to derive analytical expressions for the axial point 

response of conventional and confbcal microscopes. The starting point for this discussion is the 

relationship between the pupil flmction and the coherent PSF of an optical system. Assiuning a circularly 

symmetric pupil fimction, PO"), the coherent PSF, h(r), is found by taking the zero-order Hankel transform 

of the pupil function. 
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I 
h(pj{ r = 2;r {P(r')Jo (2xpr')r'dr', (2.55) 

5 

where r' is a noimaloed radial coordinate. As defocus is introduced, a quadratic phase factor is 

incorporated into the integrand and equation 2.55 becomes, 

t -aia,SA f̂'̂  

=2^//'('•> Jo{2}tpr')r'dr'. (2.56) 
0 

Evaluating this expression on-axis, Le.p=0, equation 2.56 becomes 

I -«Z«r.AMV  ̂

A(z„) = 2jrjp(r')e ^ r'dr'. (2.57) 
0 

The solution to equation 2.57 is^ 

h{Zo) = smc 
2X 

(2.58) 

This expression describes the coherent PSF along the optical axis as a function of defocus. The incoherent 

PSF is foimd by taking the magnitude squared of 2.58. The incoherent PSF as a function of defocus is the 

axial point response function for the conventional fluorescence microscope,^-^ 

f 

' pomt {z„) = sin& 
z„NA' 

Ik 
\ 

(2.59) 

For the confocal fluorescence microscope, the axial point response function is constructed by taking the 

product of the incoherent PSF's as a function of defocus for the illumination and detection arms. If both 

arms are assumed to be identical, then the axial point response fimction is given by. 

_o 

\ 
2A. 

(2.60) 

Figiue 2.6 plots die axial point response fimctions for both conventional and confbcal microscope systems 

having a NA of 0.5 and an operating wavelength of 500 nm. It is clear from this diagram, that the axial 
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point response function for the confocal system has a narrower central lobe. Therefore, it has better axial 

resolution than the conventional system. 

Comparison of conventional and confocal axial point 
response functions for 0.5 NA lens and 500 nm wavelength 
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Figure 2.6: Comparison of axial point response functions of conventional and confocal fluorescence 
microscopes assimiing point source and point detector and difBraction-limited performance. 

A similar derivation of the axial planar response would be extremely difficult Therefore, an approach 

based on a physical interpretation is described here. 

From previous discussions in this chapter, it was noted that a point source is ideally used for 

illiiminarinn This source is imaged onto the "thick" sanq>le using an illumination lens. However, the 

image of the point source is in focus for only one plane in the sanq)le. For other planes in the san^le, the 

illumination is out of focus. As a result, the illumination intensity falls o£f in either direction away from 

focus. The plane in the sample, which is conjugate to the point source, is re-imaged using die detection 
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lens onto the detection apetture. The illuminated points that are out of focus are not confbcal with the 

detection aperture. Therefore, they are imaged onto the detection aperture out of focus, resulting in 

rejection of energy by this aperture. The farther the point is away &om nominal focus, the greater die 

rejection of energy by the aperture. Therefore, there is a dual effect in illumination and detection, both of 

which are necessary, in order for the operation of the system to be confbcaL Out of focus points 

experience lower illumination and the light emitted fiom these points experiences greater rejection by the 

detection aperture further reducing the contribution of this point m the sanq>le to Ae total energy falling on 

the detector. This behavior is quantified by the axial planar response function of the system. 

The expected behavior of the axial planar response function can be determined by considering a 

geometrical argument In the conventional microscope, as an object point is moved out of focus, its image 

becomes a circular spot with the size of the spot proportional to the amount of defocus, z. If the size of die 

spot increases as z, then the area increases as ^ and the detected irradiance of the spot falls as 1/z^. While 

the detected irradiance falls as 1/r, the area of the image increases as z^. Therefore, the integrated intensity 

(axial response fimction) is constant as a fimction of defocus. With a constant axial planar response 

function, there is no axial resolution and optical sectioning is not possible. 

In a confocal system, a point detector is utilized and the detected irradiance still falls as I/z^. 

However, the area of the image on the detector cannot increase and ofiTset this falloff because it is a point 

detector. There is an additional effect due to the point source used for illumination. For any defocus, z, the 

illumination irradiance in the object plane also falls as 1/z^. This falloff in illumination irradiance 

combined with the falloff in detected irradiance leads to a cumulative falloff in irradiance of 1/z* at the 

detector. It is important to remember that the confocal system constructs an image by laterally scanning 

the object The effects of scanning are included in this discussion by considering the illuminated area. For 

a defocus, z, the illumination irradiance falls as 1/z^, but the illuminated area grows as z^. At each scan 

position, if the object is within the illuminated area, it will contribute to the integrated intensity at the 

detector. Consequendy, the area contributing to the integrated intensity grows as z^, partiaUy conqiensating 
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for the l/z'* fallofif. The total integrated intensity function then falls as 1/z^. This falloff is the source of die 

optical sectioning that is such an important property of confocal fluorescence microscopes. 

2.6 Finite Sizfd Apertures 

The theoretical development in this chapter has assumed idealized conditions. Point sources and 

point detectors have been considered to find theoretical expressions for the total theoretical PSF of 

conventional and confocal systems. With a point source and point detector, the theory indicates that the 

lateral resolution and axial resolution can be improved over that of the conventional system. However, true 

point sources and point detectors do not exist Therefore, the performance never meets the predictions of 

the ideal system. If the source and detector cannot be properly approximated as delta functions, then these 

apertures will affect the performance of the confocal system. 

It is crucial to understand how large the source and detection apertures can get before the lateral 

resolution and axial resolutions are affected significantly. For the lateral resolution, the width of the central 

lobe of the PSF relative to the width of the corresponding aperture is very important Ideally, the radius of 

the detection aperture should be matched to the radius of the central lobe of the detection arm PSF 

(distance &om the peak to the first zero). Likewise, the radius of the illumination aperture should be 

matched to the radius of the central lobe of the illumination arm PSF. For a diffraction-limited system, the 

radii of the central lobes are given by, ^ 

' NAi 

R (2.62) 
" n A j 

where A is the wavelength of the light, AM is the numerical aperture of the beam, and the subscripts denote 

the illumination and detection anns. If the radius of the aperture is greater than width of the PSF, then the 

lateral resolution of the system is compromised (eqs. 2.21,2.31b). If die radius is less than the width of the 
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PSF, then the lateral resolution of die system can be improved. However, this improvement is minimal and 

it is obtained at the expense of energy throughput because die aperture will clip the central lobe. 

The axial planar response funcdon is less sensitive to the iqierture size than the lateral resolution 

parameter. For this axial resolution parameter, it has been shown that the integrated intensity fimction 

starts to widen for illumination and detection apertures with nonnalized radii ( v = harNA /A) greater than 

2.57t.=® 

2.7 Slit Aperture Systems 

The slit apeiture represents an alternative geometry to the pinhole apertures used in standard two-

dimensional scannmg systems. A slit aperture has been employed in the system described in this 

dissertation because scanning in only one-dimension makes the speed of acquisition faster than in systems 

that scan in two dimensions. Since the system is intended for use in in-vivo imaging, fast acquisition is 

important in order to alleviate artifacts due to patient motion. The use of a slit aperture represents a 

compromise between a conventional fluorescence imaging system and a two-dimensional scanning 

confocal system. Analytical determination of both the axial point and planar response fimctions is very 

difficult for the slit aperture geometry. However, a geometrical argument similar to die one used for the 

two-dimensional scanning system can be used to approximate the axial planar response function. 

In the case of the slit-scanning system, the illumination irradiance falls off as l/z as the object is 

shifted away &om focus. In addition, the irradiance fall off due to the sUt detector is also l/z, so the 

detected irradiance falls as 1/z^. However, as the object is moved away from focus, the iUuminated area 

increases by z. Again, since the object is scanned, the area contributing to the integrated intensity increases 

by z partially compensating for the 1/z^ falloff in detected irradiance. Consequently, die integrated 

intensity falls as l/z. By going to the slit aperture, the scanning is confined to one dimension. However, 

the optical sectioning performance is sacrificed because the integrated intensity falls as l/z instead of 1/z^ 

for the two-dimensional scanning system. 
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The simple geometiic peispective provides some insight about the on-axis response and die 

integrated intensity as a function of defocus. However, if a more accurate model of the real behavior is 

desired, conqmter modeling is required. Computer models were developed that simulated system 

perfonxiance using both geometrical and diffraction calculations. These models and the associated results 

are discussed more fully in chapter 4. 

2.8 Fiber-Optic ImagingBuiuUe 

The previous sections have dealt with a standard confbcal imaging system comprised of an 

illumination arm and a detection arm. The system descnbed in this dissertation is different in diat it 

incorporates a fiber-optic imaging bundle that moves the object plane to a remote location. The 

mathematical treatise up to this point has not evaluated the effect of the fiber bundle on system 

performance. In this section, these effects are discussed and included in the theoretical analysis to make 

the discussion of lateral and axial resolution complete. 

The confocal microscope consists of two separate optical systems, an illumination arm and a 

detection arm. The system PSF is the product of the illumination and the detection sensitivity fimctions. 

The determination of these fimctions is not trivial, but is certainly manageable by imaging die respective 

source and detection functions onto the sample plane. 

Let Gs(x,y) represent the illumination irradiance distribution falling on the input face of the fiber

optic imaging bundle. The fiber bimdle is inherendy a sanq)ling system because it is pixelated. The effect 

of a fiber bundle, or any pixelated system for that matter, is generally modeled as a convolution of the pixel 

fimction with the distribution incident on the input face, followed by multiplication with a sampling 

fimction, and then convolution with the pixel fimction again. As a sinqile model, the elements of a fiber 

bundle are assumed to have a circular geometry. Hence, the pixel fimction is given by 

(2.63) 
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The iiradiance distributioa at the ou^ut face of the fiber bundle, yi(x,y), will be given by 

F;.(x,3')= [G,{x,y)**K{x,y)Yoml^,^**Kix,y). (2.64) 

Similarly, given a detection sensitivity function, Gd(x,y), falling on the proximal &ce of the fiber bundle, 

the detection sensitivity fimction at the distal face of the fiber bundle will be given by. 

While this model of the fiber bundle is fairly accurate, it is not exactly correct, because it does not include 

more con^licated effects such as fiber cross-talk and the propagation of cladding modes^. These effects 

are fairly difficult to incorporate in an analjrtical treatment However, if an effective incoherent PSF of the 

fiber-optic imaging bundle, Hj(x,y), can be measured, then the output of the fiber bundle can be calculated 

given any input 

The fiber bundle is technically a shift-variant system, and as such, its operation cannot be modeled 

as a convolution of an input function with a standard PSF. Despite this limitation, pixelated components 

such as CCD's and fiber bundles ate often modeled, approximately, as shift-invariant systems with an 

average point spread fimction. It is important to note, however, that the transfer function corresponding to 

this PSF will only be valid out to the Nyquist cutoff frequency, Av„" 

where D is the spacing of the fiber elements. 

The input and output distributions of the fiber-optic imaging bimdle can be measured for this 

system. From these distributions, the effective incoherent PSF of the fiber bundle can be calculated using 

Fourier theory and the central sUce theorem. '̂ The input and output distributions of the fiber bundle are 

represented by f(x,y) and g(x.y) respectively. Average, one-dimensional distributions are formed by taking 

a projection of these fimctions. 

(X' y) = i[<^d (x, y) * *fC(x, y)]com (2.65) 

(2.66) 
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favgix) = Y f/(x,y)tfy 
-Y  

2 

gavg(^)=y fg(j^yy)^ 
-Y  

2 

(2.67) 

(2.68) 

Application of the central slice theorem requires the Fourier transfonnation of these average distributions 

to yield and G^(^. Physically, these fimctions represent radial cross sections through the two-

dimensional transforms of the original distributions. Taking die ratio of these radial cross sections yields a 

radial cross section through the two-dimensional transfer function of the fiber-optic imaging bundle.^^ 

(2-69) 

The fiber bundle is assumed to be circularly symmetric. As a result, this one-dimensional transfer 

function is representative of any radial cross section through the two-dimensional transform. Hence, the 

two-dimensional transfer function of the fiber bundle can be represented in radial coordinates and is 

reconstructed by rotating H^(4) through 360 degrees. This relationship is shown in 2.70, 

iiip, 0) = Hip) = (2.70) 

Performing a 360 rotation is preferable to a 180 degree rotation because it ensures circular symmetry and 

ensures that there is no discontinuity in the distribution. Since the transfer function of the fiber bundle 

exhibits circular symmetry, its PSF will also exhibit circular symmetry and is calculated by taking the 

inverse zero-order Hankel transfonn^^ of (4) ^  shown in 2.71, 

H f ( x . y )  =  H f ( r )  = H"' ^^(4): 4 r}. (2.71) 
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This calculated result can be used instead of die convohition-sanipling-convolution process in ecpiations 

(2.64) and (2.65) to yield, 

= GAx,y) • *ff/r(x,y) (2.72) 

( x , y )  =  Ga(X ,y )  *  *Hf (x , y ) .  (2.73) 

The illumination distribution at the distal face is imaged incoherendy by an objective lens onto the 

object Likewise, the detection sensitivity fimction at the distal face is imaged incoherendy by the same 

objective lens onto the object Mathematically, these operations are described by, 

S{x,y) = yiix,y) • *ffA^,y) (2.74) 

Dix,y) = Vj{x,y)**H^ix,y), (2-75) 

where Hgi{x,y) is the PSF of the objective lens. Once the illumination and detection sensitivity fimctions 

at the object plane are known, their product can be formed to yield the system PSF. Taking the FWHM of 

this function yields a measure of the lateral resolution of the system. 

As mentioned previously, analytic evaluation of the axial resolution can be quite difBcult because 

knowledge of the three-dimensional PSF of the objective lens is required. A procedure was discussed 

conceptually in section 2.5 for determining the axial point and planar response functions. The physical 

interpretation is described here mathematically. The analysis begins with the irtadiance distribution at the 

output face of the fiber because this distribution can be measured direcdy. The output fiber face is located 

a fixed distance, z/, fi;om the objective lens. At some axial position in the sample, z, the illumination 

function will be given by 

Six,y,z) = vl—,A * *H„,{x,y,z) (2.76) 
\^m mJ 

where Vf is appropriately scaled by the magnification, nv=z/zi. Hol(x.y^) represents the three-dimensional 

PSF of the objective lens. When there is no defocus. Hoi is the Fourier transform of the autocorrelation of 

the pupil function of the objective lens. 

In a gimilar feshion, the detection sensitivity function at a plane Zq in the sanqile is given by 
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(2.77) 

Equations 2.53 and 2.54 can then be used to detennine die axial point and planar response functions. 

Again, this is a simplistic model that assumes the existence of a fluorescent delta function object If a 

fluorescent point object is used that is much nanower than the system incoherent PSF, then it can 

effectively be modeled as a delta function. However, if it cannot be approximated as a delta function, then 

the effects of die object have to be incorporated and the system is more accurately modeled by the 

expressions given in 2.78 and 2.79, 

where F(x,y.z) describes the three-dimensional fluorescence yield of the object. The expected lateral and 

axial resolution of the system were computed numerically using these models and IDL [Research Systems, 

Inc.] and GLAD. The results of these simulations are discussed in detail in Chapter 4. 

Ion-axis (^) = y, z) ® ® ® Six, y, z)D(x, y, (2.78) 

Iuu(2)= ^[F(x,y.z)<S>®®S(x.y.z)D(x.y.z)]dxdy (2.79) 
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Chapter 3: System Design 

We are the products of editing, rather than of authorship. 

George Wald^ 

In the pievioos chapter, the dieoiy of confocal micioscopy was discussed to provide an 

introduction to the concept and to develop analytical expressions for optical figures of merit, such as lateral 

resolution and axial resolution. The aim of this research, however, was the evolution of the remote-access 

confocal microscope from its proof-of-concept configuration to a more compact, clinically viable design. 

The primary objective was the miniaturization of the various optical subsystems to allow for systematic 

application to in-vivo diagnostic tasks. 

3.1 Original System 

An initial prototype system for in-vivo imaging applications was developed by Gmitro and 

That system was assembled to investigate the effects of incorporating a fiber-optic imaging bundle into a 

confocal microscope. This device was comprised of three subassemblies: an illumination arm, a fiber-

based optical relay, and a detection arm. The illumination arm was designed to convert a circular laser 

beam into a cylindrical beam, forming a line image at the proximal face of the fiber-optic imaging bundle. 

The fiber-based relay imaged the illumination onto a sample located remotely, and simultaneously 

collected the sample fluorescence. The fluorescence image at the proximal face of die fiber bundle was 

then relayed, with magnification, by the detection arm to a two-dimensional CCD. A scan mirror was 

enqiloyed to scan the illumination across the proximal face of the fiber and simultaneously sweep the 

collected fluorescence across the face of the CCD creating a two-dimensional image of the remote sanqile. 

The prototype system was assembled with available components and was not optimal. The system 

covered an area seven feet long by four feet wide, which is quite large, making mobility difficult In order 
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to make the system fimctioiial in a clinical settmg, a nmnber of modifications were required. First, the size 

of the entire system had to be reduced to make it portable, so that it could be brought to the clinic. 

However, it was not singly a matter of scaling down die existing system so diat it would fit into a smaller 

space. The new design had to be more compact while mayimi^ng radiometric throughput and optimizing 

resolution. More importantly, the fiber-based relay had to be conqiletely redesigned so that it could be 

used for in-vivo investigations. 

Fiber-optic imaging bundle 

Detection 
arm 

Objective lens and 
positioning mechanism 

Illumination arm 

Mirror+ 
spatial filter 

Figure 3.1: Layout of remote-access, slit-scanning confocal microscope system. 

The layout of the new system developed in this dissertation is shown in figure 3.1. The central 

component of this confocal system is the fiber-optic imaging bundle because it dictates the parameters of 

many of the other components in the system. There are four key parameters of the fiber bundle that afifect 
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the perfoimance of this system: the diameter of the fiber elements, the number of fiber elements, the fill 

factor of the fiber bundle, and the NA of the fiber. 

As discussed in Chapter 2, the size of the fiber elements affects the resolution of the entire system. 

The image emerging from the output of the fiber bundle is, approximately, the image at the input face 

convolved with the pixel function. Therefore, small fibers are desired to the resolution. There is 

an inherent tradeoff, however. While smaller fibers improve resolution, they tend to have lower energy 

throughput because they cannot sustam as many modes as laiger fibers. In addition, bundles widi smaller 

fibers tend to exhibit more cross-talk between fibers due to thinner cladding structures. 

While smaller diameter fiber elements are desired, a larger number of elements in the fiber bundle 

is desired. With a larger number of fiber elements, die space-bandwidth product^ of the fiber bundle is 

increased improving the resolution. Again, there is a tradeofif. A larger space-bandwidth product, in 

practice, translates to a larger bundle diameter. The larger the diameter of the bundle, the less flexible it is. 

The last two parameters affect the throughput of the bundle. The fill factor is an in^rtant 

parameter because it indicates what poition of the incident light will fall on the fiber cores. The fiber cores 

transmit light very efGciently while the fiber cladding does not If die fill factor is low, then a significant 

portion of the incident light will fall on the cladding structure and it will not be transmitted by the bundle. 

The fill factor can be increased with a reduction in cladding thickness. However, this leads to increased 

cross-talk and reduced contrast Finally, a high NA is desired so that the solid angle over which the bundle 

collects light and, consequendy, the energy throughput, is maximized. 

An important task in the design of the confocal system was the choice of an appropriate fiber

optic imaging bundle that balances the tradeofis discussed above. The initial, prototype system used a 

Sumitomo, Corp. [Torrance, CA] IGN05/10 silica imaging fiber bundle to relay the images from the 

remote tissue sanqile to the confocal system. This bundle has 10,000 elements with a total diameter of SOO 

^im. The elements in this bundle are approximately 3 ^m in diameter with a center-to-center spacing of 4 

^m. The cores of the fiber elements are made of silica doped with GeOj. The cladding is made of silica 
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doped with Fluonne. Doping the cores and the cladding with these different substances provides die index 

of refraction difference necessary for total internal reflection.^^ 

To improve the imaging performance of the new design, the 10,000 pixel bundle was replaced 

with the Sumitomo IGN08/30 fiber bundle, which has 30,000 pixels, 2 |xm diameter pixels and a center-to-

center spacing of 3 ^m. The diameter of this bundle is 720 (un, which appears to represent an upper limit 

with respect to bundle flexibility. A 1 mm diameter bundle was evaluated briefly, but was found to be too 

rigid for the applications being considered for this device. 

3.2 Clinicai Prototype System: niummatioH Arm 

The design of the illumination arm considered four main objectives. First, the illumination profile 

at the proximal face of the fiber-optic imaging bundle had to match the parameters of the fiber bundle. 

Second, because fluorescence imaging tends to suffer from a low signal-to-noise ratio, the design had to 

optimize the energy throughput Third, the ability to adjust the length of the line image at the proximal 

face was required so that illumination uniformity could be traded for increased througl^)ut Finally, the 

length of the illumination aim had to be reduced so that the system would be more compact 

3.2.1 Initial Considerations: 

• Illumination must match fiber parameters 

The first objective of the design was to make sure that the illumination profile formed at the 

proximal face of the fiber bundle matches the bundle parameters. The width of the illumination profile 

should be less than or equal to the diameter of a fiber element The NA of the incident illumination should 

be matched to the fiber NA, and the length of the line should be slightly larger than the diameter of the 

bundle. 

A Zeiss, lOx Plan-Neofluar microscope objective was used to achieve the desired illumination 

profile. This infinity-corrected, achromatic objective has a NA of 0.3, which is close to the fiber NA of 

035. Underfilling the fiber NA is preferred to overfOling the NA because overfilling leads to additional 

cross-talk and loss of resolution. Since microscope objectives tend to be difi&action-limited, the widdi of 
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the Oluminatioii profile is approximately equal to die diameter of the Airy disk. For an objective with a 

NA of 0 J and an illtunination wavelength of 488 nm. the illumination width will be about two microns, 

which 

matches the fiber element diameter perfectly. 

• Optimize energy throughput 

Just as the Zeiss objective is matched to the fiber-optic imaging bundle, the rest of the illumination 

aim system must be designed to match the Zeiss objective. In diis case, the beam entering the objective 

must be collimated and die beam size must be equal to the entrance pupil diameter (9.9 mm) of this 

objective. If the beam size is too large, then the energy throughput will be reduced. If the beam size is too 

small, then it will not be possible to obtain the smallest possible line width at the proximal face of the fiber 

bundle. 

An additional concern, with respect to throughput, was the treatment of the scan mirror. 

Whenever an optical system employs a scanning mechanism, it is inqportant to ensure diat the scan mirror 

is in or conjugate to a pupil plane for the purpose of maintaining optimal radiometric througlq>ut with scan 

angle. If the scanning mechanism is in a pupil plane, then as it tilts about its axis of rotation, the chief ray 

angle changes, but the location where the chief ray intersects the optical axis remains fixed. As a result, 

conjugate pupil planes fiirther down the optical train remain in a fixed position. As long as the lens 

apertures are large enough to prevent vignetting, the throughput remains nearly constant independent of 

scan angle. 

• Allow adjustment of line illumination 

The length of the line image at the proximal face of the fiber bundle is an inqxirtant parameter 

because it dictates the amount of light coupled into the fiber and the uniformity of the beam. There is an 

inherent tradeoff between fiber coupling and imifoimity of the intensity profile of the line (fig. 3.2) 

because the laser beam has a Gaussian profile. If more unifonnity is desired, then only the central portion 

of the profile should be coupled into the fiber bundle. 
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(a) (b) 

Figure 3 J: Tradeoff between beam unifonnity and collection efBciency 

Figure 3.2(a) depicts the situation of good beam uniformity across the fiber face, but poor 

coupling efficiency. Figiure 3.2(b) shows better coupling efficiency but poor uniformity. The boxes 

superimposed on each curve represent the size of the fiber bundle. Since it would be advantageous to have 

control over this behavior, the optical design for the illumination arm should incorporate the ability to 

adjust the size of the line formed at the fiber bundle. 

3.2.2 Illumination Arm Design: 

• Source and spatial filter 

The first component of the illumination arm is an argon-ion laser that emits radiation at 488 am. 

The output of a laser is rarely a uniform intensity beam because of its Gaussian profile. In addition, it may 

be composed of multiple longitudinal and transverse modes that can introduce significant intensi^ 

variation in the beam. Ideally, it would be advantageous if the laser could be set to ou^ut the TEMoo 

mode, which is possible but requires some manipulation. An easier technique utilizes a spatial filter 

assembly composed of a microscope objective and a small circular aperture following the laser source. 

The microscope objective forms a diffraction pattern at its focal plane with a central lobe and higher order 

rings. Uniformity is achieved by passing the central lobe and blocking the rings. This requires matching 

the size of the pinhole to the size of the central lobe of the diffraction pattern formed by the microscope 

objective. In order to pass the energy of the central lobe while blocking the higher order rings of the 
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diffiractioii pattem, the aperture diameter needs to be equal to the diameter of the central lobe, which can 

be approximated as the Airy rfislr diameter, 

rf = 2.44AF#. (3.1) 

A is the wavelength and F# is the f-number of the objective. It is in^rtant to remember that since the 

laser beam is not filling the numerical aperture of the microscope objective, the F/# in equation 3.1 is that 

of the beam and not of the microscope objective. This value can be found by taking the ratio of the focal 

length of the objective to the diameter of the beam. The objective used in the spatial filter assembly is for a 

standard 160 mm tube length so the focal length in millimeters can be found by dividing the tube lengA by 

the magnifying power^ 

/ = —. (3.2) 
MP 

For a 20x objective, the focal length will be 8 mm. The Lexel Argon-Ion laser used for this project has a 

beam width of 13 mm, as measured at the 1/e^ points of the Gaussian irradiance distribution. The f-

number of the beam is therefore equal to 6.IS, yielding a central lobe diameter of 7.3 microns for a 

wavelength of488 nm. Since commercial pinholes come in increments of S microns, a 10 micron pinhole 

was chosen for this application. 

• First-order design 

The purpose of the illumination arm is to convert a circular beam into a cylindrical beam. As 

such, an anamorphic optical system is required to achieve diis objective. However, anamorphic optical 

systems lack circularly synunetry. This adds a level of con^>lexity to the design task because the behavior 

of the beam is different in the sagittal and meridional planes. The new system was designed to ensure that 

the required specifications in both planes were met simultaneously. 

Figures 3.3 and 3.4 diagram the first-order layout of the illumination arm in both the meridional 

and sagittal planes. 
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Figure 3 J: Meridional plane cross section of illumination arm optics. 
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Figure 3.4: Sagittal plane cross section of illumination arm optics. Dotted lines show how scan mirror is 
imaged into entrance pupil of microscope objective. 
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Figure 3.3 shows the meridional cross section of the iUumination aim optical system In this 

plane, the point source fonned by the pinhole spatial filter is collimated by a positive lens (Ll,/=80 mm) 

and refocused by a second positive lens (L2,^I7S mm). A negative cylindrical lens (L3,/= -150 mm) 

recolUimates the beam in the meridional plane only. The outer relay pair consists of a positive spherical 

lens (LA,f=\2Q mm) and the Zeiss objective (L7,/=16.4 mm) that together demagnify the size of this 

collimated beam. 

In figure 3.4, the behavior of the sagittal plane is depicted. The behavior is identi'cal to that shown 

in figure 3.3 up to the cylindrical lens. In the sagittal plane, the cylindrical lens has no power, so the beam 

is unaffected and continues converging to a focus. This focusing behavior combined with the coUimation 

in the meridional plane yields a line image at the sagittal focus. The outer relay pair not only reduces the 

length of the line at the proximal face of the fiber bundle, it reduces the width of die line also. By choosing 

the proper ratio of focal lengths of the outer relay pair, the line length is reduced to match the bundle size, 

and the line width is reduced to match the pixel size of the bundle. 

This design incorporates the ability to change the length of the line formed on the proximal end of 

the fiber so that the illumination uniformity can be traded for fiber coupling efiBciency. By adjusting the 

location of the negative cylindrical lens along the optical axis, the length of the line image is changed. One 

undesirable effect of moving the cylindrical lens is that the beam emerging &om this lens is no longer 

collimated in the meridional plane and hence not collimated as it enters the fiber. The beam is now 

converging as it enters the fiber, however, because this lens is relatively weak, the angles of convergence 

are small compared to the NA of the fiber bundle, so coupling efficiency is not adversely afifected. 

• Scanning mirror: 

The scanning apparatus is simply a flat minor mounted to a galvanometer. The galvanometer has 

an advantage over the stepping motor in that it provides for more uniform scanning motion. The scan 

angle is determined by the size of the fiber-optic imaging bundle and the focal length of the Zeiss 

microscope objective. The fiber-optic imaging bundle has a circular active area with a radius of 360 

microns. The focal length of the Zeiss objective is 16.4 mm. Therefore, for this fiber bundle, the field-of-
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view of the objective is +/- 126 degrees. Based on this result, the mirror needs to scan from -0.63 degrees 

to +0.63 degrees. 

It was discussed earlier that the scanning mirror must be located at or imaged into a pupil plane of 

the illumination arm optical system to ensure that the variation of throughput with scan angle is minimized. 

In this configuration, the aperture stop of the Zeiss microscope objective is the aperture stop of the system. 

Therefore, the scan mirror location needs to be conjugate to the objective entrance pupil or aperture stop. 

In order to achieve this, the location of the entrance pupil has to be known, which is only possible if the 

lens prescription of the lOx microscope objective is known. The optical prescription of this objective was 

not known, therefore the location of the entrance pupil was estimated visually. The pupils can be directly 

visualized by looking into either end of the objective and noting where the effective aperture is located. 

Visual inspection of the objective indicated that the pupfl is located inside the lens. The inner relay (L5 and 

L6) in figures 33 and 3.4 is a pair of 50 mm focal length lenses that images the scan mirror into the 

entrance pupil of the objective without disrupting the other parameters of the beam. 

It is important to note that the scan mirror performs three fimctions simultaneously in this system. 

First, it scans the line illumination across the proximal face of the fiber bundle. Second, it effectively scans 

the detection slit aperture across the proximal face of the fiber bundle in synchronization with the 

illumination. Finally, it sweeps the collected fluorescence across the face of the CCD constructing a two-

dimensional image of the sample. The use of this single scan mirror design is preferable to using multiple 

mirrors because the issue of mirror sjmchronization is eliminated. 

• CODEV design 

The initial design of the illumination arm looked at the first-order layout of the system, which 

assumed thin lenses. Real lenses have finite thicknesses and aberrations. In order to design the real system 

properly, the lens system was laid out in CODEV™ [ORA, Pasadena, CA]. Doublets are used in this 

system wherever possible to minimize spherical and chromatic aberrations. Since this package has the 

optical prescriptions for catalog lenses of several manufacturers, a design of the s)rstem with existing 

components was fairly easy, except for the treatment of the Zeiss objective. 
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The objective presented a problem because its optical prescription was not known. An attempt was 

made to deduce an approximate prescr^tion based on the first order properties, such as focal lengdi and 

physically measured distances and clear apertures. This objective has a relatively small numerical ^lerture 

and operates optimally at infinite conjugates. Consequently, a Petzval configuration was chosen as a 

starting point for simulating the optical design. '̂ In this configuration two doublets are used to produce an 

image of the object at infinity. 

This simple design does a surprisingly good job of correcting bodi monochromatic and chromatic 

aberrations. In order to reduce the field curvature of this system, a field flattening meniscus lenses was 

introduced next to the object plane. Meniscus lenses are often employed near the object or image planes to 

correct field curvature without significantly introducing other aberrations.'*" This design was then 

optimized with the first order properties of the objective, such as focal length, numerical aperture, and 

pupil diameter forming the main constraints. The final design had pupil locations that closely matched the 

locations determined by direct visualization of the pupils. With this approximate lens prescription, the 

design of the illumination arm in CODEV was complete. 
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3.3 Clinicai Prototype System: Detectwm Arm 

Just as the fllmnination ann was designed to reduce die system size and inqirove peifoimance, the 

detection ann was also designed to be moie compact and have greater flexibility. Figure 3.S diagrams die 

layout of this subsystem. 

Outer relay 

fiber bundle Mirrors mirror 

1 Scan 
mim>r » 

t 
f-r j. 

Beamsplitter Detection slit t 
Zoom lens 

Inner relay Collimating 
lens 

Figure 3^: Unfolded diagram of detection arm optical system. 

Since this optical system is circularly symmetric, the design is much simpler than the design of the 

illumination arm. The proximal face of the fiber bundle is the object for this optical system. The light 

coming from the object is coUimated by the Zeiss microscope objective, which is the first lens of the outer 

relay (L7). This beam passes through the afocal inner relay (LS and L6) and is reflected by the scan minor 

(Ml) and the dichroic beamsplitter toward the second lens of the outer relay (L8,/= 140 mm). This lens 

forms an image at the location of the detection slit A slit aperture (Dl) is inserted at this location to allow 

confocal operation of the system. As discussed in Chapter 2, the width of the slit should be matched to the 

width of the PSF of die imaging optics in this arm. If ideal performance is assumed, the NA of the 

detection arm optical system is determined by the NA of the microscope objective (NA=0.3). With a NA 

of 0.3 and a wavelength of S20 microns (fluorescence wavelength > illumination wavelengdi), the widdi of 

the PSF is approximately 2.1 microns. Based on this calculation, the aperture width set to 20 microns 
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taking into account die magnification of the optics between die fiber and die detection slit (nr=140/16.4). 

The first lens after the detection slit (L9,/=140 mm) agam collimates the incident beam. The final lens 

focuses the coUimated beam formmg an image on the CCD. Instead of using a fixed focal length lens as 

the final imaging lens, a 75-300 mm focal length zoom leas (LIO) is used instead. The incoiporation of 

this lens adds flexibility by making die magnification of the detection arm adjustable. 

3.4 Giitical PntiMype System: Fiber-OpHc Imagmg BuiuUe 

The fiber-optic imaging bundle serves to relay images between die proximal and distal ends of the 

bimdle while maintaining the spatial integrity of the image. The incorporation of the fiber-optic onaging 

bundle in the confocal system allows for iUumination and imaging of a sanqile located in a remote location. 

Thin cover slips at the proximal and distal ends are used to alleviate problems with reflected light. When 

the bimdles are used without these cover slips, there is a significant amount of Fresnel reflection of the 

illuminating light at the glass-air interface at both the proximal and distal ends of the fiber. A portion of 

this reflected light gets through the detector aim to the CCD camera and masks the fluorescence signal. By 

placing glass cover slips on each end of the fiber, the glass-air interface is effectively moved away from the 

fiber faces. In a conventional fluorescence microscope system, this approach makes no difference since 

there is no rejection of light by an aperture. However, in the confocal setup, the fiber faces are conjugate 

to the slit aperture in the detection arm. Light coming bom any other plane is out of focus and rejected by 

the aperture. Since the planes where most of the Fresnel reflection is occurring is not in focus, most of this 

light is rejected by the detection slit and never reaches the CCD camera. The surface of the cover slip in 

contact with air was also AR coated to further reduce the amount of reflection. There is an additional 

benefit to the cover slip configuration, which will be discussed in more detail in die objective lens design 

section. 
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3.5 CliHKat Prototype System: Objective Lens 

The design of the miniature objective lens compiised a significant portion of this research. A 

high-resolution lens system was required that could relay the illumination from the distal face of the fiber 

bundle to the sample and image the sample fluorescence onto the distal face of the fiber bundle. As with 

the illumination and detection arms, the choice of the fiber-optic bundle set die operating parameters of this 

lens. This section discusses the many stages of the design and some of die alternatives investigated before 

settling on the final configuration. 

3.5.1 Lens Specifications: 

The specifications for the miniature objective lens are listed below. There are a number of 

specifications requiring excellent imaging performance. 

1) F-number in object space: 1.0 
Diffiraction limited resolution: 1.22 microns 
Dif&action limited depth of focus: 1 micron 

2) F-number in image space: 1.67 
Dif&action limited resolution: 2 microns 
Diffiaction limited depth of focus: 2.78 microns 

3) Field of view: +/- 400 microns at the image plane, +/- 239.5 microns at the object plane 
4) Magnification: 1.67 
5) RMS Spot Size at image plane: < 3.0 microns 
6) Maximum element diameter 4.5 mm (unmoimted), 6 mm (mounted) 
7) Telecentric in object space to minimize change in magnification with focus 
8) Telecentric in image space to maximum fiber coupling efficiency with field 
9) Distortion: < 2 % 
10) Achromatic over 480-550 nm 
11) Water immersion in object space 

The lens specifications are driven by several properties of the fiber-optic imaging bundle, 

specifically, the NA of the imaging bundle, the pixel size of the fiber elements in the bundle, and the 

overall diameter of the bundle. The NA of the 30,000 pixel bundle is 0 J5. To prevent cross-talk due to 

overfilling of the bundle, a NA of 0.30 was chosen for the beam exiting the objective and entering the 

bundle. A NA of 0.30 corresponds to a fi^number of 1.67, which is indicated in specification #2. Given 

this f'number, the dif&action-limited spot size, which corresponds to the diameter of the Airy disk, is 2.03 

microns (eq. 3.1) and the depth of focus is 2.78 microns. A lateral resolution of 2 microns is slightly better 
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than is necessaiy because the fiber spacing in the bundle is 3 microns. Theiefoie, the RMS spot size 

specification was set to match the pixel spacing of the bundle easing the need for the lens to be difiBraction-

limited. 

Originally, it was decided to have a magnification of 2.0 from the object plane to the image plane, 

however, this would require the f-number in object space to be around 0.8. It is veiy difficult to design 

high performance lenses with f-numbers less than 1.0, so a magnification of 1.67 was chosen so that the 

object space f-number is 1.0. It turns out that these f-numbers are not as demanding as they seem. The 

reasons for this will be discussed more fiilly later in this chapter. The lateral field-of-view is determined by 

the size of the imaging bundle, which functions as the field stop for the catheter lens. The half field-of-

view in image space is 400 microns so the corresponding half field-of-view in object space is 400/1.67 or 

240 microns. 

The field-of-view for this system cannot be specified in angular terms because the lens is designed 

to be doubly telecentric. Telecentricity is defined in terms of the location of the pupils of the systeuL A 

lens that is telecentric in object space has its entrance pupil located at -oo. Likewise, a lens that is 

telecentric in image space has its exit pupil located at +ao. This lens has been designed so that it is 

telecentric in object space and in image space. Telecentricity is important in object space to keep the 

magnification constant as the system moves in and out of focus. Most standard microscope objectives are 

telecentric in object space. It is also necessary to have this lens telecentric in image space to make sure that 

the coupling efficiency into the fiber stays constant from the center of the imaging bundle to the edges. If 

the chief ray is parallel to the optical axis, then the effective NA remains constant with increasing field and 

the bundle will not exceed the NA at increasing fields. Figure 3.6 shows this concept diagrammatically. 
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Figure 3.6: (a) Lens not telecentric in image space. Shaded cone depicts portion of beam that will not 
propagate through fiber bundle, (b) Lens telecentric in image space aids with constant coupling efficiency. 

The distortion specification arises out of a desire to preserve the size and shape of the objects 

being viewed across the full field In Chapter 1, it was stated that the purpose of this instrument is to allow 

a physician to visualize the morphology of cells in-vivo. While distortion is a stigmatic aberration, it is an 

aberration nonetheless and significant distortion will alter the morphological features of the cells. 

Generally, lens systems with less than 1 or 2 percent distortion do not significantly alter the morphological 

characteristics of the image. Based on this, the distortion specification is set to less than 2 percent 

Achromatic performance is also of paramount importance for this lens because it is used for 

fluorescence imaging. The sample is illuminated with monochromatic light at one wavelength (e.g. 488 

mn), while the fluorescence of the sample occurs over a range of wavelengths. Since the same lens system 

is used to deliver the iUumination and collect the fluorescence (epi-illumination), it needs to be well-

corrected over this range of blue-green wavelengths (488 rmi to SSO nm). 

It should be noted that the catheter lens is designed for water immersion because the eventual goal 

of this project is to develop a device that can be used in-vivo. Most likely, this catheter system will 

function by having the lens in contact with the tissue under investigatioiL The body is mostly made up of 

water; therefore a water- immersion lens is appropriate. Since we do not want the other conqranents of the 

lens to be contaminated, the first element in the system is a removable cover slip that can come into contact 

with the tissue and will seal the rest of the system fiom any possible contamination. 

It was mentioned earlier that the fi'numbers of the lens are not as demanding as they first appear to 

be. The reason is that both the object and image planes are not located in air. The object plane is located 
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at the interface between the tissue and the cover slip, which is a water-glass interface. The image plane is 

located at the interface of a cover sl^ and the imaging bimdle, which is a glass-glass interface. In order to 

understand the ramifications of this circumstance, die definition of the numerical aperture needs to be 

revisited. The numerical aperture of a beam in a space with index, n, is given by '̂ 

NA=nsmu (33) 

where u is the angle of the marginal ray. For a fixed NA, as the index of the space increases the angle of 

the ray decreases. In most cases, the aberrations of a system increase with NA because the angle of the 

marginal ray is increasing. By immersing the object or image plane in a medium with an index of 

refiaction greater than one, the same NA has a smaller corresponding marginal ray angle with smaller 

aberration contributions. 

Finally, it is important to remember that this confocal system will be used for optical sectioning of 

a thick object. Since the lens will be in contact with the object, optical sectioning cannot be achieved by 

scanning the san^le longitudinally and keeping the lens conjugates fixed. The object position is fixed for 

in-vivo applications; therefore, optical sectioning of the sample will be achieved by adjusting the position 

of the image plane (distal fiber face). For different image plane positions, a different plane in the object is 

confocal with the source and detector apertures. Now that the lens is no longer operating with fixed 

conjugates, it is effectively a zoom lens requiring a multi-configuration design approach. However, the 

range of object conjugates is about SO microns which is relatively small. Therefore, it was decided to 

design the lens as a fixed conjugate system with a nominal object location of 25 microns below the surface 

of the object This design would then be evaluated for object plane locations at 0 and SO microns below 

the surface to determine if the performance was in line with the specifications. 
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3.5.2 Gradient Index Lenses 

Miniaturization of a conq>lex lens system was the main objective of this design. A first try at 

developing a miniature lens system involved the use of radial gradient index (GRIN) lenses. Radial GRIN 

lenses are cylindrically shaped pieces of glass, where the index of re&action varies as a function of distance 

&om the optical axis. This index variation can be written as a quadratic function of radius, r,^ 

where no is the base index at the center of the GRIN lens and a is a coefBcient that depends on material 

parameters. This design used a pair of SELFCKJ" GRIN lenses [NSG, Inc.] in combination with 

conventional spherical lenses. The additional lenses are required to correct for some of the field 

aberrations and chromatic aberrations that are significant in GRIN lenses. While some success was 

achieved with these designs, the tolerances on the GRIN lenses were much ti'ghter than is currently 

possible. SELFOC imaging lenses have length tolerances ranging from +/.8.5% to +/-I4%. These are 

extremely loose tolerances, especially for an application where nearly diffiaction-limited imaging is the 

goal. One can appreciate the effect of these tolerances in considering the variation in image position with 

lens length for a single GRIN lens. For the case where the object is placed in contact with one surface of 

the GRIN lens, the location of the image with respect to the other surface is found using the formula 

where Nq is the base re&active index, yf is the squared index gradient constant, and Z is the lens thickness. 

For a standard SELFOC lens of length 2.0 mm, the image distance is 4.85 mm. If a 10% error in the lens 

length is assumed, (i.e. the lens length is 2.2 mm instead of 2.0 mm), the image distance becomes 2.16 mm 

which is an error of 55%. In order to build a working system, GRIN lenses would have to be fabricated and 

have their parameters carefully measured. The rest of the lens would then be designed around these 

parameters. This is impractical for all but a prototype research system. 

«('•) = "o +ar^, (3.4) 

(3.5) 
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3.5.3 Conventional Lens System 

The specifications discussed in the previous section are numerous and demanding, so the starting 

point for the design was not particularly clear. A more carefiil analysis of the problem provides some 

insight about the design process. This lens is functioning as a relay lens with a magnification close to one. 

In addition, the conjugates of the lens are such that the object plane has to be close to the first element and 

the image plane has to be close to the last element Based on these requirements, the lens can be designed 

based on the principle of symmetry. The most powerfiil aspect of a symmetrical lens is that the odd 

aberrations (coma, distortion, and lateral color) vanish.^ This lens is not perfectly symmetric; however, it 

is close enough that this design principle can be used to minimize the odd aberrations. 

Quite often, two lenses are used to relay an image with magnification, where the object is placed 

at the fiont focal point of the first lens. In this configuration, the light emerging fkim the first lens is 

collimated. The second lens refocuses the light producing an image at its focal plane. The magnification is 

given by the ratio of the focal length of the second lens to the focal length of the first lens. While this 

configuration is capable of relaying the image, it will not be capable of doing so without introducing 

significant aberrations, especially at the f-numbers required for this application. However, if two lens 

systems are used in concert in this fashion, then the desired goal can be achieved. Recognizing that 

microscope objective designs are used to produce spatially and chromatically well-corrected images, the 

starting point for the design utilizes two microscope objectives placed back to back to relay the image. 

From the standpoint of practicality, cost, and size, it is important to keep the number of elements 

in the lens system as small as possible. One method of eliminating elements is to use aspheric surfaces to 

aid in the correction of the various aberrations. The unit cost for aspheres can be comparable to spherical 

surfaces if the volume being manufactured is very high. Since this is a prototype system, having custom 

aspheric surfaces fabricated would be prohibitively expensive. A solution to this problem was to use off-

the-shelf aspheric lenses and to design the rest of the lens system around these elements. 

With these three strategies (i.e. symmetry, back-to-back microscope objectives, off-the shelf 

aspherics) a rough, initial design was obtained. The lens was initially designed as a monochromatic lens 
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system. Once the abenations were minimized, two of the singlets were converted to doublets to allow 

chromatic correction for the 488-550 nm wavelength region. Unfortunately, this lens sufiers &om 

significant field curvature and did not meet the specifications at the edge of the field. 

3.5.4 Alternative Designs 

Two strategies were considered for improving die performance of the lens system while keeping 

the number of elements small. One was using dif&active optics and the other was replacing the off-the-

shelf aspheric lenses with one custom aspheric surface. 

• Diffi-active Optics 

In conventional optical systems, aberration correction is often achieved by using doublets with a 

combination of a flint glass and a crown glass to correct longitudinal chromatic aberration and spherical 

aberration. Various types of doublets exist, but they all require the grinding and polishing of four surfaces. 

With two or three doublets in a lens system, the number of surfaces that need to be fabricated increases 

rapidly. The appeal of diffractive optics is that one optic can reduce the four surfaces to two while 

achieving the same or, in some cases, better correction. In many cases, difi&active optics can be as 

expensive to manufacture for prototype systems as aspherics. Nevertheless, this option was investigated. 

In order to understand the appeal of diffractive optics, it is necessary to first discuss how 

conventional doublets correct aberrations. Doublets are primarily used to correct chromatic aberrations. 

For a system of N thin lenses, the longitudinal chromatic aberration. Sic, given by^ 

where is the power of the n''' element and is the Abbe number of the n"* element. In die case of a 

doublet, where a total power of <{>, and zero longitudinal chromatic aberration is desired, we have the 

following two equations in the two unknowns, and ^2 > fof a particular set of glasses with Abbe numbers, 

VI and V2 , 

(3.6) 

(3.7) 
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A+A (3.8) 

These equations can be solved for the two unknowns. The solution is given by 

AF 
(3.9) 

(3.10) 

where 

(3.11) 

In order to minimize the power of each element, the difference in Abbe numbers has to be large. 

As a result, doublets usually consist of a crown glass and a flint glass. However, there is a limit to this 

difference because crown glasses rarely have Abbe numbers greater than 70 and flint glasses rarely have 

Abbe numbers less than 20. This limitation forces one lens to be positive while the other is negative. As is 

apparent in the mathematics, chromatic correction is purely a function of the Abbe numbers of the 

elements. Some correction of the monochromatic aberrations is also possible because there is another 

degree of freedom, namely the base index of each glass. This degree of freedom is often used to help with 

the correction of spherical aberration and coma. 

Dif&actives offer a unique approach to aberration correction. In the case of chromatic aberrations, 

diffractive optics are interesting because they have a negative Abbe number. At first, it is not obvious how 

a diffractive structure can have an Abbe number because it does not have an index of refraction. However, 

an expression for the Abbe number of a diffractive optic can be derived. If one starts with the equation for 

the focal length of a refractive surface '̂ and takes its derivative with respect to the index of refraction, the 

following relationship is foimd 

where/is the focal length and r is the index of refraction. From this equation, we find that for c, d, and f 

light. 

(3.12) 



77 

(3,3) 
/ /, '' 

where V is the Abbe number. The Abbe number is always positive since % > for all glasses. If the 

dif&active optic is modeled as a Fresnel zone plate, the focal length,/ is given by^ 

/ = -^ (3.14) 

where p is the radius of the first zone. 

Solving 3.14 for the focal length and substituting the resulting expression back into 3.13 yields the 

following expression for the Abbe number of a diffiactive optic. 

V= =-3.45 (3.15) 

This discussion is not restricted to c, d, and flight. It is applicable to any three wavelengths. The existence 

of an optical element with a negative Abbe number allows for a host of unique solutions to the color 

correction problem. 

Another powerful attnbute of the dif&active optic is its ability to affect the phase of the incident 

wave&ont This is best understood when the dif&active is mathematically represented as an n"* degree 

polynomial phase function. If the dif&active element is needed only for power (i.e. to focus the beam) then 

this optical element can be modeled as a second degree polynomial of the radial coordinate (p). Fourth and 

higher order polynomials represent higher order phase fimctions that operate in exactly the same way as 

aspheric surfaces with conic constants and higher order terms. As a result, the difi&active optic provides a 

powerful method of correction of higher order aberrations because it is directly altering the phase of the 

wavefront 

Since these properties of difi&actives are so attractive, these lenses were incorporated in the design 

to replace the doublets used for color correction.'̂  The following diagram shows an example of a design 

using two dif&active elements. The prescription for this lens is given in Appendix A. 
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Dif&active surfaces 

i i 

2.66 MM 

Objective lens w/diffractives Scale: 9.40 ORA 22-Mar-98 

Figure 3.7: Lens design employing dif&active optics. Dif&active structures located on piano surfaces of 
the two middle elements. 

Figures 3.8 and 3.9 show the OPD and MTF curves describing the polychromatic performance of this lens. 
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Figure 3^: OPD curves for lens in figure 3.7. 
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Figure 3*9: Polychromatic MTF curves for lens in figure 3.7. 

The performance of this design in terms of OPD and MTF is excellent. It meets the specifications 

over the full field. However, when considering the merits of a design, one must look beyond just the 

design to manufacturing and tolerance issues. The fabrication of the diffiactive optical elements utilized in 

this design would be difficult, if not impossible. This was concluded after evaluating the ring spacing data 

on the dif&active optics generated by CODEV™. These data suggested that the minimum ring spacing 

was less than 10 microns, which, at the time, was difiBcult to fabricate. 

• Custom aspheres 

An alternative desiga approach involved the use of custom aspheres instead of off-the-shelf 

aspheric lenses. By massaging the optimization parameters and adjusting the weights on the fields defined 

for the system, an extremely elegant solution was found. This design is shorter, has one less element and 
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four fewer optical surfaces than the original conventioiial design. It requires only one aspheric surface with 

an eighth order term instead of four aspheric sur&ces with tenth order terms. This design is illustrated in 

figiire 3.10. The prescription for this lens is given in Appendix A, 

Objective lens (custom) 

Figure 3.10: Objective lens design with one custom aspheric surface. 
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Figure 3.11: OPD curves for lens in figure 3.10. 
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Figure 3.12: Polychromatic MTF curves for lens in figure 3.10. 

This is a superior design; however, the issues of fabrication and assembly would make construction 

difficult A preliminary tolerance analysis on this lens indicated that while the fabrication tolerances are 

reasonable, the assembly tolerances are ridiculously tight The decenter tolerance on the elements is at 

most 0.1 mil or 2.5 microns. 

3.5.5 Final Design: 

The alternative design approaches did not jrield any promising solutions to the problem. The 

initial results with the conventional design using off-the-shelf aspheric lenses were very encouraging, 

however, the performance at the higher fields did not meet the specifications primarily because of field 
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curvature. A technique often used to effect field flattening enq>loys lenses near the object and/or image 

plane.'** Field curvature is an aberration that is solely a function of the lens power and its index of 

refraction. Ray heights and ray angles are not important in this instance. By placing these lenses near 

object and image planes, the ray heights at these elements remain small. As a result, the other aberrations, 

which are dependent on the ray heights, are minimized for these elements. In addition to the incorporation 

of the field flattening lenses, the initial design was more carefiilly optimized. The use of these approaches 

significantly improved the performance of the lens with the resulting design (figure 3.14) meeting the 

specifications over the full field. The prescription for this lens is given in Appendix A. 

Clemenc 1 is object plane 
Element 12 is image plane (location of fiber bundle) 
elements 4 and 9 are catalog aspheres which will not be fabricated 

4.90 Mf 

Catheter lens Scale: 5.10 ORA 20-Now-96 

Figure 3.13: Final objective lens design. 
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3.6 Lens PerformuHce 

The analysis of the final lens design considered the following performance metrics: 

• RMS spot diameter at all fields 
• Aberrations nsing THO and RIM analysis 
• Astigmatism and distortion 
• Variation of focal position with wavelength 
• RMS wavefiront using WAV option 
• Polychromatic MTF 
• Performance vs. Conjugate Position 

3.6.1 RMS Spot Diameter: 

One of the design goals was to achieve a RMS spot size of less than 3 microns across the field. 

From the data presented in table 3-1, it is clear that the lens performance exceeds the specification. It is 

important to exceed the performance goals because this provides some room for performance degradation 

due to optical and mechanical fabrication errors. 

Table 3-1: RMS spot size vs. lateral field 

3.6.2 Aberration Analysis: 

In any optical system, the image quality is directly affected by third and higher order aberrations. 

The THO command in CODEV lists the third order aberration contributions of each surface and the 

resulting total contribution. Table 3-2 lists the third order aberrations coefficients for the lens system. The 

results indicate that there is some residual spherical aberration and field curvature, but that die contribution 

of all other third order aberrations is negligible. 

Field (x,y) (mm) RMS spot diameter* 

(0, 0.07485) 
(0, 0.1497) 
(0,0 J395) 

(0,0) 1.8840 nucrons 
2.0073 microns 
2.1537 microns 
2.0728 microns 
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Spherical aberration 0.013800 
Tangential coma -0.001210 
Tangential astigmatism -0.000085 
Sagittal astigmatism •0.000902 
Petzval -0.001310 
Distortion 0.002010 
Axial color -0.002160 
Lateral color 0.000170 
Petzval radius -0.047259 

Table 3-2: Lens system third order aberrations (transverse ray aberrations in millimeteTs). 

Since higher order aberrations can significandy affect image quality and the THO command does 

not provide any information about these aberrations, wavefiont optical path difference (OPD) plots for 

each field were inspected to see if higher order aberrations are problematic. These plots are depicted in 

figure 3.14, and they show that the lens is very well corrected across the entire field. At the edge of the 

field, a small amount of field curvature and potentially some higher order coma starts to affect the 

performance. 



87 

TANGENTIAL 

0.50 

-0.50 

1.00 RELATIVE 

FIELD HEIGHT 

( 0.000°) 
0.50 

-0.50 

0.50 

0.S3 RELATIVE 

FIELD HEIGHT 

(  0 .000° )  
0.50 

-0.50 -0.50 

0.50 

-0.50 

0,31 RELATIVE 

FIELD HEIGHT 

(  0 . 0 0 0 ° )  
0.50 

-0.50 

0.50 

-0.50 

0.00 RELATIVE 

FIELD HEIGHT 

(  0 . 000° )  
0.50 

-0.50 

Catheter lens 

OPTICAL PATH DIFFERENCE (WAVES) 

ORA 20-NOV-96 

550.0 NM 
5X4.0 NM 
488.0 NM 

Figure 3.14: Optical path difference plots for different fields of objective lens. 
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3.6.3 Astijunatism and Distortion: 

With OPD plots, it is easy to see if spherical abeiiatioii and coma are affecting the performance of 

the lens. However, it is not always possible to tell &om these plots the degree to which astigmatism and 

field curvature affect the imagery. The effects of distortion do not appear in OPD plots at all. For this 

reason, field curvature and distortion are shown on separate plots. The astigmatism/field curvature plot 

shows the longitudinal displacement of the image plane with field for the sagittal and tangential planes. 

When the sagittal and tangential plots overlap there is no astigmatism. When these curves show no 

longitudinal displacement with field, then there is no field curvature. Distortion is defined as the 

magnification error as a function of field and is plotted in percentage values. The percent distortion is 

calculated using''' 

where A is the field value (not normalized) and  ̂is the difference between the actual location and the 

expected location of the ray at that field. The ratio in 3.16 is the magnification error as a fimction of field. 

The data in table 3-3 and the plots in figure 3.15 indicate that there is very little astigmatism at the 

edge of the field. The small separation of the sagittal and tangential curves in the mid-field regions 

indicates a very small amount of astigmatism for these fields. Since both curves exhibit variation with 

field, it is evident that the system has some residual field curvature. However, looking at the scale of the x-

axis, the longitudinal displacement at the edge of the field is only three microns, which is excellent 

considering the maximum field is 400 microns. Finally, the distortion plot also indicates that this 

aberration will not affect the imageiy in any significant way. With distortion of 0.5% at the edge of the 

field, the magnification error leads to a 2 micron displacement which is less than the pixel spacing of the 

fiber bimdle. 

(3.16) 
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WAVELENGTH 514.0 nm 

RELATIVE ANGLE X-FOCUS Y-FCXXfS X-FOCXJS Y-FOCUS DISTORTION 
FIELD HEIGHT (PEG) AT THE IMAGE SURFACE (DISPLACED BY 0.000000) (PER CENT) 

0.00 0.00 0.000000 0.000000 0.000000 0.000000 0.00000 
0.10 0.00 -0.000026 -0.000003 -0.000026 -0.000003 -0.00503 
0.20 0.00 -0.000105 -0.000016 -0.000105 -0.000016 -0.02019 
0.30 0.00 -0.000238 -0.000051 -0.000238 -0.000051 -0.04570 
0.40 0.00 -0.000427 -0.000128 -0.000427 -0.000128 -0.08192 
0.50 0.00 -0.000677 -0.000273 -0.000677 -0.000273 -0.12933 
0.60 0.00 -0.000990 -0.000515 -0.000990 -0.000515 -0.18861 
0.70 0.00 -0.001371 -0.000886 -0.001371 -0.000886 -0.26054 
0.80 0.00 -0.001823 -0.001415 -0.001823 -0.001415 -0.34608 
0.90 0.00 -0.002349 -0.002126 -0.002349 -0.002126 -0.44634 
1.00 0.00 -0.002951 -0.003036 -0.002951 -0.003036 -0.56257 

Units of focus are MILLIMETERS 

Table 3-3: Rotationally symmetric field abeirations 

ASTICaiATIC 
FIELD CORVES 
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(0E6) 
f- 0.00 

V- 0.0 

-0.5 0.0 0.5 

X DISTORTION 

ORA 20-NOV-96 

Figure 3.15: Astigmatic field curves and distortion plots for objective lens. 
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3.6.4 Focal Position vs. Wavelength: 

Figure 3.16 illustrates the focal shift with respect to wavelength for the lens system. This plot 

shows the degree of chromatic correctioiL The middle wavelength (514 nm) serves as the reference. The 

chromatic correction attempts to focus the outer wavelengths (488 nm and SSO nm) at the same point If 

this correction were perfect, the curve would be parabolic with the focus shift being the same for the 

extreme wavelengths. The plot below indicates that this is not the case for this lens. The difference in 

focus length for the extreme wavelengths is seven microns. For a high NA lens where minimum spot size 

is extremely important, this potentially presents a problem. For the applications of this system, the 

illumination wavelength will be 488 nm. The fluorescent dyes that will be used for the in-vitro and in-vivo 

experiments have a maximnin emission in the green around 520 nm. The plot in 3.16 indicates the focus 

shift is approximately 2 microns for this range of wavelengths. If the fiber bundle is set such that it is in 

focus for the fluorescence, then the illumination will focus short of the tissue plane and strike the tissue 

plane slighdy spread out This spread can be calculated using the NA in object space, which is 0.5. Since 

the object is in water, the index of re&action is approximately 133, which means the half angle of the cone 

of light in object space will be 22 degrees. At the tissue plane, the diameter of the blurred spot due to a 

defocus of two microns will be 1.6 microns. The ramifications of this problem are explored during system 

characterization in Chapter 4. For experiments where the fluorescence emission wavelength is larger than 

520 mn, the lateral and axial resolution of the system may be compromised. 
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Figure 3.16: Fociis siiift with wavelength (shows quality of axial chromatic correction). 

3.6.5 RMS Wavefront Analysis: 

The RMS wavefront error, <Tw, is a single value metric often used to characterize the performance 

of an optical system. Mathematically, this quantity is defined as  ̂

(3.17) 

where PF is the wave aberration polynomial. When the RMS wavefront error is less than 0.07 waves, the 

optical system is considered to be diffraction limited.̂ ' Another metric, related to the RMS wavefront 

error, that is used to characterize diffraction-limited systems, is the Strehl ratio. This metric is defined as 

the ratio of the peak irradiance of the system point spread function to the peak irradiance of the point 

spread function for the perfect lens (no aberrations) with, the same vignetting and obscuration. This 

quantity can be expressed in terms of the RMS wavefront error as 

Strehl ratio = cj-. (3.18) 
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The expressioa for the Strehl ratio is derived by expanding die wave aberration polynomial as a power 

series. The aberrations are assumed to be small so diat the power series can be truncated after the second 

term. As a result, the Strehl ratio is only valid for systems with small aberrations. In CODEV, this 

calculation is generally valid for RMS wave&ont errors less than 0.1.̂  A Strehl ratio value of 0.8 or 

greater is commonly accepted as an indication of diffiaction-limited performance.̂  ̂ Table 3-4 provides the 

CODEV generated RMS wavefiront error and Strehl ratio data for this objective lens. This information is 

provided both for best individual focus (field points evaluated separately) and best composite focus (field 

points evaluated together) and clearly indicates that the performance of the lens is diffraction limited in 

both cases. 

XREL. FIELD 0.00 0.00 0.00 0.00 WAVELENGTHS 550.0 514.0 
488.0 
YREL. FIELD 0.00 0.31 0.63 1.00 WEIGHTS 1 1 

1 
WEIGHTS I.OO 0.88 0.50 0.30 
NUMBER OF RAYS 900 900 902 912 

FIELD BEST INDIVIDUAL FOCUS 
FRACT DEG SHIFT FOCUS RMS STREHL 

(MM.) (MM.) (WAVES) 

BEST COMPOSITE FOCUS 
SHIFT FOCUS RMS STREHL 
(MM.) (MM.) (WAVES) 

XO.OO 0.00 0.000000 0.000906 0.028 0.969 
Y 0.00 0.00 0.000000 

O.OOOOOO 0.000530 0.030 0.966 
0.000000 

XO.OO 0.00 0.000000 0.000726 0.034 0.957 
Y0.31 0.00 0.000007 

0.000000 0.000530 0.034 0.956 
0.000007 

XO.OO 0.00 0.000000 0.000235 0.043 0.929 
Y 0.63 0.00 -0.000014 

0.000000 0.000530 0.044 0.927 
-0.000014 

XO.OO 0.00 0.000000 -0.000743 0.054 0.890 
Y 1.00 0.00 -0.000136 

O.OOOOOO 0.000530 0.064 0.850 
-0.000141 

COMPOSITE RMS FOR POSmON 1: 0.039 
Units of RMS are waves at 513.1 nm. 

Table 3-4: RMS wave&ont error and Strehl ratio for best individual and conqx>site focus 



93 

3.6.6 Polychromatic MTt': 

The final characterization of the lens evaluated the polychromatic modulation transfer fimction 

(MTF). The optical transfer function was discussed briefly in Chapter 2. The MTF is obtained by taking 

the magnitude of the optical transfer function and provides infonnation about the contrast of the image at 

different spatial frequencies. The contrast of a periodic fimction is defined as  ̂

C= . (3.19) 
^nax •'"^nnn 

If a periodic function with a specific frequency serves as the object, measurement of die maximum 

and minimum intensities at the image plane determines the contrast at that spatial frequency. In a perfect 

incoherent imaging system, the contrast will decrease as the spatial frequency increases. This decrease will 

be approximately linear with spatial frequency until the contrast approaches zero at the cutoff frequency 

(AP#)''. The spatial frequency is usually expressed in cycles/mm. 

For systems that have abenations, the contrast will drop off more rapidly as a fimction of spatial 

frequency. This phenomenon is greatest in the mid-spatial frequency range of the MTF curve. Therefore, 

calculation of the MTF curve is an excellent method of determining how the system performs relative to a 

diffraction-limited system. The MTF analysis for this lens was performed at a spatial frequency of 170 

cycles/mm in image space, which represents the Nyquist cutoff of the fiber-optic imaging bundle. Table 3-

5 compares the MTF at each field with the diffraction limited MTF. From the table it is clear that the 

values are very close, again validating the diffraction-limited performance of the lens. The table also 

provides data concerning the relative illimiination at each of the fields. Normally, the illumination is 

expected to be lower at the edge of the field than at the center because vignetting reduces the effective 

pupil size for larger fields. These data indicate that the opposite situation is occurring with this lens. In 

some lens systems, the effective pupil size actually increases with field angle. As a result, the throughput 

increases with field. The plot in figure 3.17 illustrates how the MTF curves for all the fields are very close 

to the diffraction limited MTF. 
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Figure 3.17: Polychromatic MTF plot of all fields for objective lens. 

Field (x,y) 
Diffraction limit 
RAD TAN 

Actual Lens at Nominal Focus 
RAD TAN Relative Illumination(%) 

(0.0) 
(0, 0.07485) 
(0,0.1497) 
(0, 0.2395) 

.814 

.814 

.815 

.819 

.814 

.815 

.817 

.789 

.789 

.787 

.773 

.784 

.775 

.761 

100.0 
100.0 
100.6 
101.9 

Table 3-5: Polychromatic MTF and relative illumination values at 170 cycles/mm 

3.6.7 Performance vs. Conjugate Position 

The confocal microscope system has the capability of imaging different slices within a thick 

volume. With the fiber-based system, the desired slice within the thick object will be selected by adjusting 

the position of the distal face of the fiber bundle with respect to the miniature objective lens. As the distal 

face (i.e. image plane) position is ai^usted, a different conjugate plane in the object is selected. However, 

since the lens will be operating over a range of conjugates, it was important to verify that there would be no 

significant degradation in performance for different object-image conjugates. An analysis of the variation 

in RMS and geometrical spot size with object position was undertaken to quantify this behavior. Table 3-6 
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lists these values for difierent object positions. The object position is given as the distance, in microns, 

from the first surface of the objective lens system. The table lists die diameter of the RMS or geometrical 

spot in microns. 

Object position On-axis Field 1 Fie d2 Field 3 
RMS Geo RMS Geo RMS Geo RMS Geo 

0 2.812 7.184 2.888 8.052 2-926 7.946 2.650 6368 
10 2.664 6.874 2.746 7.738 2.828 7.648 2.610 6380 
25 2.452 6.400 2364 7.268 2.488 12X1 2.566 6.466 
40 2.252 5.940 2386 6.802 2.558 6.788 2.542 6.606 
50 2.128 5.626 2.276 6.492 2.480 6.512 2.536 6.734 
75 1.860 4.838 2.042 5.728 2318 5.078 2.562 7.172 
lOO 1.672 4.050 1.880 5.978 2.214 5.8 2.654 7.804 
125 1.586 3.266 1.808 4.250 2.182 5.708 2.816 8.654 
150 1.614 2.808 1.832 4.404 2.224 5.718 3.060 9.748 

Table 3-6: RMS and geometrical spot diameters as a function object conjugate position (afier best focus 
calculation) 

The results of the analysis indicate that the performance of the lens with respect to RMS spot diameter 

remains relatively constant even for conjugate positions beyond the design limit of 50 microns. In fact, for 

all but the maximum field, the performance of the lens improves for the farther conjugate positions. The 

geometrical spot diameter has greater variation with object conjugate position. However, the performance 

with respect to this parameter inq>roves, once again, for farther conjugate positions for all but the 

maximum field. Based on these results, different slices in the object can be imaged without significant 

degradation in image resolution. 

S. 7 Lens Tolerances 

An optical design is worthless unless the lens can be made at reasonable cost In order to 

determine if the lens could be fabricated with reasonable tolerances, a tolerance analysis was implemented 

to ensure that the manufactured lens could meet the desired specifications. This section summarizes the 

results fi'om four tolerance runs for the catheter lens. Both a CODEV™ analysis, which uses di£fetential 

analysis,̂  and a Monte Carlo analysis were performed to cross-check and verify the accuracy of the 

results. 
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A tolerance analysis on a lens system almost always begins widi die definition a performance 

goal. The objective lens system coupled with die fiber represents a sampling system. Therefore, the MTF 

at the Nyquist cutoff of the fiber was used as die performance goaL Specifically, it was decided to target 

an MTF of 0.5 @ 170 cycles/mm across the field of view of the lens. This MTF value represents a 

reasonable tradeoff point between aliasing effects due to die system response at higher fivquencies and the 

loss of resolution at the lower spatial frequencies. Table 3-7 summarizes the MTF values of the design for 

all the fields at the Nyquist frequency of the fiber bundle. It is inqiortant to note a slight difference in this 

table as compared to the data in the previous section. In section 3.6, the MTF values were reported for 

fields only in the sagittal plane. This is acceptable because the optical system is rotationally symmetric. 

When considering tolerances where tilts and decenters destroy the rotational symmetry of the system, other 

field points outside of the sagittal plane need to be examined to make sure that the imagery over the entire 

two-dimensional image plane is not adversely affected. 

Field M il- @ 170 cycles/mm 

on-axis .768 
x=0.0 y=.1497 mm .756 
x=.1497 y=0.0 .773 
x=-.17 y=-.17 .709 
x=0.0 y=.2395 .750 

Table 3-7: Nominal polychromatic MTF values reported by TOR 

In addition to the determination of a performance goal, determination of the tolerance values to 

use for this analysis was also necessary. Table 3-8 relates a commonly accepted classification of tolerance 

parameters by cost and difficulty." 

Parameter Catalog ComoMm Sclect Ultra SOTA 
Radii 5% 1% 0.5% 0.1% 0.1% 

Irregularity 2-1/4 fringe 2-1/4 fiinge 1/4-1/8 fiinge 1/8-1/20 fiinge 1/50 fiinge 
Thickness +/- 0.2 mm +/- .125 mm +/- .050 mm +/- .025 mm +/- .005 mm 

Wedge 5 arcmin 1 arcmin 20 arc sec 5 arc sec 1 arc sec 
Decenter +/- .050 mm +/- .050 mm +/- .025 mm +/- .0125 mm +/- .005 mm 

Cost 1.0 0.8-1.2 2-4 4-LO > 100 
Table 3-8: a assification of tolerance parameters 
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The initial analysis used the select group of tolerances. Toleiancing tends to be an iterative process where 

a certain set of values is used initially and the results analyzed widi respect to the performance goaL Based 

on this analysis, the tolerances are loosened or tightened and the analysis is performed again. The results 

presented in this section are an accumulation of many iterations where the initial set of tolerances were 

adjusted until a final set was determined. 

The final question that needs to be answered for the tolerance analjrses concerns die 

compensators. Whenever the effects of fabrication and ah'gnment errors on lens performance are 

evaluated, some parameters are not included in the analysis because they will be used to compensate for 

some of these errors. As an example, if some of the airspaces are in error, then the on-axis performance 

will suffer because the location of the image changes and some spherical aberration has been introduced. 

However, these effects can be minimized if the distance between the final surface and the detector is 

allowed to vary. That is, if the detector (image) position is variable to allow adjustment for the best focus, 

then the errors due to the airspace problem can often be compensated. As a rule, for symmetric errors such 

as lens radii, lens thickness, air spaces, index of re&action, etc., a focus compensator will be necessary. 

This compensation can be effected by adjusting the position of the detector plane or the axial position of 

another optical element For asymmetric errors such as tilt, decenter, wedge, roll, and irregularity, a tOt or 

decenter compensator may be necessary. 

Preliminary tolerance runs indicated that assembly errors would limit the performance more than 

fabrication errors. Trying various combinations of decenter compensators lead to the discovery that the x 

andy decenters of the final subassembly would be most effective. The fiber face location and the airspace 

between the last two elements were reserved as focus compensators for the symmetnc errors. 

In order to accurately tolerance this lens and to make sure that the tolerance results were correct, 

four separate analyses were performed. The first analysis used the CODEV TOR command to generate 

tolerances based on differentials. The primary purpose of this analysis was to isolate the system parameters 

that would limit the performance of the lens. The analysis was nm in "sensitivity mode" so that the data 

would indicate how  ̂ the MTF performance changed for a specific fabrication or assembly tolerance. The 
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second tolerance run was a Monte Carlo analysis of the tolerance parameters. A macro was written in 

CODEV script to manually alter the lens fabrication and alignment parameters for each surface in the lens. 

The MTF of the perturbed system was then calculated. This process was repeated a large number of times 

(approx. 1000) to get a reasonable sampling of the overall distribution of error. 

The first and second tolerance runs analyzed the system for the nominal object and image 

conjugates. However, since this lens will be used in a confocal system, and the object plane position will 

vary over a 50 micron distance, the performance of the lens had to be verified over a range of object and 

image conjugates. The third tolerance analysis was another Monte Carlo analysis of the tolerance 

parameters fairing this range of conjugates into account The final analysis evaluated the effect of the 

tolerance parameters on the system distortion. 

Tables 3-9 and 3-10 list the final set of centered and decentered tolerances that were determined 

by an iterative process of tolerance adjustment and performance analjrsis. The sections following these 

tables present the results of the detailed analyses used to verify that these tolerances were appropriate. 
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C E N T E R E D  
T O L E R A N C E S  

RADIUS FRINGES TfflCKNESS INDEX V-NO 
SUR RADIUS TOL(0.5%) POW/IRR TfflCKNESS TOL GLASS TOL(%) 

1 INF 0.02500 •WATER* 0.00050 0.50 
2 INF 0.18000 0.02000 BK7 0.00050 0.80 
3 INF 0.50000 0.02500 
4 -1.95834 0.0100 /0.25 0.91031 0.02500 SFL6 0.00050 0.50 
5 -335280 0.0170 /0.25 0.50000 0.02500 
6 10.23542 0.0500 /0.25 3.44250 0.05000 •C0550' 0.00050 0.50 
7 -3.15457 0.0160 /0.25 6.27220 0.02500 
8 0.50000 0.02500 
9 12.70000 0.0635 /0.25 1.00000 0.05000 SFL6 0.00050 0.50 
10 4.53644 0.0230 /0.25 2.00000 0.05000 SKIO 0.00050 0.50 
11 -10.27938 0.0500 /0.25 0.75000 0.02500 
12 INF 3.37199 0.05000 F5 0.00050 0.50 
13 3.42900 0.0170 /0.25 2.90794 0.05000 LAKIO 0.00050 0.50 
14 8.97890 0.0450 6.97499 0.02500 
15 3.15457 0.0160 /0.25 3.44250 0.05000 •C0550* 0.00050 0.50 
16 -10.23542 0.0500 /0.25 0.80204 
17 INF 1.00600 0.02500 FK5 0.00050 0.50 
18 1.68402 0.0100 /0.25 0.50007 
19 INF 0.18000 0.02000 BK7 0.00050 0.80 
20 INF 0.00000 
21 0.00000 
Radius, radius tolerance, thickness and thickness tolerance are given in mm. Fringes of power and 
irregularity are at S46.1 nm. Irregularity is defined as fringes of cylinder power in test plate fit 

Table 3-9: Final centered tolerances used for lens manufacturing 

D E C E N T E R E D  
T O L E R A N C E S  

ELEMENT FRONT BACK ELEMENT WEDGE ELEMENT TILT ELJ)EC/ROLL(R) 
NO. RADIUS RADIUS TIR ARCMIN TIR ARCMIN TIR mm. 

I INF INF 
1-2 INF INF 0.0002 1.7 0.0000 0.0250 
2 INF INF 0.0030 20.7 
3 -1.95834 -3.35280 0.0030 93 0.0006 1.7 0.0002 0.0250 
4 10.23542 -3.15457 0.0030 3.8 0.0014 1.7 0.0397 0.0250 
5 12.70000 4.53644 0.0030 2.1 0.0061 0.0100 (R) 
5-6 12.70000 -10.27938 0.0025 1.7 0.0218 0.0250 
6 4.53644 -10.27938 0.0030 2.1 
7 INF 3.42900 0.0030 23 0.0141 0.0100 (R) 
7-8 INF 8.97890 0.0020 1.7 0.0113 0.0250 
8 3.42900 8.97890 0.0030 2.5 
9 3.15457 -10.23542 0.0030 3.7 0.0014 1.7 0.0397 0.0250 
10 INF 1.68402 0.0030 9.1 0.0006 1.7 0.0167 0.0250 
11 INF INF 0.0030 12.9 0.0004 1.7 

Table 3-10: Final decentered tolerances used for lens manufacturing. 
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The aspheric coe£5cient toletances of elements 4 and 9 were not available so they were set at 2% 

based on discussions with the manufacturer. For wedge and tilt, TIR is a single indicator measurement 

taken at the smaller of the two clear apertures. For decenter and roll, TIR is a measurement of the induced 

wedge and is the maximum difference in readings between two indicators, one for each surface, with both 

surfaces measured at their respective clear apertures. The direction of measurement is parallel to the 

original optical axis of the element before the perturbation is applied. TIR is measured in mm. Decenter or 

roll is measured perpendicular to the optical axis in mm. For more details about diese tolerance 

parameters, the reader is referred to the CODEV Reference Manuals. 

3.7.1 CODEV Generated Tolerances Using TOR 

Using the values shown in tables 3-9 and 3-10, an MTF tolerance was performed at 170 

cycles/mm and an azimuth angle of90.00 degrees. For this analysis, all five fields were weighted equally. 

Only those parameters generating a change in MTF greater than .02 are listed (Appendix B). All linear 

dimensions are in millimeters and all angular dimensions are in radians. The probable change in MTF 

assumes a uniform distribution of manufacturing errors over the range for all parameters except tilt and 

decenter which have a truncated Gaussian distribution in X and Y. The results are summarized in table 3-

11. 

RELATIVE FREQ AZIM WGT. DESIGN DESIGN MTF COMPENSATOR RANGE (+/-) » 
FIELD L/MM DEO MTF +TOL* DLTS16 DLTS18 DSXS15..21 DSYS15..21 

0.00, 0.00 170.00 90.0 1.00 0.768 0.604 0.155631 0.170395 0.056870 0.044721 
0.00, 0.63 170.00 90.0 l.OO 0.756 0.541 0.155631 0.170395 0.056870 0.044721 
-0.88, 0.00 170.00 90.0 1.00 0.773 0.584 0.155631 0.170395 0.056870 0.044721 
1.00,-0.71 170.00 90.0 1.00 0.709 0374 0.155631 0.170395 0.056870 0.044721 
0.00, 1.00 170.00 90.0 1.00 0.750 0.273 0.155631 0.170395 0.056870 0.044721 

• The change in MTF is a mean plus 2 Sigma value (97.7 percent) and assumes a uniform distribution of 
manufacturing errors over the range for all tolerances except decentration errors which have a 
truncated Gaussian distribution in X and Y. The compensator range is a mean plus 2 Sigma value. 

Table 3-11: Summary of MTF tolerance data ( V* fringe irregularity) 
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Tolerance values were also generated for the same tolerance set widi a slightly looser irregularity 

tolerance (one-half fringe instead of one-quarter fringe). These results were generated because it was not 

yet apparent whether the Y* fringe tolerance would be significantly more expensive than the Vi fringe 

tolerance. In the event that a tighter irregularity tolerance would be more costly, the significance of the 

irregularity tolerance parameter was analyzed. From the results siunmarized below, it appears that there is 

not much difference. 

RELATIVE FREQ AZIM WGT. DESIGN DESIGN MTF COMPENSATOR RANGE (+/-) • 
FIELD I7MM PEG MTF H-TOL* DLTS16 DLTS18 DSXSIS..21 DSYS1S..21 

0.00,0.00 170.00 90.0 1.00 0.768 0J95 0.155782 0.170680 0.057582 0.044759 
0.00,0.63 170.00 90.0 l.OO 0.756 0.535 0.155782 0.170680 0.057582 0.044759 
-0.88,0.00 170.00 90.0 1.00 0.773 0.576 0.155782 0.170680 0.057582 0.044759 
L00,-0.7l 170.00 90.0 l.OO 0.709 0J64 0.155782 0.170680 0.057582 0.044759 
0.00. 1.00 170.00 90.0 1.00 0.750 0J69 0.155782 0.170680 0.057582 0.044759 

Table 3-12: Summary of MTF tolerance data ( fringe irregularity) 

The data in tables 3-11 and 3-12 indicate that the on-axis and mid-field perfonnance is preserved 

fairly well but that the system perfonnance falls short of the MTF specification at the edge of the field. 

Tighter tolerance ranges for lens decenter, tilt, and irregularity would have improved these results. 

However, this would have increased the cost of fabrication significantly. To keep the costs reasonable, it 

was decided that the performance at the edge of the field could be sacrificed. In addition, as the results of 

the next section indicate, there was a finite probability that the performance at the edge of the field would 

meet the specification with these tolerance values. 

3.7.2 Monte Carlo Analysis of Tolerances for Nominal Focus 

In practice, when the lens system is assembled, only the on-axis point wiU be observed and 

optimized for performance. Therefore, it is cmcial to know how the MTF off-axis will be affected for 

optimizations only on-axis. To determine this, a Monte Carlo tolerance analysis was performed. 1000 runs 

were performed where the various parameters of the lens were perturbed randomly and then re-optimized 

for on-axis performance using the con^wnsators as variables. An MTF calculation was performed after 

each run for all five fields and recorded. After the 1000 runs were completed, statistics on the MTF and 

the compensators were generated. Again, the analysis was performed for both 'A and Y* fiinge irregularity 
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tolerances. The results are listed in tables 3-13 through 3-16 with the field points in dimensions of 

millimeters. The X and Y labels refer to the x and y conqwnents of each field. 

Field Mean Std. Dev. Prob. > O.S 
(0.0,0.0) X .753 .0352 1.0 

y .753 .0342 1.0 
(0.0,.1497) X .677 .0648 .984 

y .564 .1353 .725 
(.1497,0.0) X .559 .1381 .704 

y .681 .0635 .989 
(-.17.-.17) X .470 .1621 .479 

y All .1634 .478 
(0.0, .2395) X J33 .1250 .626 

y 391 .1700 JOO 
Table 3-13: MTF Tolerance Statistics of Monte Carlo Analysis (1/4 fringe irregularity) 

Compensator Mean Std. Dev. 
Airspace after element #9 -.0506 mm .1800 
Airspace after element #10 .0910 mm .2404 
X decenter of S15..21 .0012 mm .0347 
Y decenter of SI5..21 0.0 mm .0342 

Table 3-14: Compensator Statistics of Monte Carlo Analysis (1/4 fringe irregularity) 

Field Mean Std. Dev. Prob. > 0.5 
(0.0,0.0) X .746 .0371 .999 

y .746 .0391 1.0 
(0.0,.1497) X .673 .0684 .977 

y .554 .1361 .680 
(.1497,0.0) X J54 .1383 .698 

y .676 .0677 .980 
(-.17.-.17) X .456 .1664 .447 

y .462 .1656 .445 
(0.0, .2395) X .530 .1315 .625 

y 373 .1719 .279 
Table 3-15: MTF Tolerance Statistics of Monte Carlo Analjrsis (1/2 fringe irregularity) 

Compensator Mean Std. Dev. 
Airspace after element it9 -.0630 mm .1773 
Airspace after element #10 .1030 mm .2408 
X decenter of S15..21 .0006 mm .0343 
Y decenter of S15..21 .0003 mm .0354 

Table 3-16: Compensator Statistics of Monte Carlo Analysis (1/2 fringe irregularis) 
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These results are very similar to the CODEV generated tolerances. In both cases, die results 

indicate that the performance ofif-axis is not as good as our desired specifications. However, as mentioned 

previously, the Monte Carlo analysis indicates there is a significandy probability that the MTF will meet or 

exceed specification at the edge of the field (boldfaced values in tables). 

3.7.3 Monte Carlo Analysis of Tolerances for Outer Zoom Positions 

Since this lens system has a range of object plane locations and, hence, image plane locations, it 

was important to evaluate how the tolerances will affect the performance at positions odier than the 

nominal object plane. The specifications require that the object plane can be located anywhere fiom 0 to 

50 microns away from the first optical surface. In the previous section, the system was toleranced at the 

nominal object position of 25 microns fiom the first optical surface. The results presented in this section 

evaluate die optical system at the two extremes of the object position range, 0 and 50 microns. This 

analysis was performed by first executing a tolerance iteration at the nominal position of 25 microns, then 

adjusting the object plane position to one of the extremes, refocusing to get the best image and recording 

the corresponding MTF values for the five fields. The results of the entire analysis are given below for 400 

runs. Only the results for the tolerance set with Vz fringe irregularity are given. Statistics were also 

generated on how much refocusing was required to get the best image after object plane relocation. 

Field Mean Std. Dev. Prob. > 0.5 

y 
(-.17,-.17) X 

y 
(0.0, .2395) X 

y 

y 
(.1497,0.0) X 

y 
(0.0,.1497) X 

(0.0,0.0) X .746 
.746 
.673 
.561 
.561 
.675 
.489 
.491 
.545 
391 

.0368 

.0392 

.0694 

.1305 

.1268 

.0690 

.1577 

.1555 

.1208 

.1651 

1.0 
1.0 

.983 

.710 

.720 

.978 

.508 

.525 

.653 

.295 

Refocusmean: -56.142 microns 
Refocus std.dev.: 7.78 microns 

Table 3-17: MTF Tolerance Statistics of Monte Carlo Analysis for 50 Micron Position (1/2 fringe 
irregularity) 
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Field Mean Sid. Dev. Prob. > 0.5 
(0.0,0.0) X 

y 
(0.0,.1497) X 

y 
(.1497,0.0) X 

y 

.745 

.745 

.670 

.547 

.552 

.670 

.458 

.465 

.518 
357 

.0351 

.0377 

.0685 

.1407 

.1391 

.0682 

.1756 

.1728 

.1283 

.1730 

1.0 
1.0 

.983 

.693 

.685 

.975 

.488 

.460 

.578 

.243 

(-.17,-.17) X 
y 

(0.0, .2395) X 
y 

Refocus mean; 56.182 microns 
Refocus stddev.: 7.88 microns 

Table 3-18: MTF Tolerance Statistics of Monte Carlo Analysis for 0 Micron Position(l/2 fringe 
irregularity) 

These results indicate that the expected performance of the system at the extremes of the object position 

range will be very similar to the expected performance at the nominal position. The gamble not to design 

the lens using a multi-configuration approach paid off. 

3.7.4 Distortion Tolerancing 

Finally, the effects of the tolerances on image distortion were evaluated to ensure that no strange 

effects were being introduced. This analysis was performed because after any particular iteration of the 

Monte Carlo analysis, the total distortion appeared to be very large. Table 3-19 provides distortion data for 

a sample tolerance run. The data indicate an error of 60 microns for a 240 micron field. 25% distortion 

would be disastrous for this application. This effect is shown graphically in figure 3.18. 

Minimum value: 
Maximum value: 
Average value: 
Std deviation ; 

Ah 
0.055622 
0.060352 
0.059065 
0.000844 

-0.170000 -0.170000 
-0.010150 0.239500 

Table 3-19: Uncalibrated distortion for a sample tolerance run. 
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Figure 3.18: Graphical depiction of distortion vs. object height 

In reality, the distortion is not nearly this bad. Upon more careful investigation of the above 

diagram, all the arrows seem to be of the same length and oriented in the same direction as though, die 

image is simply shifted not distorted An analysis of the data revealed that this was indeed the case. 

Because of decenters and tilts added to the system during the tolerancing process, the optical axis ray does 

not hit the image plane at x=0, y=0. This causes an error in the calculation of the distortion. If the image 

plane is decentered such that the optical axis ray does go through (0,0), then the distortion is computed 
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properly with a maximum value of 1.8%, which exceeds the perfomiance goal of 2%. Table 3-20 lists the 

corrected data and figure 3.19 plots the correct results. 

Ah 
Minimum value; 0.000006 
Maximum value: 0.004308 
Average value: 0.000776 
Std deviation; 0.000828 

Table 3-20: Corrected uncalibrated distortion for a sample tolerance run 

o.:ooo -a.iooo o.oooo o.iooo o.zooa 
X Objecc Helghc - mm 

Catheter lens (no EX) 
DISTORTION 

Catheter lens (no EX) 
vs 

E's) 
vs 

E's) 
OBJECT HEIGHT 

ORA 20-NOV-96 l O.OlSmm 

K K 
0.021820 -0.006200 
-0.170000 -0.170000 

Figure 3.19: Graphical depiction of corrected distortion vs. object height 
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After generating the tolerance results described above, it was discovered that there were a couple 

of shortcomings in the analysis. First, there are a number of surfaces in die lens that are flat and these were 

not included in the radius tolerances. For completeness, they should have been included as fringe 

tolerances using the DLF command. The fringe tolerance on the plane parallel plates (glass cover slips) 

was set to +/- S fringes because these are manufactured and sold in bulk and it is appropriate to assume a 

large error. The fringe tolerance on the flat surfaces of the custom lenses was set at +/- 3 fringes. This is 

on the high side, but it is best to analyze a worst case scenario. Second, when decentered tolerances are 

included, it is a good idea to include one pair of field points along the x or y axis which are symmetric 

about the origin. This approach provides a more complete picture of how asymmetric errors, such as tilt 

and decenter, will affect the entire image. The data presented below provides a summary of the results 

taking these two shortcomings into account Only 600 runs were performed for the Monte Carlo analysis 

of these tolerances. 

Field Design CODEV Manual MTF (x-comp) Manual MTF (y-comp) 
Mean Std. Dev. Mean Std. Dev. 

(0.0,0.0) .768 .604 .746 .0363 .747 .0351 
(0.0, 0.1497) .756 .548 .674 .0652 .551 .1331 
(0.1497, 0.0) .773 .591 .554 .1314 .671 .0709 
(0.0, -.1497) .709 .417 .672 ..0680 .550 .1391 
(0.0, 0.2395) .750 .359 .521 .1219 398 .1532 

Table 3-21: MTF tolerance comparison of CODEV and Monte Carlo r^ults 

Conyensator CODEV Manual 
Mean Std. Dev. 

DLTS16 .172012 -.0634 .1804 
DLTS18 .187681 .1035 .2435 
DSXS15..21 .057084 -.0020 .0353 
DSYS15..21 .047414 .0011 .0354 

Table 3-22: MTF Compensator Summary 

Tables 3-21 and 3-22 provide a conyarison between the CODEV results generated using a differential 

analysis and the Monte Carlo results. The MTF results of the two approaches seem to be in agreement. 
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with the CODEV data being more pessimistic than the data generated witfi the Monte Carlo analysis. The 

compensator values are of the same order of magnitude, but the agreement is not particularly strong. 

3.7.5 Tolerancing the Compensators 

In discussions with those more skilled in the art of lens design, it was noted that the compensators 

for this system had not been toleranced and that this can be a significant factor in determining whether die 

lens can be built or not. The compensators need to be toleranced because the elements used to effect 

compensation can be positioned only with finite precision. Preliminary investigation of this matter 

indicated that this was indeed a significant factor for this system. The predicted perfomunce, when taking 

the compensator tolerances into account, were abysmal. However, a more careful consideration of the lens 

fabrication procedures highlighted the flaws in the tolerancing approach discussed in the previous sections. 

The procedure outlined below is generally used in the fabrication and assembly of a lens system. 

• Nominal specifications sent to vendor 

• Following fabrication of the lenses, measured radii and thickness measurements and melt data 

input mto CODEV 

• Air spaces reoptimized for new radii and thickness 

• Final compensators needed for assembly will be focal plane location and X and Y decenters 

of the final sub-assembly 

A quick tolerance analysis was performed taking this procedure into account First, random radius, 

thickness, index, and dispersion errors were introduced into the lens to simulate fabrication errors within 

the defined tolerances. A CODEV optimization using the original merit fimction was performed with only 

the air spaces as variables. After the optimization was completed, the lens was toleranced with the 

CODEV routine and a complete set of tolerances, taking the measurement errors of the radii and 

thicknesses into account, was generated. The radii measurement errors were simulated as a test plate fit 

tolerance of half a fringe. The thickness measurement error was assumed to be +/- 2S microns. The 

following tables give the results of the analysis. For these tables, the irregularity tolerance is 14 fiinge. The 
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tolerances on the decenter conqiensators are +/- 25 microns. Table 3-23 and 3-24 list the MTF data for a 

spatial frequency of 170 cycles/mm for dififeient tolerances on the defocus compensator. 

Field Design Design+Tol Focus Decenter X Decenter Y 
0.00,0.00 0.768 0.420 0.127643 0.057219 0.047090 
0.00, 0.63 0.755 0J55 0.127643 0.057219 0.047090 
1.00,0.00 0.771 0.403 0.127643 0.057219 0.047090 
0.00, -0.63 0.755 0.269 0.127643 0.057219 0.047090 
0.00, 1.00 0.650 0.220 0.127643 0.057219 0.047090 

Table 3-23: CODEV Tolerance Performance Summary (Focus compensator is +/- 5 microns) 

Field Design Design+Tol Focus Decenter X Decenter Y 
0.00, 0.00 0.767 0.557 0.127970 0.057546 0.047882 
0.00,0.63 0.753 0.471 0.127970 0.057546 0.047882 
1.00,0.00 0.772 0.533 0.127970 0.057546 0.047882 
0.00, -0.63 0.753 0.390 0.127970 0.057546 0.047882 
0.00, 1.00 0.585 0.266 0.127970 0.057546 0.047882 

Table 3-24: CODEV Tolerance Performance Summary (Focus compensator is +/- 2.5 microns) 

These tables indicate that the tolerancing of the compensators has a significant impact on the predicted 

perforaiance. In table 3-23, where the tolerance oa the focus compensator is set at +/- 5 microns, the 

additional degradation in MTF is about 0.18 on average. For table 3-24, the degradation is about 0.060. 

However, these results indicate that the lens can still be built The analysis performed prior to 

consideration of the actual process of fabrication indicated that the lens could not be made. 

For these tolerance results, all five fields were weighted equally in the optimization of the 

compensator values. However, during assembly, only the on-axis field will be optimized. Tolerance 

results were then generated using the CODEV TOR command for the case where the on-axis field was 

weighted heavily and the remaining fields had very low weights on them. These results are not shown 

here but they indicated a severe degradation in performance that did not seem intuitively correct To get a 

better idea of the exact effect on the other fields for optimization of the on-axis field only, a Monte Carlo 

analysis was performed. The results for 250 runs are given in Table 3-25. 
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Field Design CODEVOn-
axis/AU fields 

Manual MTF (x-comp) Manual MTF (y-con^) 

Mean Std. Dev. Mean Std. Dev. 
(0.0, 0.0) .768 0.457/0.420 .637 .1281 .639 .1277 
(0.0, 0.1497) .756 0.192/0J55 .600 .1290 .517 .1695 
(0.1497,0.0) -773 0.391/0.403 .538 .1514 .605 .1230 
(0.0,-.1497) .709 0.176/0.269 .603 .1295 .538 .1589 
(0.0, 0.2395) .750 0.000 / 0.220 .512 .1455 .403 .1718 

Table 3-25: Monte Carlo analysis of MTF with on-axis tolerance only 

The manual tolerance analysis indicates that the performance will stay near the required specifications 

when the proper fabrication and tolerancing procedures are simulated. More faith was put in the results of 

the Monte Carlo analysis because these statistical results were generated direcdy instead of employing an 

indirect, differential analysis. 

The MTF specification of O.S at 170 cycles/mm needed to be converted to a RMS wave&ont 

specification for the vendor in the event that the lens would be tested interferometrically. This conversion 

was performed using another Monte Carlo analysis. However, instead of recording the MTF data from 

each iteration, the RMS wave&ont error was recorded after each iteration to generate the statistics. The 

results of the analysis are given below. 

Field Design RMS Wavefront error (mean) RMS Wavefront error (stdev) 
(0.0,0.0) .037 .143 .061 

(0.0, 0.1497) .045 .183 .069 
(0.1497, 0.0) .045 .188 .074 
(0.0, -.1497) .045 .189 .073 
(0.0, 0.2395) .056 .223 .088 

Table 3-26: Monte Carlo analysis of RMS wave&ont error (X= 514 nm) All RMS data is in waves 

3.8 Clinical Prototype System: Focusing mechanism 

As discussed in chapter 2, a confocal microscope system has a decided advantage over 

conventional microscope systems for imaging thick biological samples because of its optical sectioning 

capability. That is, a confocal system has the ability to image selected planes within a volume object This 

optical sectioning capability can be realized in various ways. The object can be scanned longitudinally 

along the optical axis to make different planes of the object conjugate to die detector. Similarly, the image 
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plane can be scanned longitudinally so that the image plane is conjugate to difieient planes within the fixed 

object 

For the in-vivo applications of this instrument, object scanning is not an option because the 

objective lens has been designed to work in contact with the tissue. Therefore, the only option is to scan 

the image plane longitudinally to change the focal plane in the object. The distal face of the fiber-optic 

imaging bundle functions as the image plane for the miniature objective lens. In order to achieve optical 

sectioning, a mechanism is required to adjust the position of the distal face of the fiber bundle with 

resolution of a few microns. The lens discussed in the previous section is designed to operate over a depdi 

of SO microns below the tissue surface. The required range of motion of the image plane can be calculated 

using the longitudinal magnification, m , of the lens. The longitudinal magnification is calculated using 

equation 3.20,® 

_2 
OT=-|-/n ,̂ (3.20) 

1/ 

where ng is the index of refraction in object space, n/ is the index in image space, and m is the lateral 

magnification. The objective lens has a lateral magnification of 1.67, the object is in an index of 133, and 

the image is in an index of I.S. A calculation based on these values yield a longitudinal magnification of 

2.18. For a SO micron range of motion in object space, a 109 micron range of motion is required in image 

space. This first-order calculation agrees very nicely with the results of the tolerance analysis (Tables 3-16 

and 3-17), which calculated a value of 113 microns. In order to achieve this range of motion with precise 

positioning, both electrical and mechanical solutions were investigated. 

3.8.1 Electrically Induced Linear Motion 

When small, high resolution motion is required, piezoelectric transducers (PZT) are an attractive, 

potential solution. These devices were investigated for the confocal application because they represent a 

compact and elegant solution to an otherwise challenging problem. PZT's ate essentially con^sed of a 

single crystal that undergoes mechanical deformation when an electric field is applied. The amount of 
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deformation is propottional to the applied electric field and this proportionality is dictated by the 

piezoelectric strain tensor. 

Most PZT devices found through catalogs indicate that 100 micron motion is possible; however, it 

is extremely di£5cult to achieve in the form required for the confocal applicatioiL The PZT needed for a 

catheter-based approach would have a number of restrictive specifications. The maximum diameter of die 

crystal has to be less than 6 mm. The crystal has to be of tubular construction so that the fiber bundle can 

pass through the center. Tubular PZT devices exist and are not particularly exotic devices; however, 

calculation of the required crystal length showed that current PZT technology is not a viable solution to die 

problem. 

Tubular P2rT devices operate by creating a potential through the crystal wall between the inside 

and outside surfaces of the tube. The relationship between the maximum tube extension (AL) and the 

physical parameters of the crystal is given by  ̂

where L is the tube length, W is thickness of the tube wall, dj/ is a directional con^nent of the strain 

tensor, and K is the applied voltage. For this application, we need to find the length of the tube such that a 

tube extension of 100 microns can be achieved. Since the maximum outer diameter of the tube is about 6 

mm and the inner diameter has to be at least 1 mm to accomodate the fiber bundle, the wall thickness 

would be 5 mm. A typical value for the strain tensor component is -275x10''̂  meters/volt and applied 

voltages do not tend to exceed 1000 volts. A calculation of the crystal length using these values and 

equation 3.21 yields a value of 1.8 meters. As the wall thickness is reduced, the required tube length to 

achieve the same extension is also reduced. If the wall thickness is reduced to 1 mm from S mm, the tube 

length would be 363 mm which still does not represent a viable solution. Based on these calculations, the 

use of a PITT device is not feasible for this application. 

(3.21) 
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3.8.2 Mechanically Induced Linear Motion 

Since the electrical approach did not yield a viable solution, a strictly mechanical solution was 

investigated. An initial concept was to use a threaded mechanism, where rotation of the mount holding the 

fiber bundle drives the bundle forward or backward.*  ̂ The disadvantage of this approach is the need for 

rotation of the mount, which requires the fiber bundle itself to rotate. Rotation of the fiber bundle is not 

desired due to the likelihood of a break from stress imparted to the bundle during the rotation. Another 

design employed a differential gear mechanism where a large rotation at die proxunal end would be 

converted to a small rotation at the distal end. This approach is different from the first design in that the 

fiber bundle never rotates. It is sinqily translated forward and backward. While this alleviates the problem 

of fiber rotation, it is fairly difiBcult to implement such a design. Since the proximal end is 6 feet away 

from the distal end, mechanical control of the focusing mechanism from such a distance was considered to 

be problematic. 

The final device designed, and eventually inqilemented for the task of fiber positioning, is a 

hydraulic system composed of two major subassemblies: a foctis subassembly and a control subassembly 

(figure 3.20). The focus subassembly consists of an outer housing, a moving piston, and a reservoir to hold 

the hydraulic fluid. A channel through the center of the piston allows the insertion of the fiber-optic 

imaging bundle. The imaging bundle is secured to the moving piston with epoxy. As fluid is injected into 

the reservoir of the focus subassembly, the piston and the distal face of the fiber are pushed forward. 

When fluid is removed from the reservoir, the piston retracts. 

The hydraulic fluid is added to and removed finm the focus reservoir by way of the control 

subassembly, which is located remotely and connected to the focus subassembly by way of a long piece of 

flexible tubing. The control subassembly is another piston-reservoir system. When the piston is pushed 

forward, fluid from the reservoir is sent through the tubing into the focus reservoir. When the piston is 

pulled back, the fluid is returned to the control subassembly reservoir. The control subassembly is a dual 

adjustment system allowing for both coarse and fine adjustment of the distal face of the fiber. When coarse 

position adjustment is required, a threaded screw is turned clockwise displacing a relatively large amount 
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of liquid into the flexible tubing and eventually into the focus subassembly. When finer motions are 

desired, the micrometer-based adjustment is used to obtain axial adjustment with resolution of two to diree 

microns. 

Control 
Subassembly 

Reservoir 
holding 
hydraulic fluid 

Flexible tube used to 
add/remove fluid to/from 
focus subassembly 
reservoir 

Coaise 
adjustment 

Fine 
adjustment 

Fiber bundle 
secured to 
shaft 

Hollow shaft attached to 
moving piston 

Moving piston Focus 
subassembly 

Figure 3.20: Schematic of control subassembly. 
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Chapter 4: System Characterization 

If you have built castles in the air. your work need not be lost; 

that is where they should be. Now put the foundations under them. 

Henry David Thoreau (1817-62)'* 

Following the design and &bncation of the optical and mechanical conqwnents, the fiber-based 

confocal system was assembled to assess its performance. With the theory discussed in chapter 2, conqniter 

models were developed to determme the expected performance of the individual conqmnents and the 

performance of the system as a whole. These parameters were then measured to see how the actual 

performance compared with the predicted performance. The different barometers of performance included 

lateral resolution, axial resolution, and radiometric throughput In die following sections, the 

characterization of the individual conqmnents and subassemblies is discussed. Then the performance of the 

system as a whole is treated and some preliminary imaging results are presented 

4.1 lUumination Subassembfy 

The components from the argon-ion laser to the proximal end of the fiber bundle conqnise the 

illumination subassembly of the system. The purpose of this subassembly is to produce a line of 

illumination at the proximal face of the fiber-optic imaging bundle. This line of illumination should have a 

width no greater than one fiber element and maintain high radiometric throughput Maximizing the 

throughput is critical for this application because of the inherently low light levels associated with 

fluorescence imaging in-vivo. 

In order to determine the width of the illumination line (line spread function [LSF]) at the 

proximal face of the bundle, an image of the energy distribution at this plane is required. A magnified 

image of the illumination profile was formed on a two-dimensional CCD [Princeton Instruments, NJ] using 

a microscope objective in tandem with a zoom lens. The microscope objective used for this measurement 

was a 40x Olynqius microscope objective with a 4 mm focal lengdi. The imaging lens was a zoom lens 



116 

operating at a focal length of 300 nun attached to the CCD. This combination of lenses provides a 

magnification of 7S. Figure 4.1 shows the two-dimensional image acquired with this configuration and the 

average LSF obtained by taidng the projection of the image along the direction of the illumination. It can 

be seen from fig. 4.1(b) that the width of the illumination line measured at the minimum of the central lobe 

is approximately two microns. This nicely matches the core diameter of the fiber elements, which is 

slightly larger than two microns. The figure also shows a plot of the ideal LSF based on the dif&action-

limited performance of the Zeiss lOx Plan-Neofluar objective. The diffiactlon-limlted LSF is calculated by 

taking the Fourier transform of a circular aperture and projecting this two-dimensiooal fimctlon to form a 

one-dimensional distribution. The lateral scale of the distribution is set to match the numerical aperture of 

the Zeiss objective (NA=OJ). From the plot in 4.1b, it can be seen that the measured and expected 

performance are in close agreement The central lobe of the measured LSF is slightly wider, which is 

expected considering the contribution of aberrations from other lenses in the system, especially the 

cylindrical lens. 

(a) 

100 

microns 

Figure 4.1: (a) 2-D image of illumination arm LSF at proximal face of fiber. 
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Figure 4.1: (b) Comparison of measured and dif&action-limited LSF of illumination arm 
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4.2 Fiber-Ret̂  Subassembfy 

The most difficult part of the system design was the development of the fiber-relay subassembly, 

which had to provide high resolution imaging in a miniaturized package. This subassembly has three 

components: a fiber-optic imaging bundle, a miniature objective lens, and a miniature mechanical focusing 

mechanism. 

4.2.1 Fiber-Ootic Fmaeine Bundle 

The fiber-optic imaging bundle serves to relay images formed on one end to the opposite end. 

Since the fiber bundle has a significant effect on the optical performance of the system, the performance of 

this component was evaluated very carefully. Measurements of cross talk and energy propagation in the 

cladding structure were made to determine if these effects would adversely affect image resolution. 

For these measurements, it was necessary to focus monochromatic light down to a point smaller 

than the diameter of a fiber core. This was accomplished by expanding and collimating a HeNe laser beam 

(X=632.8 nm), which was then focused onto the fiber face with a 40x, O.SS NA Olympus microscope 

objective. With a O.SS NA lens, the dif&action-limited spot size is 1.4 microns. The fiber face on the input 

side was mounted to a translation stage with 0.5 micron X,Y positioning accuracy. The output face of the 

fiber bundle was imaged with high magnification onto a two-dimensional CCD [Princeton Instruments, 

NJ]. Figure 42. shows an image of the output fiber &ce with a defocused beam incident on the input &ce. 

The elements of the fiber bundle are clearly visible in the picture. 

37 microns 

Figure 4.2: High magnification image of output Sace of fiber bundle with defocused beam incident on the 
input face. 
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Figure 4 J(a) shows an image of the output ^e of the fiber bundle, with a fixnised beam incident 

on a single element of the fiber bundle. Figure 4 J(b) is a sur&ce plot of the image in figure 4.3(a) and 

shows the relative energy distribution in the fiber element and around its periphery. This gives an 

indication of the energy leaking out of the fiber element into adjacent elements. Looking at the surface 

plot, it is evident that there is a relatively small amount of light outside the fiber core. Therefore, the cross 

talk in this fiber bundle is not significant and should not adversely affect the resolution of the system. 

Figure 4 Ja: High magnification image of output &ce of fiber bundle with focused beam incident on a 
single fiber core. 
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Figure 4 Jb: Surface plot of image shown in figure 43a. 

Following the measurement of the fiber cross talk, the propagation of energy in the cladding 

structure was investigated. The fiber face on the input side was translated slightly so that the focused beam 

was incident on the cladding instead of on one of the cores. Figures 4.4(aHb) show the recorded image at 

the output face of the fiber bundle. 



Figure 4.4a: High magnification image of output face of fiber bundle with focused beam incident 
cladding stiucture. 

: v y - v \ > '  

Figure 4.4b: Surface plot of image shown in figure 4.4a. 
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The main peak m die sutface plot represents the coupling of some energy into one of die fiber cores. While 

there does appear to be energy scattered through the cladding structure, the total amount of energy is 

approximately SO times smaller than the energy levels recorded through the fiber core. Whfle this is not 

significant, the propagation of cladding modes will lead to some tails in the energy distribution of the fiber 

output. 

The energy distribution, shown in figure 4.1, serves as the input to the fiber bundle. The output 

distribution of the fiber bundle correspondmg to this mput was also measured using die same optical 

system described in section 4.1. The measured output distribution is not smooth because of the discrete 

elements in the fiber bundle. In order to obtain a more smooth output distribution, a number of images 

were recorded fiom different portions of the fiber face and averaged. Average one-dimensional input and 

output distributions were formed by taking the projection of each of these images (eqs. 2.60,2.61) along the 

direction parallel to the line. 

These fimctions are shown in Figure 4.S. The output distribution is quite different from the input 

distribution. First, the central lobe of the output distribution is wider. This is due to the behavior of the 

light inside the fibers. As energy propagates through a fiber element, it spreads to fill the element 

Mathematically, this phenomenon is represented by the convolution of die pixel fimction with the input 

distribution. Second, there are significant tails in the output distribution. Because of irregular fiber 

packing, the illumination line does not necessarily fall on a straight line of fiber elements. In some cases, 

the illumination falls in between fiber elements leading to coupling of energy into bodi fibers and into the 

cladding structure. These effects widen the central lobe and produce the tails seen in the output 

distribution. 
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Illumination function at proximal and distal faces of 
fiber bundle 
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Figure 4^: Average energy distributions at proximal and distal fiber faces. 

The average distributions shown in figure 4.S and the procedure outlined in section 2.8 of this 

dissertation were used to calculate the effective, incoherent fiber PSF. The plot of this function in figure 

4.6 shows that the actual fiber PSF is quite different from the assumption of a circular pixel function. The 

central lobe is wider than the width of the circular pixel function and there are secondary lobes, which are a 

manifestation of energy coupled into the cladding structure. 
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Comparison of calculated fiber PSF with fiber 
pixel function 
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Figure 4.6: Comparisoa of calculated fiber PSF with circular fiber pixel function 

4.2.2 Miniature Objective Lens 

The modulation transfer function (MTF) of the objective lens was measured to assess the lateral 

resolution and detennine if the design specifications had been met The specifications called for a contrast 

of at least 0.S across the field at a maYimnm spatial frequency at the tissue plane of 287 Ip/mm (170 Ip/mm 

at the image plane). This value represents the Nyquist cutoff frequency of the fiber bundle. The initial test 

of lateral resolution involved imaging an Air Force bar target with the objective and measuring the contrast, 

C^LssLILŜ  (4.1) 
^max ^Diin 

of each group/element The objective has a magnification of 1.67. Therefore, additional optics are 

required to magnify the image formed by this lens. The contrast measurements of the entire optical system 

were made with and without the objective. By dividing the contrast measurements made with die objective 
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by the contrast measurements made without the objective, die contrast of the objective lens alone can be 

calciilated. With the objective lens absent from the system, the zoom lens was operated at a higher 

magnification to ensure that the overall system magnification was the same for both measurements. 

Figures 4.7a and 4.7b show the magnified images of the bar target without and with the objective lens. 

Note that the image of the bar target obtained with the objective lens in the system has a light background 

haze. This haze is due to scattering caused by the diamond-tumed aspheric lenses used in die system. 

(a) (b) 

Figure 4.7: (a) Bar target image obtained without the objective lens, (b) Bar target image obtained with the 
objective lens. 

The contrast at each spatial frequency was calculated using the images in figure 4.7. These data 

are listed in table 4-1. Figure 4.8 is a plot of the calculated contrast versus spatial firequency for die 

objective lens. Theoretically, the curve should be monotonically decreasing; however, there is some 

variation in the curve due to variations in illumination across the field and detector noise. Still, the 

measurements indicate that the lateral resolution of the objective lens is excellent The data are plotted out 

to 228 Ip/nim because that is the highest spatial firequency on the Air Force Bar Target Extrapolation of 

the data indicates that the contrast exceeds the design specifications at 287 Ip/mm. 
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Group Element Sp. Freq. Contrast 
cyc/mm System w/o lens System with lens Lens only 

H V H V H V 
6 1 64 0.989 0.958 0.974 0.955 0.985 0.998 
6 2 71.8 0.944 0^15 0.886 0.848 0.939 0.927 
6 3 80.6 0.954 0.925 0.847 0.819 0.888 0.885 
6 4 90.5 0.961 0.884 0.831 0.867 0.865 0.980 
6 5 102 0.945 0.912 0.843 0.865 0.892 0.948 
6 6 114 0.923 0.898 0.887 0.871 0.961 0.969 
7 1 128 0.896 0.873 0.805 0.774 0.899 0.887 
7 2 144 0.910 0.887 0.820 0.782 0.901 0.882 
7 3 161 0.917 0.905 0.831 0.769 0.906 0.850 
7 4 181 0.928 0.922 0.741 0.752 0.798 0.816 
7 5 203 0.896 0.926 0.654 0.749 0.730 0.809 
7 6 228 0.849 0.863 0.569 0.642 0.671 0.744 

Table 4-1: Contrast measurements of objective lens with Air Foice bar target 
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Figure 4^: Modulation transfer function of the objective lens. 
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Following the detenn^tion of the lateral resolution, the transmittance of the objective was 

measured. To properly measure the transmittance of the lens, it was inq)erative to ensure that the NA of the 

cone of light incident on die lens was matched to the NA of the lens. A laser beam was expanded and then 

focused with a lOx, 03 NA Zeiss objective that matched the OJ NA of the miniature objective lens. The 

power in the beam entering the lens was 23.5 mW and the power exiting the lens was measured at 19 mW, 

resulting in a transmittance of 81%. The lenses fabricated for this system and the catalog aspheres were 

AR coated, with each sur&ce having a reflectance of about 1.5%. With 15 air-glass interfaces in the lens, 

the transmittance is expected to be around 80%. 

4.2.3 Miniature Focusing Mechanism 

Chapter 3 discussed the design of the miniature focusing mechanism in some detail. Following the 

construction of this con^nent [Optical Insights, LLC, Tucson, AZ], its positioning resolution was 

measured. The objective lens was designed such that the nominal object position is 25 microns away &om 

the first cover slip surface. However, the objective lens can provide excellent image quality for an object 

plane located anywhere from 0 to 50 microns away from this surface. The objective lens has a lateral 

magnification of 1.67 and a corresponding longitudinal magnification of 2.79. Therefore, in order to scan 

+/- 25 microns in the object, the distal fiber face would have to move +/- 70 microns. It should be noted 

that these values are slightly different than those presented in chapter 3 because these measurements were 

performed with the both the object and image in air. 

The measurement of the performance of the focusing mechanism was accomplished using a Zeiss 

LSMIO confocal microscope. This microscope has very accurate and quantitative focus control allowing 

the longitudinal displacement of an object to be measured very carefully. For this measurement, the face of 

a fiber bundle was coated with fluorescent microspheres. This face served as the object for the objective 

lens. For a full turn of the coarse adjustment screw, the image of the fiber face moved an average of 47 

microns longitudinally. This translates to a physical movement of the coated fiber face of 131 microns, 

taking into account the longitudinal magnification factor. The calibration is very close to the design 

specification of 50 micron (image) and 140 micron (fiber face) total adjustment A similar measurement 

was made using the fine adjustment micrometer. A 5 mm adjustment of the micrometer corresponded to a 
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12 micron adjustment of the image of die microspheres. Qualitative assessments of performance, including 

image drift and hysteresis of the focusing mechanism, were also observed. There was no noticeable drift of 

the image plane after the adjustments and no noticeable hysteresis/backlash. Figure 4.9 is a picture of die 

objective lens and focus subassembly showing their size relative to a quarter. 

4.3 Detection Arm 

The illumination arm was characterized by evaluating die energy distribution at the proximal face 

of the fiber bundle. In a similar fashion, the detection arm can be characterized by looking at die image of 

the detection slit aperture at the location of the proximal face of the fiber bundle. Figure 4.10 depicts the 

imaging perfomiance of the detection arm by showing how the real image of the slit at the microscope 

objective focus compares with the ideal image. The ideal image was determined by convolving the 

detection slit aperture with the point-spread function of the microscope objective. The width of the 

detection slit aperture is 20 microns. At the proximal fiber face, the width of the image of the detection slit 

is 2.3 microns taking into account a magnification of 8.7S between the proximal face and the detection 

aperture. 

Figure 4.9: Objective lens and focus subassembly of focusing mechanism. 
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Comparison of diffraction limited image and measured 
image of detection slit at proximal foce of fiber 

•0.0010 -0.0005 

Dnractkm limilad imaga 
Measurad imaga 

0.0000 

{position (cm) 

0.0005 0.0010 

Figure 4.10: Cross section of energy distribution of the image of the detection slit aperture at the 
proximal fiber face. 

4.4 Radiometric Throughput 

The radiometric throughput of the illumination arm was determined by measuring the power at 

different points along the optical path. Table 4-2 lists the measured values for this system. Only S% of the 

energy reaches the tissue plane. While there is significant light loss in the illumination arm, the laser 

output is sufficiently high to compensate for the losses. 

Location Measured power (mW) */• Loss (previous) % Loss (Total) 
After beam ladder 780 0 0 
After spatial filter 580 25.6 25.6 
After cylindrical lens 440 24.1 43.6 
After objective 280 36.4 64.1 
After fiber 58 79.3 92.6 
Tissue plane 40 27J 94.9 
Table 4-2: Radiometric measurements of illumination arm. 
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A measutement of the radiometric throughput of the detection ann shows that there is significant 

energy loss in this optical system also. Table 4-3 lists the measured energy in the beam at various points in 

the optical train. 

Location Measured power (mW) % Loss (previous) % Loss (Total) 
Tissue plane location 4.0 0 0 
Distal end of fiber 22 20 20 
Proximal end of filler 2.1 34J 47.5 
Detector slit 1.1 A1.6 72.5 
After scaa mirror 0.85 22J 78.7 
Detector plane 038 31.8 85J 
Table 4-3: Radiometric measurements of detection arm. 

4.5 System Lateral Resolution 

Following the characterization of the individual subassemblies of the confocal system, the lateral 

resolution of the entire assembled system was measured to determine the minimnm detectable feature size. 

Chapter 2 outlined the model for calculating the expected lateral resolution of the system. This procedure 

involves the determination of the illumination and detection sensitivity fimctions at the object plane. These 

fimctions are then multiplied and the FWHM of the product provides a measure of the system lateral 

resolution. This model was implemented with a computer using GLAD. Figure 4.11 is a plot of the system 

LSF formed by taking the product of the illumination and detection sensitivity functions. The FWHM of 

this curve is 1.7 microns. 
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System PSF predicted by GLAD model 
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Figure 4.11: Point-spread fimction of the fiber-based confocal imaging system. 

The measurement of the system lateral resolution is not so straightforward. Initially, an attempt was made 

to image the Air Force Bar Target so that contrast measurements could be made to construct a system MTF. 

Figiu-e 4.12 shows a bar target image obtained with the entire system. 
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Figure 4.12: Bar target image obtained with die entire system. 

With the introduction of the fiber bundle, the optical system is no longer shift-invarianL This is 

evident in the images where the pixel structure of the fiber bundle is easily seen. The appearance of the 

pixel structure in the image makes it difficult to measure the visibility/contrast, so another approach was 

used. In this approach, a fluorescent edge (step fimction) is imaged to determine a system edge response 

function. However, since the pixel structure of the fiber is still in the image, the two-dimensional image is 

projected along the direction of the edge to obtain an average edge function. The derivative of this average 

edge fimction is then taken to obtain die system line spread fimction.'̂  The measured average edge 

function and system LSF are shown in figures 4.13(a)-(b). The reader may note that the measured LSF 

curve exhibits some high firequency behavior on the right hand side while remaining fairly smooth on the 

left band side. This behavior is due to the pixel stmcture of the fiber bundle, which is not completely 

eliminated by the projection of the edge fimction. 

Calculating the full-width, half-maximum (FWHM) of the LSF provides one measure of the 

lateral resolution. The FWHM of the measured LSF is 3.0 microns, which is somewhat larger than the 

value predicted by the modeL This discrepancy may be due to the fact diat the performance of the imaging 

optics between the detection slit aperture and the CCD are not included in the computer simulation. In 

addition, the actual aberrations of the objective lens are not included in the model. Only the aberratioiis as 

predicted by the lens design code are part of the modeL 
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Figure 4.13a: Measured average edge function. 
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Figure 4.13b: Line spread function measured using image of fluorescent edge. 
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Following this measuiement, another test of lateral resolution was peifonned to assess the 

performance of the system when imaging small objects such as cells and subcellular structures. The test 

samples consisted of fluorescent microspheres. To show how the system would perform when imaging 

objects with sizes on the order of a cell, a sample with IS micron fluorescent microspheres [Molecular 

Probes, Eugene OR] was prepared. These microspheres were excited with the 488 mn line of a Lexel 

Argon-Ion laser. The emission wavelength of the microspheres is 60S nm allowing excellent separation of 

the emission firom the excitation. Figure 4.t4a shows the image obtamed with die system operating in 

confocal mode. 

A similar experiment was performed with 6 micron microspheres [Polysciences Coip, Phoenix, 

AZ] with the same excitation wavelength but an emission wavelength of S20 nm. This experiment was 

designed to show how the system would perform when imaging smaller cells or subceUular structures. It 

was also intended to an indication of performance for the case of small objects densely packed together, 

such as cellular and subcellular structures in-vivo. This image is shown in figure 4.14b. 

(a) (b) 

Figure 4.14: (a) IS micron fluorescent microspheres, (b) 6 micron fluorescent microspheres. S^e 
portions of the image appear daricer than others because of die confocal imaging mode. The light from 
those areas that are not in focus is rejected by the slit aperture. 
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4.6 System AjdalttesolutioH 

The key propeity of any confocal imaging system is the ability to perfonn optical sectioning. This 

ability is characterized by the axial resolution of the system. The higher the resolution of the system, die 

thinner the slice imaged within the thick object Because this property is, in many ways, the defining 

characteristic of the system, a considerable effort was made to measure the axial resolution of die system 

and to understand how the objective lens and fiber bundle affect the performance. Measurements of the 

axial resolution were made in three stages, la the first stage, data were collected with the objective lens and 

fiber bundle absent firom the system. In the second stage, the objective lens was added to the system and 

the measurements repeated. In the third stage, the fiber bundle was added to the system and die 

measurements were repeated for a final time. For these measurements, a 5 micron fluorescent bead in water 

was used as the object. A smaller bead could have been used to better simulate a point object. However, 

there would not have been enough light to achieve an adequate signal-to-noise ratio. 

In order to provide a reference for these measurements, con^uter simulations were performed to 

calculate the expected performance. The theoretical development in chapter 2 indicates that the object 

should be a delta fimction when determining the axial response fiinction. However, since a bead object 

with finite width is being used, the effects of the object must be incorporated when simulating the system 

performance. As a first step, a simple geometrical model was implemented using IDL. The geometrical 

model, however, could not incoiporate parameters such as lens aberrations and diffiaction. To incorporate 

these effects, a more sophisticated computer simulation was performed using GLAD. The results from die 

geometric model, the diffiaction model, and the direct measurements are discussed in the following 

sections. 

4.6.1 Geometric Model (IDL) 

The theoretical model developed in chapter 2 indicates diat knowledge of the illumination and 

detection sensitivity functions at the object plane is required in order to construct the axial point and planar 

response fimctions. In addition, knowledge of how these functions change widi defocus is also required. 

For the geometrical model, defocus was simulated as the uniform blurring of a spot. The size of the blur is 

proportional to the amount of defocus, z, and depends solely on the NA of the focusing element. 
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The system response function, H(x,y), at die focal plane (i.e. no defocus, z=0) of the Zeiss 

objective or miniature objective lens was calculated by taking the product of the measured illummation, 

S(x,y), and measured detection sensitivity, D(x,y), fimctions, 

H{x,y) = S{x,y)D{x,y) forz = 0. (4.2) 

la the presence of defocus, 0, the nhmmatinn and detection fimctions are each convolved with 

a cyl function, which is a mathematical representation of a blurred spot (43-4.5), 

(43)  

S.(x.y) = S(x,y)**Bgg„(x,y^^ and (4.4) 

D,(x.y) = D(x.y)**Bg^(-x-y^^ forz 0. (4.5) 

The product of these functions is formed to yield a system response function at that axial position, 

HJx,y) = S^(x.y)D,(x.y) (4.6) 

This system response function is then correlated with the fluorescent bead fimction, F(x,y;z) as 

discussed in chapter 2. The bead was simulated as a two-dimensional Gaussian intensity distribution with 

1/e^ width of 5 microns because its spherical shape will lead to a falloff in intensity at the edge. In the z-

direction, the bead was assumed to be infinitely thin (i.e. a delta fimction). The axial planar response 

function (i.e. the integrated intensity as a fimction of defocus) is constructed by integrating the system 

response function correlated with the fluorescent bead at each defocus position as shown in equations 4.7 

and 4.8, 

OO 00 

IpUme(z = 0)= ^ ^[F(x.y)®0//(X.y)Jdxdy (4.7) 

OO OD 

rpia^(z)= \  \[F(x.y)®®H,(x.y)]dxdy. (4-8) 

The axial point response was not estimated using the geometric model because the inability of this model to 

incorporate diffraction effects would lead to substantial errors. 
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Figure 4. IS shows a plot of the axial planar response function constructed using this model for die 

three measurement scenarios discussed above. With the fiber bundle and miniature objective lens absent, 

the NA in equation 43 is 0.3. This configuration yields an axial planar response with a FWHM of 36 

microns. Insertion of the miniature objective lens increases the NA at the object plane from 0.3 to 0.5. The 

axial resolution as defined by the FWHM of the axial planar response is a function of the NA squared," so 

it is expected that the resolution would increase by factor of 2.78. That is, the FWHM of the axial response 

fimction should decrease by this factor. The results of the simulation bear this out With the miniature 

objective lens, the FWHM of the response function falls by a factor of three to 12 microns. 

The incorporation of the fiber-optic imaging bundle adds another level of complexity to the 

geometrical model. In the absence of the fiber bundle, the simulations use the measured illumination and 

detection sensitivity distributions at the focus of the Zeiss microscope objective or the miniature objective 

lens. With the addition of the fiber bundle, the proximal face is located at this focus, and the illumination 

and detection fimctions are transferred through the fiber to the distal end. This transfer process can be 

included in the simulation (section 2.8), because the fiber PSF, Hj(x,y), is known. The estimated FWHM of 

the axial planar response function of the complete system is 20 microns. 
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Axial planar response functions generated using geometrical 
model 

Defbcus (microns) 

System wAiberand obiective (FWHM=20 microns) 
System Wo fiber (FVVHM=12 microns) 
System Wo fiber or obieclive(FWHM=36micfans) 

Figure 4.15: Axial planar response function generated using a geometrical model for the confocal system. 

During the conceptual discussion of axial resolution in chapter 2, it was concluded that the 

integrated intensity for a slit-scanning system should approximate a 1/z behavior. Figures 4.16-4.18 plot 

the three different calculated axial planar response functions for positive defocus values and the 

corresponding data fit using the inverse polynomial fimction in equation 4.9. 

/(z) = fl„+^ (4.9) 
z 

The simulation agrees very nicely with the geometrical approximation in each case, except in Figure 4.18, 

where the agreement between the geometric model and the 1/z approximation is not as good. This 

departure is most likely due to the addition of the fiber bundle, which does not satisfy the assiunptions 

made for the geometric argument. 



Axial planar response function estimated using geometric 
model compared with 1/z curve (no fiber or objective, NA=0.3) 
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Figure 4.16'. Geometrical estimation of axial planar response function for confocal system w/o fiber 
objective compared to 1/z curve. 



Axial planar response function estimated using geometric 
model compared with 1/z curve (no fiber bundle. 0.5 NA) 
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Figure 4.17: Geometrical estimatioii of axial planar response function for confocal system w/o fiber 
compared to 1/z curve. 
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Axial resolution plot for IDL model with fiber 
and objective (0.5 NA) 
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Figure 4.18: Geometrical estimatioa of axial planar response function for confocal system with fiber and 
objective compared to 1/z curve. 

4.6.2 Diffraction Model (GLAD) 

In order to model the effects of defocus on the system PSF more accurately and to obtain an 

estimate of the axial point response fimction, GLAD was used because of its ability to simulate wave 

propagation and diffraction. The same procedure outlined above was implemented; however, die 

approximation of the cyl function was replaced with the exact, dif&action-Iimited behavior of the PSF with 

defocus. That is, at each axial position, the two-dimensional PSF represents the Fresnel difiBraction pattem 

due to the pupil of the microscope objective. The GLAD model also incorporates the aberrations of the 

objective lens into the pupil distribution with the use of a Zemike polynomial. The actual aberrations are 

not included. Only the aberrations as predicted by the lens design code are included. For each of the three 

system configurations discussed previously, both the axial point response and axial planar response 

functions were estimated. These results are shown in figures 4.19 and 4.20. 
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Axial point response function estimated using diffraction 
model (GLAD) 
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Figure 4.19: Axial point response function generated using diffiaction model for confocal system. 
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Axial planar response function estimated using diffraction 
model (GLAD) 
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Figure 4^0: Axial planar response function generated using diffraction model for confocal system. 

The results of the difi&action model calculated using GLAD are very similar to the results of the 

geometrical model based on a con^>arison of the FWHM values. The determination of the axial point 

response functions utilizing the diffraction model indicates that the axial resolution of the system when 

viewing point-like objects is expected to be 8 microns, which is much better dian the 23 microns predicted 

for planar objects. 
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4.6.3 Direct Measurement 

The measurements of the axial point response and the axial planar response functions were made 

with the confocal microscope operating in a normal scanning mode. A S micron fluorescent bead with 

emission at 520 nm was placed at the appropriate focal plane and images of the bead were recorded at 

defocus intervals of two microns. These images were used to determine the variation in on-axis intensity 

(corrected for background noise) as a function of defocus to generate die axial point response. These 

images were also used to characterize the variation m integrated mtensity as a function of defocus to 

generate the axial planar response. The integrated intensity at each position was calculated by summing die 

values over a small region encompassing the fluorescent bead. The background/noise level was calculated 

by summing the values over an identically sized region not containing any fluorescent beads. The 

background value was subtracted &om the total integrated intensity to yield a background-corrected 

integrated intensity value. Figures 4.21 and 4.22 show the measured axial point and planar response 

functions compared to the predictions of the GLAD model. 
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Comparison of measured and predicted (GLAO) 
axial point response functions for complete system 

Defbcus (microns) 

GLAO tnodei (FVVHM=8 microns) 
Measured Awo point response (FVVHM=10 microns) 

Figure 4J21: Comparison of measured and simulated axial point response functions for confocal system 
with the objective lens and fiber bundle. 
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Comparison of measured and predicted (GLAD) 
axial planar response functions for complete system 
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Figure 4.22: Comparison of measured and simulated axial planar response functions for confocal system 
with the objective lens and fiber bundle. 

In both instances, the measured and predicted results are in close agreement The slight 

discrepancy between the measured and simulated response is attributed to two shortcomings of the model. 

First, the modeling does not incorporate the actual aberrations of the objective lens. Since the aberrations 

of the fabricated lens are most likely worse than the aberrations of the designed lens, the measured 

performance is expected to be slightly worse than the predicted performance. Second, the assumption of a 

planar bead object (delta function in z) is also incorrect The fluorescent bead is a sphere and, as such, it 

will have a finite depth profile. This profile has a FWHM of approximately 2 to 3 microns. The finite 

width of the depth profile of the bead will have a broadening effect on the axial response functions. This 
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broadening efifect would lead to a measured performance that is slightly worse dian the predicted 

performance. 

As a final comment, it was noted in Chapter 3 that the residual longitudinal chiomatic aberration 

of the miniatuTe objective lens may degrade the performance of the confocal system because the 

illumination and fluorescence could not be in focus simultaneously. This phenomenon was evaluated using 

the GLAD computer model. For the 488-520 nm range of wavelengths, die effects of this behavior were 

negligible. 
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Chapter 5: Imaging Experiments 

"Faith " is a fine invention 
When Gentleman can see— 
But Microscopes are prudent 
In an Emergenty 

Emily Dickinson (1830-86)'̂  

The ultimate test of peifomiance for the remote-access, slit-scanning, confocal microscope rests 

on the ability of the system to image the moiphological features of cells. Since the system is designed to 

image laser-induced fluorescent emission, this chapter begins with a discussion of contrast agents that were 

investigated for their ability to stain specific subcellular stractures. Following the discussion of the 

properties of these contrast agents, the results of various experiments performed using these agents are 

evaluated. A number of different tissue models were used to evaluate the contrast agents and test the 

imaging performance of the confocal system. For some of these models, the images obtained with the slit-

scan system are compared with images obtained with the point-scarming Zeiss LSMIO confocal microscope 

to assess the performance qualitatively. 

The first model was the simplest Prostate cancer cells and normal fibroblasts were grown in 

culture on a glass coverslip and imaged to assess the ability of the system resolve cellular and subcellular 

features. A collagen model was then in^lemented incorporating both cancerous and normal cells. With 

this model, the ability of the system to differentiate between the two types of cells could be evaluated. In 

addition, the collagen model represents a "thicl^ tissue model where the normal cells and cancer cells are 

distributed in a 3D voltune rather than grown on a surface. Thus, the optical sectioning capabilities of the 

system can also be tested. The next level of complexity involved the in-vitro imaging of peritoneal tissue 

extracted from a rat to test if the system could image cells obtained from an animaL The set of in-vitro 

measurements concluded with the imaging of prostate tissue obtained finm humans during radical 
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prostectomies. The final expeiinaent involved die acquisition of inrvivo inaages of the auAor's sidn and in-

of the peritoneum of a rat 

5.1 Contrast Agents 

There are many contrast agents available for labeling cells, cellular structures, and specific 

chemical conq[>ouiids. As discussed in chapter one, the features of die nucleus are often critical in 

diagnosis. Therefore, fluorescent labeling compounds that highlight the nucleus were investigated. The 

nucleus houses the cell's DNA, which is conqprised of nucleic acids. A number of fluorescent sta^ exist 

that bind specifically to nucleic acids. Since the system was designed for illumtnation with 488 nm, 

contrast agents with peak excitation near this wavelength and emission in the green to red range were 

chosen. Three fluorescent compounds having these properties were selected for qualitative evaluation of 

staining efiBcacy and quantum yield. These stains were acridine orange, propidium iodide, and SYTO-16* 

[Molecular Probes, Eugene, OR]. 

Acridine orange is a dye that interacts with DNA and RNA by intercalation or electrostatic 

attractions.^ This dye has a peak fluorescent emission at S2S nm when it binds to DNA. When the dye 

binds to RNA, the emission shifts to the red with fluorescence around 6S0 nm. The &ct that this dye binds 

to both DNA and RNA is potentially problematic, because while DNA is present only in the nucleus, RNA 

is present both inside and outside the nucleus. Staining occurs throughout the cell and the contrast between 

the nucleus and the rest of the cell is reduced making visualization of nuclear morphology di£5cult 

Propidiiun iodide is also a membrane permeant dye that binds to nucleic acids. The peak emission 

of this dye is 600 nm, which allows for nice separation firom the 488 nm excitation wavelength. This dye 

also binds to RNA, which presents the same problems discussed with respect to acridine orange. Another 

problem is the toxicity of this dye. Since this substance is a potent mutagen, it caxmot be used as vital stain. 

That is, application of diis dye lolls the cell. 

A third contrast agent, SYTO-16*, was also investigated. SYTO-16* is a nucleic acid stain with a 

peak emission at 518 nm. This dye has a number of properties that make it very attractive for the in-vitro 

experiments outlined below.^ SYTC)-16* can penetrate almost all cell membranes, including mammalian 
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cells and bacteria. It has very low fluorescence with quantum yields less dian .01 wben it is not bound to 

nucleic acids. When the dye is bound to nucleic acids the quantum yield is greater than 0.4. Finally, 

SYTO-16* bound to DNA yields twice the fluorescence than when bound to RNA. This specificity to 

DNA helps to isolate the nucleus and visualize its morphology. 

Initial imaging experiments were performed with each of these three dyes. From the results of 

these experiments, it was found that SYTO-16* was by far the best choice for staining cells. All the images 

shown in this chapter were obtained using SYTO-16*. The CCD used to acquire diese images was 

operating at 2 fiames per second. 

S.2 Cell Culture ExperimeMs 

A monolayer cell culture represents a simple biological model and was used for the first round of 

imaging experiments. The purpose of these experiments was to determine if the fiber-based confocal 

system had the lateral resolution and magnification necessary to distinguish between different types of 

cells. The different cell types that were imaged include human foreskin fibroblasts, PCS human prostate 

cells [American Type Cell Culture, Virginia], and rat sinusoidal epitheliimi cells (RSE). These cells were 

grown on a microscope coverslip in a solution of Delbecco's Modified Eagle Media (DMEM)/F12 with 

10% fetal bovine serum and Ix Penicillin/StreptomyciiL Each cell line was incubated at 37°C and passed 

every three to four days. For the imaging experiments, the cells were stained with SYTO-16* diluted to a 

concentration of ImM with OMSO. The DMSO is a conqiound that aids in the penetration of the cell 

membranes. Further dilution was achieved by mixing 2 ^1 of the solution with 98 ^1 of DMEM yielding 

final concentration of 20 ^M. The entire 100 ^1 mixture was added to the cell culture and allowed to sit for 

15 minutes. After this time period, the coverslip containing the cells was rinsed with DMEM and imaged 

with the fiber-based confocal system. Figure 5.1 shows two images of human foreskin fibroblasts in 

culture. 
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Figure 5.1: Fluorescence images of human foreskin fibroblasts in culture. 

These images show the structure of the fibroblast cells very nicely. The elongated shape of the 

nuclei and the stretched, spindly structure charcteristic of these cells are easily visualized. In the body, 

fibroblasts generally do not grow this large. However, in culture they have room to spread out and expand 

which is why they appear much larger in these images than they would in the body or in more restrictive 

environment such as a collagen matrix. 

Figure 5.2: Fluorescence images of PC3 human prostate cells. 
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Figure 5.2 shows a pair of images of PC3 prostate cancer cells. Note, the large round nuclei are easily 

resolved and the nuclear morphology is easily visualized. 

Figure 5J: Fluorescence images of RSE cells in culture. 

Figure 5.3 shows a pair of images of RSE cells in culture. This pair of fluorescence images 

demonstrates that even with smaller cell types, the nuclei moiphology can be visualized with the fiber-

based conlbcal system. This example also indicates that a higher density of cells does not significantly 

intact the ability of the system to obtain sharp images. 

The final experiment performed with the cell culture model was aimed at obtaining images of a 

sample containing different cell types. In this experiment, the fibroblasts, PC3's, and RSE's were allowed 

to grow together in the same culture. Figiure 5.4 shows an image of this mixed cell culture. From the 

image, the PC3 cells can be distiguished &om the fibroblast cells. A couple of cells can also be seen in the 

process of dividing. 
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Fibroblast 
PC3's 

Figure 5.4: Fluorescence images of cell culture containing all three cell types. 

The results shown above indicate that cellular structures and morphology are visualized quite well 

with the fiber-based confocal system. In some instances, the size of the nucleus relative to the entire cell 

can be assessed allowong determination of the nucleancytoplasmic ratio, which is important in the 

differentiation between normal and abnormal cells. 

5.3 Collagen Model 

The images shown in the previous section indicate that the fiber-based confocal system is easily 

capable of resolving nuclear/cell morphology in the monolayer cell culture model. While this model 

allows for the assessment of the lateral resolution of the system, it does not allow for assessment of the 

axial resolution because the sample has no appreciable thickness. In order to assess the ability of the 

system to image tissue below the top surface, a thick biological model was constructed using collagen as a 

simulated tissue matrix. Collagen is a class of protein complexes found in almost all connective tissue. 

The most common collagen in the body is Type I. 
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For these experiments. Type I collagen was obtained from Collaborative Laboratories [Bedford, 

MA]. The collagen comes in an acid solution with an initial concentration of 3.65 mg/mL This solution is 

first diluted to 1.75 mg/ml with NaOH and concentrated OMEM to promote cross-linking of die fibers. 

The cells were then added to the collagen solution in 24 well plates as per die method of Hoying.^ In some 

experiments, prostate PC3 cells were added. In other experiments, both the PC3 cells and human 

fibroblasts were added. The cells were then incubated for four da)rs. During the incubation period, die 

collagen fibers start to contract because the ceUs grab die fibers and pull them together. Since die collagen 

samples are thick and die cells are dispersed throughout die volume, the ability of die confocal system to 

see below the surface can be evaluated with this model. 

In the first experunent, only PC3 cells were added to the collagen solution. Figure 5.5 shows an 

image of the cells from the top surface of the collagen matrix acquired with, the confocal system. In this 

image, the cell nuclei are clearly visible. The large size and round shape of the nuclei are indicative that 

these cells are cancer cells. Figure 5.6 shows another image of the top sur&ce of the collagen matrix 

containing both PCS cells and fibroblasts. In this image, the cancer cells and fibroblasts are easily 

distinguished. 



Figure 5.5: Image of PC3 prostate cancer ceils in a collagen matrix 

'V,y 

fibroblast 

Figure 5.6: Image of collagen matrix containing both PC3 prostate cancer cells and normal fibroblasts. 
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In most of the experiments where both types of cells were added to the collagen solution, the 

cancer cells migrated to the surface, whfle the fibroblasts were distributed more uniformly throughout die 

matrix. Figures 5.7a and b are images taken of the same sample shown in figure 5.6. However in 5.7, the 

confocal system is focused to image inside the tissue at a depth of about 70 microns. In both images, 

fibroblasts can be seen. The smaller, elongated nuclei clearly define these cells as fibroblasts. There is a 

diffuse background that reduces the contrast of these images. This background is due to the fluorescent 

emission of upper layers of the matrix that is not completely fUtered by the detection slit aperture. 

Nevertheless, these images demonstrate that the fiber-based confocal system is capable of imaging different 

cell layers inside the tissue. 

(a) (b) 

Figure 5.7 (a) and (b): Images of fibroblasts in a collagen matrix taken at 72 microns inside the tissue. 

Figures 5.8, 5.9 and 5.10 are images that fiirther demonstrate the optical sectioning capability of 

the fiber-based confocal system. Figure 5.8a is an image of the top surface of a collagen sample contaming 

both PC3 cells and fibroblasts. In this experiment, the collagen sample was much thinner. In figiure 5.8b, a 

few fibroblasts appear in the image when the system is focused to a depth of 20 microns inside the tissue. 

These cells are not visible in the top surface image (figure 5.8a). 
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The series of images in figure 5.9 was obtained with a thicker sample and the fibroblasts are 

visible down to a depth of 160 microns in the tissue. At this depth, the cells start to appear fiiz^. This is 

due to the fact that the miniature objective lens is only designed to image to a depth of 50 microns inside 

the tissue. At 160 microns, the aberrations become sufficiently large, causing image degradation. 

fibroblasts 

W rb> 

* 

« > 
V 

Figure 5.8: (a) linage of top layer of collagen matrix containing PC3 prostate cancer cells, (b) Image of 
collagen matrix taken at 20 microns below the sur&ce showing fibroblast layer. 



158 

(•) 

Figure 5.9: Images of collagen matrix taken at; (a) top surface, (b) a depth of 90 microns inside tissue 
(c) a depth of 162 microns inside tissue. 

As a final experiment, another collagen saiiq)Ie was prepared with a longer period of incubation in 

order to produce a sample with a higher density of cells, more closely simulating tissue found inside the 

human body. Images of this san^le were acquired at depth increments of three microns. These images 

were processed differently, however, to provide an orthogonal projection view of the collagen sample. The 
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images shown up to this point represent x-y cross-sections of the tissue at a particular depdi, z. The 

orthogonal projections are x-z images of the tissue formed using Maximum Intensity Projection (MIP)^. If 

y represents the direction of projection, then the MIP value for a particular x and z is equal to the maximum 

pixel value found along the y-direction. Mathematically, the MIP fiinction is given by 

= (5.1) 

This is slightly different than the standard projection, which is formed by calculating the line integral (i.e. 

summing the pixel values on a line in the direction of projection). The difiference is highlighted in Tables 

5-1 and 5-2. In table 5-1, the bottom row represents a standard projection of the 2D matrix (i.e. each 

boldfaced value represents the sum of the colurtm). Di table 5-2, the bottom row represents the maximum 

intensity projection of the 2D matrix (i.e. each boldfaced value is the maximum value in the colimm). 

1 8 23 12 34 
29 40 28 68 2 
37 82 20 59 68 
10 21 31 72 8 
46 29 35 49 21 

123 180 137 211 133 
Table 5-1: Standard projection of 2D matrix. 

I 8 23 12 34 
29 40 28 68 2 
37 82 20 59 68 
10 21 31 72 8 
46 29 35 49 21 
46 82 35 72 68 

Table 5-2: Maximum intensity projection of 2D matrix. 

When the objects in a volume are sparsely distributed, the MIP images provide nice orthogonal projection 

views of the sample. Figure 5.10 shows a series of MIP images of this collagen sample. There are 19 

images with each image in the series representing a projection at a different angle. Figure 5.11 shows a 

series of MIP images for another region of the same collagen sample. In these and later MIP images, cell 

layers at different depths can be visualized. For any volume with a high density of objects, the MIP method 

generally does not yield useful orthogonal projections. 
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Projection angle (deg) 

Figure 5.10: MIP images of collagen matrix. Maximum tissue depth is 100 microns. 



Projection angle (deg) 

Figure 5.11: MIP images of collagen matrix. Maximum tissue depth is 100 microns. 
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5.4 Rat Model 

Following the controlled growth experiments conducted with the cell culture and collagen models, 

in-vitro imaging experiments were performed to assess system performance with animal tissue. In chapter 

1, it was mentioned that one of the applications for this device was in the evaluation of peritoneal implants 

of ovarian cancer. Since it is generally not possible to get samples of human peritoneum, a sample of the 

abdominal tissue of a rat was obtained for these experiments. The peritoneum is a thin lining conq>rised of 

a single layer of cells that protects the viscera and serves as a filter for haimfiil bacteria and viruses. 

After removal of a section of abdominal tissue from the rat, the sanq)le was stained with SYTO-

16* and imaged with the confocal system. These images are presented below. The images in figure 5.12 

show the cells of the peritoneal layer and the underlying muscle fibers. It is believed that these types of 

images could be used to pinpoint abnormal cell density and growth patterns that will provide an indication 

of a benign or malignant condition. Figure S.I3 shows an image of another area where an on-end cross-

section of the muscle fibers is shown. The bright points around the periphery of the fiber are the muscle 

cell nuclei. 

(a) (b) 

Figure 5.12 (a) and (b): In-vitro images of rat peritoneum. 
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Figure 5.13: Image of muscle fibers on-end in rat abdomen. 

The series of images in figure 5.14 provides a demonstration of the optical sectioning of the 

confocal system for an in-vitro model. Image S.14a is an image of the peritoneal lining. Each subsequent 

image is taken at depth increments of 20 microns. In figure S.14b, the muscle fibers underneath the 

peritoneum start to come into view. In figure S.14c, the muscle fibers can be seen but the peritoneal layer 

is no longer in the image. 
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(«) 

Figure 5.14: Axial slices in depth of rat abdominal tissue. Depth increments are 20 microns. 
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5.5 Human Prostate Afoiiei 

While samples of human peritoneum are not easily obtained, samples of human prostate tissue 

could be obtained fiom tissue extracted during prostate suigeiy. Core biopsies were taken from the 

extracted prostate which were 2-3 mm in diameter and 20-30 mm in length. These sanq>Ies were placed in 

balanced salt solution.^ The core samples were sectioned on a special microtome at 4''C producing 

sections 100-250 microns in thickness. These sections were then grown in a rotating organ culture system 

in keratinocyte media with growth factors for 24, 48, or 72 hours as per our request.^ FoDowing the 

incubation period, the sample was stained with SYTO-16* and imaged with the fiber-based confbcal 

system. For purposes of comparison, images of some tissue samples were also obtained with the Zeiss 

LSMIO confocal microscope. 

5.5.1. 24 Hour Growth 

The first set of images was obtained with prostate tissue samples that had undergone a growth 

period of 24 hours following the sectioning process. Figure 5.15 shows a pair of these images where the 

ducts of the prostate gland are clearly visible. These areas are identified as normal because high cell 

density is only present in regions lining the ducts, which is consistent with normal specimens. 
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Prostate ducts 

Figure 5.15: Images of normal areas of human prostate tissue. 



167 

Figure 5.16 shows a series of four images of another normal region taken at depth increments of 

10 microns. 

tissue growth 

Figure 5.16: Sections of normal human prostate tissue. Depth increments are 10 microns with the first 
image being the lowest depth. Cell gro\^ is apparent in tissue. 

In this example, the upper left image represents the lowest point in the tissue and the lower right 

image represents the highest level in the tissue. As the system scans in depth, different portions of the 

tissue come into focus. The somewhat circular structure prominent in the images represents an area of 
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tissue growth during the 24 hour incubation period. Figure S.17 provides another series of axial images of 

a different region of the same sample. There is nothing in these images to indicate any pathology. 

Figure 5.17: Sections of normal human prostate tissue. Depth increments are 10 microns with the last 
image being the lowest depth. Prostate ducts are easily visualized. 

The tissue used for these experiments was taken from human prostate glands that had been 

removed because of their advanced cancerous state. In the previous images, it was possible to visually 

identify the regions as normal. Following the acquisition of these images, the fiber-based confocal system 

was used to search for areas on the tissue sample that appeared abnormal. Images of abnormal tissue are 
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shown in figures S.I8 and 5.19. In figure 5.18, the image shows a region exhibiting hyperplasia. 

Hyperplasia is a condition where the cells have started to multiply fiister than normal leading to a higher 

cell density. '̂ In the prostate giand, high cell density is usually present in regions lining the ducts. In 

figure 5.18, a higher cell density is noticeable away from the duct lining. In figure 5.19, the cell density of 

the tissue is extremely high and there is no particular organization to the cells. This is indicative of a 

cancerous state. These two figures highlight the capability of the system to distinguish between normal and 

abnormal regions of human prostate tissue when viewed at the cellular level. 

hyperplasia 

Figure 5.18: Image of human prostate tissue showing indications of hyperplasia 
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Figure 5J9: Image ol human prostate tissue with cancer. 

Figures 5.20 and SJll shows a series of MIP images providing a projection in depth for normal 

regions of the tissue. Due to the high densi^ of cells in the tissue, the axial resolution of the system is 

more accurately described by the FWHM of the axial planar response function (25 microns). 

Unfortunately, the low axial resolution combined with the poor performance of MIP with a high density of 

objects in the tissue volume yields bluny orthogonal projections. Despite these limitations, the cell layers 

are visible and may provide useful information. 
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Figure 5.20: MIP images of human prostate tissue grown in culture for 24 hours. Mwmum tissue depth is 
100 microns. 
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Figure 5.21: MIP imaga^ of human prostate tissue grown in culture for 24 hours. Maximum tissue depth is 
100 microns. 
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Another qualitative evaluation of these images involved comparison with images obtained using a 

Zeiss LSMIO Confocal Microscope. Figure 5.22 and 5.23 show two series of images of human prostate 

tissue with depth increments of 10 microns. The Zeiss system has a larger field of view than the fiber-

based system, therefore a larger area on the tissue can be observed. While both the lateral and axial 

resolution of the Zeiss system are better than the fiber-based system, the images acquired with the fiber-

based system compare reasonably well. 

(«) (b) 

Figure 5.22(a)-(<'): Images of normal region of human prostate tissue obtained with Zeiss LSM 10 
Confocal Microscope. Depth increments are 10 microns. 
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(•) (b) 

Figure 5 J3(a)-(d): Images of cancerous region of human prostate tissue obtained with Zeiss LSM 10 
Confocal Microscope. Depth increments are 10 microns. 
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Figure 5.24a shows a Zeiss image of a hyperplastic area and Figure 5.25a shows an image of a 

cancerous area. The images of hyperplasia (fig. 5J24b) and aggressive cancer (fig. 5.25b) obtained with the 

fiber-based system are presented again for comparison purposes. 

hyperplasia 

Figure 5.24: Images showing hyperplasia in human prostate tissue, (a) Zeiss system (b) fiber-based 
system. 

(a) 

Figure 5.25: Images showing cancer in human prostate tissue, (a) Zeiss system (b) fiber-based system. 
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5.5.2 48 Hour Growth 

Similar imaging experiments were perfomied with excised human prostate tissue that was allowed 

to grow in culture for 48 hours. In figure 52.6, diere is a series of five images taken at depth increments of 

30 microns. The first image shows the top most layer of the tissue. The first two images show cell growth 

on top of the main surface which is seen in the third image. 
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Figure 5^6: Slices of normal human prostate tissue taken at depth increments of 30 microns. 

In figure 521, there is a series of four images, which highlight different zones of what appears to 

be a hemispherical shaped distribution of cells. This structure is a duct in the prostate gland and as the 

tissue sample is scanned in depth, the back side of the duct comes into view and the side walls of the duct 

start to disappear. 



Figure 5^7: Slices of nonnal human prostate tissue taken at depth increments of IS microns. 

Figures S.28 and 5.29 are MIP images showing orthogonal projections of the regions shown in 

figures S.26 and S.27 respectively. Again, the cell layers are resolved better than expected. 
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Figure 5^8: NOP images 
of human prostate tissue 
grown in culture for 4S 
hours. Maximum tissue 
depth is 150 microns. 
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Figure 5^9: MIP images of human prostate tissue grown in culture for 48 hours. Maximum tissue depth is 
100 microns. 
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5.5.3 72 Hour Growth 

The final in-vitio imaging experiment widi human prostate tissue was conducted afier allowing the 

tissue to grow in culture for 72 hours. In figure S30, finger-like structures are seen which clearly indicate 

new tissue growth. The series of MIP images in figures S3 la and S.3 lb show nice delineation between the 

layer of new growth and the original cell layers underneath. 

Figure 5 JO: Slices of nomial human prostate tissue taken at depth increments of IS microns. Finger 
structures indicate significant growth during 72 hour incubation period. 
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Figure 5Jla: MIP images of human prostate tissue grown in culture for 72 hours. Maximum depth is 215 
microns. 



Figure SJlb: MIP images of human prostate tissue grown in culture for 72 hours. Maximum tissue depth 
is 215 microns. 
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5.6 tn-Vivo Images 

The final set of experiments focused on the acquisition of microscopic images using in-vivo 

models. The separate components of the fiber-based imaging system were integrated with a urinary 

catheter to create a flexible endoscopic system. The first in-vivo model used was the author's skin near the 

wrist area. A small amount of SYTO-16* was deposited on the skin to stain the cells. After IS minutes, 

the endoscope was placed in contact with the stained region of the skin and cellular level images were 

obtained. Figure 532 shows how the flexible endoscope was placed in contact with the skin. 

Miniature 
objective and 
focusing 
mechanism To confocai 

system 

Figure S32i Graphical depiction of imaging of author's skin using the flexible endoscope apparatus. 
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Figure 533 contains two images of the author's skin obtained with the fiber-based confbcal 

system. These images are of the uppermost layers of sidn, which are usually dead, [n the image on the left, 

the dead skin cells are visible. 

Dead skin 
cells 

Figure 533: In-vivo images of author's skin cells (near the wrist). 

Figure 5.34 contains in-vivo images of the peritoneum of a living rat. In this experiment, a rat was 

anesthetized and the abdominal area was exposed to allow for access with the flexible endoscope. A region 

of the peritoneum was stained with SYTO-16* and, after a few minutes, the scope was placed in contact 

with the peritoneal tissue to acquire images. In each image, both the cells of the peritoneal lining and the 

underlying muscle fibers can be seen. These images are very encouraging, suggesting that cell structure, 

density, and organization can be visualized in-vivo with the instrument developed in this project. Since this 

rat did not have any cancer, these images are representative of normal tissue. In future experiments, rats 

with cancer will be evaluated to see if this instrument can differentiate between normal and abnormal tissue 

in-vivo. 
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Muscle fibers Peritoneal 
Muscle cells 

Figure 5J4: In-vivo images of the pertioneum of a rat 

5.7 Image Post-Processing 

One area of concern is the relatively low axial resolution of the fiber-based confocal system. 

While the performance of the system with respect to this parameter is in line with the prediction of 

computer simulations, it would be nice to improve the axial resolution of the system. One approach is to 

improve the system operating parameters, such as increasing the objective lens NA. Another approach is to 

process the images, post-acquisition, in order to remove the blur. Increasing the objective lens NA is not an 

option that can be implemented easily. Therefore, the image processing approach was briefly evaluated to 

see if some improvement in axial resolution could be attained. The initial results were encouraging, 

though, they are not presented here. This approach will be investigated more rigorously in future work to 

see if significant improvement in the images can be obtained. 
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Chapter 6: Denouement 

Science becomes dangerous only when it imagines that it has reached its goal. 

George Bernard Shaw (1856-1950)^ 

This project has been geared towards the development of a new medical imagxng device designed 

to enhance diagnostic capabilities during biopsy procedures and potentially obviate the need for biopsy in 

the investigation of certain lands of pathology. From the beginning, it has been understood that the success 

of this project binges on the accomplishment of two significant objectives; namely, die optical and 

mechanical design of a clinically viable system, and the development of fluorescent contrast agents suitable 

for in-vivo investigation in hmnans. 

The woric described in this dissertation tackled the first objective. A conq)rehensive mathematical 

theory of the fiber-based confocal imaging system was developed and used to describe parameters of 

performance such as lateral and axial resolution. The design phase of this project represented a significant 

effort, requiring the design and integration of a myriad of components. The fiber-optic imaging bundle was 

the pivotal component dictating the design parameters of all the other components and subassemblies of the 

system. Successful and realistic designs were developed for the illiunination and detection arms, and most 

importantly, for the miniature objective lens and positioning mechanism. The design of the miniature 

objective lens was crucial to the overall success of the project because a miniature optical system capable 

of high-resolution imaging was needed for in-vivo applications. Similarly, the positioning mechanism was 

important for optical sectioning. 

After the fabrication of the various components, attention was shifted to the characterization of 

these components. The individual components and subassemblies were characterized first The 

illumination arm produced a line image with a width of two microns matching die core diameter of fiber 

element The radiometric throughput of the illumination arm was poor. However, this was not an 
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immediate concem  ̂because more laser energy could always be pumped into the system. The detection arm 

was characterized by measuring the width of the detection sensitivity fimction at the proximal face of the 

fiber bundle. The measurement tn(ficated a 4 micron FWHM which is only slighdy larger than the 2.5 

micron FWHM predicted using difi&action-limited imaging theory. The fiber-optic imaging bundle was 

carefully evaluated with respect to cross-talk and cladding propagation and its average PSF was calculated 

using measured input and ouQjut distributions. Finally, die resolution of the miniature objective lens was 

characterized using an Air Force Bar Target The performance goal was to have a minimum contrast of 0.5 

at a spatial &equency of 287 Ip/mm (170 Ip/mm at the nnage plane) across the full field. The 

measurements yielded a contrast of 0.7 at 228 Ip/mm indicating that the lens would easily meet the 

specification at 287 Ip/mm. Calibration tests were performed on the focusing mechanism and they 

indicated that the device was achieving the range of motion desired. However, the design for this 

component needs to be revisited. The hydraulic system is not sealed properly allowing air to seep into the 

line, which affects its performance. 

Upon conqiletion of the characterization of the individual con^nents, the conqplete system was 

assembled and its performance was conqiared with the geometric and dif&action models developed to 

provide a reference. The lateral resolution of the integrated system was measured to be approximately 3 

microns. The models predicted a value of 1.7S microns. The difference between die measured and 

predicted values can be attributed to two shortcomings of the model. The model did not incorporate the 

effects of the final relay optics after the detection slit aperture. The model also did not incorporate the 

actual aberrations of the miniature objective lens. The axial resolution was characterized in two different 

ways. First, an axial point response fimction was determined by measuring the variation in on-axis 

intensity as a fimction of defocus. The FWHM of this fimction was defined as the axial resolution of the 

system when imaging sparsely distributed point-like objects. The measured axial resolution for this 

scenario was 10 microns, which compares very nicely to the model prediction of 8 microns. Second, an 

axial planar response function was determined by measuring the variation in mtegrated intensity as a 

fimction of defocus. The FWHM of this function was defined as the axial resolution of the system when 

imaging samples with a high density  ̂of fluorescent objects. The measured axial resolution was 25 microns 
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which, again, agrees nicely with die model prediction of 23 microns. The close agreement between the 

measured and predicted values also provides reinforcement for the use of an average PSF to characterize a 

pixelated (i.e. sampimg) component, such as die fiber-optic tmagtng bundle. Overall, the actual system 

performance closely matches the expected performance predicted by computer simulation. Therefore, 

further improvement in performance is only possible through enhancement of system operating parameters. 

The success of the designed system has been very encouraging. The results of the imaging 

experiments discussed in the last chapter prove that confocal inaging can be accon^lished duough a fiber

optic imaging bundle with miniaturized components. The cell culture and in-vitro e^qieriments 

successfully demonstrated that cell structure, organization, and density can be visualized using this device. 

The in-vivo experiments demonstrated that microscopic images of tissue can be obtained in a living system, 

and, that there is no significant motion attifact when the images are acquired with the objective lens in 

contact with the tissue. 

6.1 Future Work 

6.1.1. Collaboration 

The results presented in Chapter S include the first in-vitro and tn-vivo images obtained with the 

fiber-based confocal system. Over the next year, a large database of images of various tissue models needs 

to be obtained and then evaluated in conjunction with pathologists. Upon completion of this development, 

statistical studies can be performed and RCX  ̂ curves  ̂ can be generated to assess if the quality of the 

images is sufficient to deem the fiber-based system useful for optical biopsy. 

6.1.2. Imaging System 

Even though this effort has moved the technology significantly closer to clinical viability, much 

remains to be done. The objective numerical aperture at the tissue plane is O.S. A higher numerical 

aperture is desired for a number of reasons. With a higher numerical aperture both the lateral and axial 

resolution can be improved. Future lens designs will evaluate the feasibility of achieving higher numerical 

apertures. In addition to higher objective NA's, smaller lens diameters are also desirable to allow better 
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access and to minimize discomfort of the patient While the achievement of these objectives with respect 

to the lens design will be difficult, they are definitely possible. 

Similarly, the details of die focusmg mechanism need to be evaluated more closely. While the 

hydraulic design developed in this project has been shown to provide the degrees of axial motion required 

for optical sectioning, a number of modifications are required to ensure its proper operation in a clim'cal 

setting. These modifications would include a more reliable restoring force, a relief valve or limit switch to 

prevent pressure build up fiom forcing a leak, and. motorized control of the device to allow repeatable, 

quantitative adjustments. A new design needs to be effected that will allow the air in the line to be 

removed without requiring disassembly of the mechanism. These refinements will lead to improved 

performance and promote ease of use. 

The incorporation of additional features is also required for clinical viability. The most significant 

feature that needs to be added to this system is a macroscopic imaging channel for guiding the microscopic 

imaging. Two options are currendy being considered for this purpose. The easiest option would 

incorporate another fiber-optic bundle with a gradient-index lens for macroscopic imaging. In this 

configuration, the microscopic channel would be used for channeling white-light illumination into the 

body. The reflected light is then collected with the macroscopic channel and the image is viewed with a 

color video camera. Another approach looks at using another imaging modality, such as MRI or 

ultrasound, to guide the catheter-based microscopic imaging channel. Use of MRI is attractive because it 

provides excellent delineation of anatomical structures. 

Another interesting modification concerns the detection system of the fiber-based confocal 

microscope. In the current design, the detection slit aperture is located at an intermediate image plane in 

the detection arm. This image plane is relayed with a pair of lenses and scanned across a CCD to construct 

a two-dimensional image. The use of diese additional lenses has obvious disadvantages since they lead to 

additional loss of light and resolution. An option currendy being considered would utilize a one-

dimensional array with fast read out electronics directly behind the detection slit, thereby eliminating the 

second half of the detection arm. 
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6.1.3. Fluorescent Contrast Agents 

While these discussions have outlined future work for engmeering aspects of the system, the 

identification of a fluorescent stain with sufiScient quantum yield and con^tibility widi humans is still 

required All the woric in this dissertation made use of in-vitro vital stains, which are not suitable for in-

vivo applications. There are several options that can and will be investigated. One promising avenue of 

investigation is the use of photodynamic therapy agents based on hematoporphyrm derivatives.̂ "* These 

agents include Photofiin, which has FDA approval for treatment of certain cancers, and Aminolevulimc 

Acid (ALA), which is ciurently imdergoing clinical trials. These agents are activated with long wavelengdi 

light to destroy the cell but have useful fluorescence properties when excited with blue light.̂  ̂ The 

development of these agents, along with current research into the development of a second generation of 

photodynamic therapy agents is encouraging and may well produce a solution that brings the system closer 

to clinical use. 
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APPENDIX A: Lens Prescriptions 

This appendix lists the lens prescriptions for the three designs presented in chapter 3. 

Final objective lens design: 

SURFACE RDY THI GLA 
OBJ: INFINITY 0.000000 

INFINITY 
INFINITY 
INFINITY 
-1.95834 
-3.35280 
10.23542 

ASP 
K 
A 

0.025000 
0.180000 
0.500000 
0.910314 
0.500000 
3.442500 

-8.798912 
-.373586E-02 

7: 

B 
C 
D 

-3.15457 

0.398168E-03 
0.207120E-03 
-.513961E-04 

•WATER* 
BK7_SCH0TT 

SFL6_SCHOTT 

•C0550' 

6.272200 

> STO 
9 

10 
11 
12 
13 
14 
15 

16: 

17 
18 
19 
20 
IMG 

ASP 
K -0.865451 

.115243E-02 
B 
C 
D 

INFINITY 
12.70000 
4.53644 
-10.27938 

-l.OOOOE+11 
3.42900 
8.97890 
3.15457 

ASP 
K 

-.803738E-04 
0.179519E-04 
-.722469E-06 

0.500000 
1.000000 
2.000000 
0.750000 
3.371989 
2.907943 
6.974986 
3.442500 

-0.865451 
115243E-02 
B 
C 
D 

-10.23542 
ASP 
K 
A 

0.803738E-04 
-.179519E-04 
0.722469E-06 

0.802040 

-8.798912 
0.373586E-02 

B 
C 
D 

SFL6_SCHOTT 
SK10_SCHOTT 

F5_SCHOTT 
LAK10_SCHOTT 

•C0550' 

-.398168E-03 
-.207120E-03 
0.513961E-04 

-l.OOOOE+11 1.005995 FK5_SCH0TT 
1.68402 0.500070 
INFINITY 0.180000 BK7_SCHOTT 
-l.OOOOE+11 0.000000 
INFINITY 0.000000 



APERTURS DATA/EDGE DEFINITIONS 
CA 
CIR SI 0.239500 
CIR S2 0.259756 
CIR S3 0.322572 
CIR S4 0.563988 
CIR S5 0.945861 
CIR S6 1.450000 
CIR S7 2.100000 
CIR S8 2.364250 
CIR S9 2.462229 
CIR SIO 2.437011 
CIR Sll 2.493023 
CIR S12 2.425025 
CIR S13 2.256716 
CIR S14 2.042932 
CIR S15 2.100000 
CIR S16 1.450000 
CIR S17 0.951204 
CIR S18 0.579242 
CIR 319 0.435131 
CIR S20 0.435100 

488.00 
1.613200 
1.335500 
1.522242 
1.827221 
1.492155 
1.729720 
1.614333 
1.630246 

REFRACTIVE INDICES 
GLASS CODE 
'C0550' 
•WATER' 
BK7_SCH0TT 
SFL6_SCH0TT 
FK5_SCH0TT 
LAK10_SCHOTT 
F5_SCH0TT 
SKIO SCHOTT 

550.00 
1.607560 
1.333000 
1.518522 
1.811859 
1.488972 
1.723046 
1.606787 
1.625137 

514.00 
1.610570 
1.334300 
1.520521 
1.819954 
1.490685 
1.726617 
1.610797 
1.627873 
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Objective lens with dif&active elements; 

RDY THI RMD GLA CCY THC 
OBJ: INFINITY 0.000000 100 100 
1: 0.1el2 1.900000 BK7_SCH0TT 100 0 
2: 2.96952 1.286226 0 0 
3: 10.23542 3.442500 •C0550' 100 100 
ASP: 
K : 
IC : 
A : 
AC : 

-8.798912 
YES 

.373586E-02 
100 

KC 
COF 
B 
BC 

100 
0.000000 

0.398168E-03 
100 

CCF: 100 
C :0.207120E-03 
CC : 100 

D :-.51396E-04 
DC : 100 

4: 
ASP 
K 
IC 
A 
AC 

-3.15457 

-0.865451 
YES 

,115243E-02 
100 

KC 
COF 
B 
BC 

4.299157 

100 
0.000000 

-.803738E-04 
100 

CCF 
C 
CC 

100 
0.179519E-04 

100 

100 

D :-.72247E-06 
DC : 100 

INFINITY 
HOE 
HVl 
HXl 
CXI 
HX2 
CX2 
HWL 

ElEA 
O.OOOOOOE+00 

100 
O.OOOOOOE+00 

100 
587.60 

HCO/HCC 
CI : -6.0000E-03 
CI : 0 

HV2 
HYl 
CYl 
HY2 
CY2 
HTO 

1.000000 

REA 
O.OOOOOOE+00 

100 
O.OOOOOOE+00 

100 
SPH 

C2 : -9.0000E-05 
C2 : 0 

SFL6_SCHOTT 

HOR: 1 
HZl:O.OO0OOOE+OO 
CZl: 100 
HZ2:O.0000OOE+OO 
CZ2: 100 
HCT: R 

100 100 

10.03494 
10.48727 
INFINITY 

HOE: 
HVl: REA 
HXl:0.OOOOOOE+00 
CXI: 100 
HX2:O.OOOOOOE+00 
CX2: 100 
HWL: 587.60 
HCO/HCC 
CI : -6.5000E-03 
CI : 0 

HV2 
HYl 
CYl 
HY2 
CY2 
HTO 

1.005739 
1.000000 
1.000000 

REA 
O.OOOOOOE+00 

100 
O.OOOOOOE+00 

100 
SPH 

C2 : -8.1712E-05 
C2 : 0 

BK7 SCHOTT 

HOR 
HZl 
CZl 
HZ2 
CZ2 
HCT 

O.OOOOOOE+00 
100 

O.OOOOOOE+00 
100 

R 

0 
0 

100 

0 
100 
0 

STO: 3.15457 
ASP 
K 
IC 
A 
AC 

-0.865451 KC 
YES CUF 

0.115243E-02 B 
100 BC 

3.442500 '00550' 

100 
0.000000 CCF 

0.803738E-04 C 
100 CC 

100 
-.179519E-04 

100 

100 100 

D :0.72247E-06 
DC : 100 

10: 
ASP 
K 
IC 
A 

-10.23542 

-8.798912 KC 
YES COF 

0.373586E-02 B 

0.500000 

100 
0.000000 

-.398168E-03 
CCF: 100 
C :-.207120E-03 

100 

D :0.51396E-04 
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AC : 

11 
12 
13 
14 

IMG 

100 

1.50000 
1.36359 
0.1el2 

INFINITY 
INFINITY 

BC : 100 

1.000000 
0.500000 
0.347946 
0.025000 
0.000000 

CC : 100 

tAK8_SCHOTT 

BA1,F51_SCH0TT 
•WATER' 

DC : 

0 

0 
100 
100 
100 

100 

100 
0 
0 

PIM 
100 

SPECIFICATION DATA 
NAO 0.30000 
TEL 
DIM MM 
WL 656.30 587.60 486 .10 
REF 2 
WTW 1 1 1 
INI ORA 
XOB 0.00000 0.00000 0.00000 0.00000 
YOB 0.00000 0.12500 0.25000 0.40000 
VOX 0.00000 0.00075 0.00299 0.00761 
VLX 0.00000 0.00075 0.00299 0.00761 
VUY 0.00000 0.02349 0.05061 0.08894 
VLY 0.00000 -0.01989 -0.03619 -0.05137 

APERTORE DATA/EDGE DEFINITIONS 
CA 
CIR SI 0.400000 
CIR S2 0.769584 
CIR S3 1.378946 
CIR S4 2.007263 
CIR S5 1.882090 
CIR S6 1.849501 
CIR S7 1.953452 
CIR S8 1.954898 
CIR S9 1.914490 
CIR SIO 1.401299 
CIR Sll 1.019201 
CIR S12 0.588214 
CIR S13 0.341751 
CIR S14 0.209847 

PRIVATE CATALOG 
PWL 546.10 
•WATER* 1.333000 
'C0550* 1.607860 

500.00 486.10 
1.335000 1.336000 
1.612100 1.613410 

REFRACTIVE INDICES 
GLASS CODE 
BK7_SCH0TT 
•C0550' 
•WATER' 
LAK8_SCHOTT 
BALF51_SCHOTT 
SFL6 SCHOTT 

656.30 
1.514321 
1.598335 
1.331122 
1.708973 
1.570617 
1.796090 

587.60 
1.516798 
1.604175 
1.332030 
1.713001 
1.573930 
1.805176 

486.10 
1.522379 
1.613410 
1.336000 
1.722223 
1.581638 
1.827811 

SOLVES 
PIM 

No pickups defined in system 



This is a decentered system. If elements with power are 
decentered or tilted, the first order properties are probably 
inadequate in describing the system characteristics. 

INFINITE CONJUGATES 
EFL 6.3848 
BFL -3.1674 
FFL 9.5866 
FNO 0.0000 
USED CONJUGATES 
RED 0.5000 
FNO 0.8333 
OBJ DIS 0.0000 
TT 20.7491 
IMG DIS 0.0250 
OAL 20.7241 
PARAXIAL IMAGE 
HT 0.2000 
THI 0.0250 
ANG 0.0000 
ENTRANCE PUPIL 
DIA 0 .6290E+10 
THI 0 .lOOOE+11 
EXIT PUPIL 
DIA 3.0148 
THI -3.1674 

CODE V> out t. 
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• Objective lens design with custom aspheiic surface 

GLC 
> OBJ 

1 
2 
3 
4 
5 

ASP 
K 
IC 
A 

:O.OOOOOOE+00 
AC : 

RDY 

INFINITY 
INFINITY 
INFINITY 
INFINITY 

O.Iel2 
-3.11538 

-0.265516 
YES 

0.446385E-02 

THI RMD 

0.000000 
0.025000 
0.180000 
0.750000 
3.487001 
0.750000 

KC : 0 
COF: 0.000000 
B :0.212839E-03 

BC : 0 

GLA 

'WATER* 
BK7_SCH0TT 

PSK3 SCHC3TT 

CCF: LOO 
C :0.174414E-03 

CC : 0 

CCY 

100 
100 
100 
100 
100 
0 

THC 

100 
100 
100 

0 
0 
0 

DC : 100 

6 18.14901 3.727951 LAK9 SCHOTT 0 0 
7 0.1el2 1.345161 BSM15_OHARA 100 0 
8 -5.39420 0.947640 0 0 

STO 0.1el2 1.470946 SFL6 SCHOTT 100 0 
10 4.00000 1.800000 FK5_SCH0TT 0 0 
11 -6.49599 3.413041 0 0 
12 5.17745 2.841441 LASF3_SCH0TT 0 0 
13 0.1el2 1.750000 100 0 
14 0.1el2 1.250000 LAL12_OHARA 100 0 
15 2.38065 0.750000 0 0 
16 0.1el2 0.180000 BBa_SCHOTT 100 100 
17 -0.Iel2 -0.000100 100 PIM 

IMG INFINITY 0.000108 100 100 

SPECIFICATION DATA 
NAO 0.50100 
TEL 
DIM MM 
WL 550.00 514.00 488 .00 
REF 2 
WTW 1 1 1 
INI ORA 
XOB 0.00000 0.00000 0.00000 0.00000 
YOB 0.00000 0.07485 0.14970 0.23950 
VUX 0.00000 0.00025 0.00102 0.00264 
VLX 0.00000 0.00025 0.00102 0.00264 
VUY 0.00000 0.01308 0.02750 0.04664 
VLY 0.00000 -0.01181 -0.02243 -0.03368 

APERTURE DATA/EDGE DEFINITIONS 
CA 

APERTURE data not specified for surface Obj th.ru 18 

PRIVATE CATALOG 
PWL 550.00 514.00 488.00 
•WATER' 1.333000 1.334300 1.335500 
'C0550' 1.607560 1.610570 1.613200 

REFRACTIVE INDICES 
GLASS CODE 

'WATER' 
550.00 514.00 

1.333000 1.334300 
488.00 

1.335500 
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BK7_SCH0TT 
SFL6_SCH0TT 
FK5_SCHOTT 
BSM15_0HARA 
LAL12_0HARA 
PSK3_SCH0TT 
LAK9_SCH0TT 
LASF3 SCHOTT 

1.518522 
1.811859 
1.488972 
1.625280 
1.680516 
1.554183 
1.693699 
1.812237 

1.520521 
1.819954 
1.490685 
1.627955 
1.683573 
1.556346 
1.696849 
1.817247 

1.522242 
1.827221 
1.4 92155 
1.630273 
1.686221 
1.558209 
1.699576 
1.821646 

SOLVES 
PIM 

No pickups defined in system 

INFINITE CONJUGATES 
EFL 2.4962 
BFL -4.1688 
FFL 1.4947 
FNO 0.0000 

AT USED CONJUGATES 
RED 1.6700 
FNO 1.6667 
OBJ DIS 0.0000 
TT 24.6682 
IMG DIS 0.0000 
OAL 24.6682 
PARAXIAL IMAGE 
HT 0.4000 
THI -0.0001 
ANG 0.0000 
ENTRANCE POPIL 
DIA 0.1158E+11 
THI O.lOOOE+11 
EXIT POPIL 
DIA 2.8901 
THI -4.1688 

CODE V> out t. 
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APPENDIX B: Tolcrance Data For Objective Lens 

This appendix provides a detailed listing of the data generated with the CODEV MTF tolerancing 

routine. For each field provided, data are presented showing the three wavelengths for which rays were 

traced, their weights, and the number of rays traced. Following this data is a table showing the specific 

tolerances that generated MTF errors in excess of .02. After this table, the most probable change in the 

MTF for this field and the probable amount of compensation required to achieve this MTF value are listed. 

SENSITIVITY ANALYSIS OF POLYCHROMATIC MTF FOR ALL FIELDS 

Field 1: (X,Y) = (0.0,0.0) 

Wavelength Weight Number of Rays 
550.0 NM I 152 
514.0 NM 1 160 
488.0 NM 1 160 

MANUFACTURING ERROR COMPENSATING PARAMETERS 

TYPE CHANGE A MTF f+Err) A MTF f-Err) DLTS16 DLTS18 DSXS15..21 DSYS15..2I 

TRY S6 0.0030000V 
DSY S6..7 0.0250000V 
DAK S7 0.0090000V 
DAKS15 0.0090000V 

-0.027 -0.037 
-0.026 -0.016 
-0.033 0.004 
-0.027 0.005 

-0.014149 
-0.004533 
-0.030223 
-0.017808 

0.020591 
0.005899 
0.037486 
0.022464 

-0.006771 
0.005261 

-0.003560 
-0.007816 

0.007336 
0.014214 
0.001107 
0.004070 

PROBABLE CHANGE IN MTF -0.164 
PROBABLE CHANGE OF COMPENSATORS (+/-) DLT S16 => 0.155631 

DLT S18 —> 0.170395 
DSX S15..21 => 0.056870 
DSYS15..21 ==> 0.044721 

CUMULATIVE CHANGE 
PROBABILITY IN MTF 
50.0 PCT. -0.056 * If it is assumed that the errors can 
84.1 PCT. -0.110 only take on the extreme values 
97.7 PCT. -0.164 • of the tolerances, the 97.7 percent 
99.9 PCT. -0.217 probable change in MTF is-0.452 



200 

Field 2: (X,Y) = (0.0,0^) 

Wavelength Weight Number of Rays 
550.0 NM 1 156 
514.0 NM 1 160 
488.0 NM 1 170 

MANUFACTURING ERROR COMPENSATING PARAMETERS 

TYPE CHANGE AMTF(+Err) AMTF(-Err) DLTS16 DLTS18 DSXS15..21 DSYS15..21 

DLRS7 0.0160000V -0.022 0.006 0.005356 -0.039462 0.003671 -0.001221 
TRYS6 0.0030000V -0.065 0.005 -0.014149 0.020591 -0.006771 0.007336 
DSYS6..7 0.0250000V 0.008 -0.044 -0.004533 0.005899 0.005261 0.014214 
RLYS10..9 O.OlOOOOOv 0.004 -0.028 0.011262 -0.016228 0.004051 -0.015379 
DSYS12..14 0.0250000V -0.028 0.009 -0.012239 0.017598 -0.004010 0.028195 
DSYS15..16 0.0250000V -0.038 0.012 -0.001026 0.001998 -0.005108 -0.030597 
DSYS17..18 0.0250000V 0.011 -0.036 0.004607 -0.007030 0.005197 0.006044 
DAAS6 0.0000747V 0.009 -0.021 -0.007851 0.009777 -0.002586 0.000745 
DAK S7 0.0090000V -0.006 -0.057 -0.030223 0.037486 -0.003560 0.001107 
DAA S7 0.0000230V -0.022 0.004 0.015959 -0.019492 0.001717 -0.000542 
DAKS15 0.0090000V -0.021 0.006 -0.017808 0.022464 -0.007816 0.004070 

• PROBABLE CHANGE IN MTF -0.215 
• PROBABLE CHANGE OF COMPENSATORS (+/-) DLT S16 —> 0.155631 

DLTS18 ==> 0.170395 
DSXS15..21=> 0.056870 
DSYS15..21=> 0.044721 

CUMULATIVE CHANGE 
PROBABILITY IN MTF 
50.0 PCT. -0.071 * If it is assumed that the errors can 
84.1 PCT. -0.143 only take on the extreme values 
97.7 PCT. -0.215 * of the tolerances, the 97.7 percent 
99.9 PCT. -0.286 probable change in MTF is -0.584 
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Field 3: (X,Y) = (-0^8,0.0) 

Wavelengdi Weight Number of Rays 
550.0 NM 1 154 
514.0 NM 1 162 
488.0 NM 1 166 

MANUFACTURING ERROR COMPENSATING PARAMETERS 

TYPE CHANGE A MTF f+Err) A MTF (-Err) DLT S16 DLT SIS DSXS1S..21 DSYS15..21 

TRYS6 0.0030000V -0.039 -0.033 -0.014149 0.020591 -0.006771 0.007336 
TRXS6 0.0030000V -0.003 -0.024 -0.006260 0.008834 -0.016345 0.001760 
DSY S6..7 0.0250000V -0.026 -0.032 -0.004533 0.005899 0.005261 0.014214 
DSY SI5.. 16 0.0250000V -0.024 -0.019 -0.001026 0.001998 -0.005108 -0.030597 
DSX SI5.. 16 0.0250000V -0.020 0.001 -0.002053 0.003206 -0.029764 0.003627 
DSY S17.. 18 0.0250000V -0.017 -0.023 0.004607 -0.007030 0.005197 0.006044 
DAKS7 0.0090000V -0.016 -0.023 -0.030223 0.037486 -0.003560 0.001107 
DAKSI5 0.0090000V -0.020 0.002 -0.017808 0.022464 -0.007816 0.004070 

• PROBABLE CHANGE IN MTF -0.189 
• PROBABLE CHANGE OF COMPENSATORS (+/-) DLTS16—> 0.155631 

DLT S18 ==> 0.170395 
DSX S 15..21 => 0.056870 
DSYS15..21=> 0.044721 

CUMULATIVE CHANGE 
PROBABILITY IN MTF 
50.0 PCT. -0.070 * If it is assumed that the errors can 
84.1 PCT. -0.130 only take on the extreme values 
97.7 PCT. -0.189 • of the tolerances, the 97.7 percent 
99.9 PCT. -0.248 probable change in MTF is -0.537 
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FIELD 4: (X,Y)= (1.0,-0.71) 

Wavelength Weight Number of Rays 
550.0 NM 1 157 
514.0 NM 1 144 
488.0 NM 1 107 

MANUFACTURING ERROR COMPENSATING PARAMETERS 

TYPE CHANGE AMTFf+Err) AMTF(-Err) DLTS16 DLTS18 DSXS1S..21 DSYS15..21 

DLRS15 0.0160000V -0.026 -0.005 -0.005983 0.027259 -0.005415 0.002886 
TRYS6 0.0030000V -0.062 -0.049 -0.014149 0.020591 -0.006771 0.007336 
DSY S6..7 0.0250000V -0.029 -0.031 -0.004533 0.005899 0.005261 0.014214 
DSX S6..7 0.0250000V -0.024 0.003 0.002390 -0.003627 0.016129 -0.003063 
RLYS10..9 O.OlOOOOOv -0.017 -0.021 0.011262 -0.016228 0.004051 -0.015379 
DSY S12.. 14 0.0250000V -0.022 -0.015 -0.012239 0.017598 -0.004010 0.028195 
DSYSI5..I6 0.0250000V -0.023 -0.032 -0.001026 0.001998 -0.005108 -0.030597 
DSXS15..16 0.0250000V 0.002 -0.031 -0.002053 0.003206 -0.029764 0.003627 
DSYS17..18 0.0250000V -0.031 -0.024 0.004607 -0.007030 0.005197 0.006044 
DSXS17..18 0.0250000V -0.029 0.002 0.002111 -0.003278 0.005025 -0.003566 
DAK 87 0.0090000V -0.023 -0.053 -0.030223 0.037486 -0.003560 0.001107 
DAK 815 0.0090000V -0.041 -0.014 -0.017808 0.022464 -0.007816 0.004070 

PROBABLE CHANGE IN MTF -0 J35 
PROBABLE CHANGE OF COMPENSATORS (+/-) DLT S16 —> 0.155631 

DLT S18 ===> 0.170395 
DSXS15..21=> 0.056870 
DSYS15..21 => 0.044721 

CUMULATIVE CHANGE 
PROBABILITY IN MTF 
50.0 PCT. -0.118 * If it is assumed that the errors can 
84.1 PCT. -0.227 only take on the extreme values 
97.7 PCT. -0.335 • of the tolerances, the 97.7 percent 
99.9 PCT. -0.443 probable change in MTF is -0.968 
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FIELD 5: (X,Y) = (0.0,1.0) 

WAVELENGTH WEIGHT NO. OF RAYS 
550.0 NM I 158 
514.0NM 1 166 
488.0 NM 1 168 

MANUFACTURING ERROR COMPENSATEMG PARAMETERS 

TYPE CHANGE A MTF (+Err) A MTF (-Err) DLTS16 DLTSI8 DSXS15..21 DSYS15..21 

DLRS7 O.OI60000V -0.037 -0.006 0.005356 -0.039462 0.003671 -0.001221 
DLTS4 0.0250000V -0.025 -0.018 -0.059124 0.019492 0.003148 -0.000722 
DLTS6 0.0500000V -0.035 -0.002 0.010253 -0.075279 0.006147 -0.002314 
TRYS6 0.0030000V -0.049 -0.029 -0.014149 0.020591 -0.006771 0.007336 
TRXS6 0.0030000V -0.021 -0.018 -0.006260 0.008834 -0.016345 0.001760 
DSY S6..7 0.0250000V -0.013 -0.037 -0.004533 0.005899 0.005261 0.014214 
DSYS9..11 0.0250000V -0.022 -0.004 0.011747 -0.016479 0.000303 -0.006662 
DSY S15.. 16 0.0250000V -0.035 -0.013 -0.001026 0.001998 -0.005108 -0.030597 
DSX S15.. 16 0.0250000V -0.028 -0.029 -0.002053 0.003206 -0.029764 0.003627 
DSY SI7.. 18 0.0250000V -0.012 -0.030 0.004607 -0.007030 0.005197 0.006044 
DSX SI7.. 18 0.0250000V -0.027 -0.025 0.002111 -0.003278 0.005025 -0.003566 
DAAS6 0.0000747V -0.003 -0.032 -0.007851 0.009777 -0.002586 0.000745 
DAK S7 0.0090000V -0.054 -0.097 -0.030223 0.037486 -0.003560 0.001107 
DAA S7 0.0000230V -0.032 -0.011 0.015959 -0.019492 0.001717 -0.000542 
DAKS 15 0.0090000V -0.030 -0.028 -0.017808 0.022464 -0.007816 0.004070 

PROBABLE CHANGE IN MTF -0.477 
PROBABLE CHANGE OF COMPENSATORS (+/-) DLTS16==> 0.155631 

DLT S18 > 0.170395 
DSXS15..21=> 0.056870 
DSYS15..21=> 0.044721 

CUMULATIVE CHANGE 
PROBABILITY IN MTF 
50.0 PCT. -0.159 • If it is assumed that the errors can 
84.1 PCT. -0.318 only take on the extreme values 
97.7 PCT. -0.477 * of the tolerances, the 97.7 percent 
99.9 PCT. -0.636 probable change in MTF is -1394 
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