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Preface

Biomedical optics is a rapidly growing area of research that has passed the
“tipping point” for technology transfer, with significant momentum toward
commercialization. Optical engineering is one of the keys in the development and
commercialization of new imaging technologies, encompassing the selection of
optical configurations, light sources, optical components, detectors, illumination
and imaging system designs, and testing. Designing an efficient system for
biomedical imaging requires a solid understanding of special requirements of
optical systems for biomedical imaging and optical components used in the
systems.

This book is developed from the SPIE course “Optical Design for
Biomedical Imaging” that I have been teaching since 2008. It can be used as a
reference for students, researchers, and engineers in biomedical fields. Readers
can learn about the fundamentals of biomedical optics (light and tissue
interaction, effect of tissue on optical systems), optical component specification
and selection, light sources, detectors, various optical systems, and specific
requirements for biomedical imaging. Readers will also learn how to design and
model illumination and imaging systems for biomedical applications.

Chapter 1 gives an introduction to optical signals in biomedical optical
imaging, tissues in optical systems, and biomedical optical imaging techniques.
Readers without a background in optical design can gain some fundamental
knowledge on optical systems and design from Chapter 2, which covers paraxial
optics, optical properties and radiometry of optical systems, aberration
fundamentals, aberration corrections, performance evaluations of optical systems,
and basic optical design. Chapter 3 is dedicated to optical fibers in biomedical
imaging, including the optics and optical properties of fibers and fiber bundles,
fiber optic illumination, and imaging systems. Chapters 48 discuss microscope
optics, fluorescence imaging, polarization imaging, confocal imaging and
endoscope optics.

Each chapter starts with principles of imaging techniques and then discusses
configurations, light sources, detectors, key optical components, and imaging and
illumination system design with some design examples. Some other imaging
techniques, such as optical coherence tomography, are not covered here, although
they may be included in future editions.

xiii
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Chapter 1

Introduction to Biomedical
Optical Imaging

1.1 Introduction

Biomedical optical imaging is one of the most rapidly growing and most relied-
upon tools in health care for diagnosis and treatment of human diseases. Optical
imaging with human eye visual examination was the first method ever used in
disease detection and diagnosis.

Optical imaging overcomes some of the deficiencies found in the currently
used medical techniques of x-ray, ultrasound, and magnetic resonance imaging
(MRYI), including:

e Harmful ionizing radiation, in the case of x-ray imaging,
e Lack of specific chemical and dynamic information from MRI, and
e Low resolution.

Modern biomedical optical imaging utilizes optical contrasts, such as the
difference in light absorption, transmission, reflection, scattering, and
fluorescence between the region of interest (ROI) and the surrounding area,
providing both structural and functional information.

The following are some of the benefits offered by optical contrasts:'

¢ lonizing radiation does not exist.

e Optical spectra, based on absorption, fluorescence, or Raman scattering,
provide information on cellular processes and tissue chemistry as well as
detailed chemical and dynamic information.

e Optical absorption provides contrast for functional imaging.

e Optical scattering spectra provide information about the size distribution
of optical scatter.

e Optical polarization provides information about structurally anisotropic
tissue components.

e Optical properties of targeted contrast agents provide contrast for the
molecular imaging of biomarkers.

1
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2 Chapter 1

e Optical imaging permits simultaneous detection of multiple contrast
agents.

Using the spatial and temporal variations in the optical properties of tissues
and cells, various types of biomedical optical imaging techniques have been
developed with applications from fundamental research to clinical diagnosis.

The key advantages of these imaging techniques are:

High resolution,

Noninvasive procedures,

Real-time capability,

A wide range of imaging fields, from less than 100 nm to the entire

human body,

The ability to provide in vitro, in vivo, and ex vivo imaging,

e The ability to combine with other imaging techniques,

e Endoscopic compatibility to reach many organs and tissue sites for
imaging,

e The ability to obtain tissue-section images and construct 3D images, and

Point monitoring and imaging implementation.

1.2 Optical Signals in Biomedical Optical Imaging

1.2.1 Optical properties of tissues

Tissues are inhomogeneous materials. They behave like any bulk medium in
which light propagation produces absorption, scattering, refraction, or reflection.
Optical properties of tissues are characterized by the wavelength-dependent
refractive index n, absorption coefficient p, , and scattering coefficient p .

1.2.1.1 Refractive index

The refractive index » is a fundamental property of homogeneous media. For a
tissue that is heterogeneous, the effective refractive index is generally
approximated as the averaged value of the refractive indices of its constituents.
The refractive index of the tissue determines the speed of light in the tissue; any
change in the refractive index will introduce variations in refraction, reflection,
and scattering.

Water makes up a large portion of most tissues; therefore, its refractive index
(n = 1.333 at 587.6 nm) can be used as the minimum value for fluids and soft-
tissue constituents. All tissue components have a refractive index larger than
water.' For example, extracellular fluids have a refractive index of 1.35-1.36;
for cytoplasm it is 1.36-1.375, for nuclei 1.38-1.41, for mitochondria and
organelles 1.38—-1.41, and for melanin 1.6-1.7. The volume-averaged refractive
index of most biological tissues falls within 1.34-1.62, which is greater than the
refractive index of water. For hard tissues, such as enamel, the refractive index is
approximately 1.62.
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Introduction to Biomedical Optical Imaging 3

Refractive index is a very important parameter in designing optical systems
for biomedical imaging. Any deviation from the design value introduces some
aberrations, particularly spherical aberration.

1.2.1.2 Absorption and absorption coefficients

Light absorption occurs as a result of the excitation of atoms or molecules into
higher energetic states by photons. Absorption in tissues is dominated by protein,
deoxyribonucleic acid (DNA), and other molecules in the ultraviolet (UV)
region; by water in the infrared (IR) region; and by hemoglobin and melanin in
the visible region. In the red to near-IR spectrum (from 600-1300 nm),
absorption is minimal. This region is called the diagnostic and therapeutic
window. At the short-wavelength end, the wavelength range (“window”) is
bound by the absorption of hemoglobin. At the IR end of the window,
penetration is limited by the absorption properties of water.”

The absorption coefficient p, is defined as the probability of photon
absorption in a medium per unit path length." For most biological tissues, p1, is
between 0.1 and 1 cm ™. The reciprocal of y, is mean free path /;:

[ =—. (1.1)

The intensity of light after traveling distance z in the tissue is given by Beer’s
law:

1(z)=I,e ™", (1.2)

where [ is the light intensity at z =0.
The absorption coefficient of a tissue varies for different wavelengths. Each
molecule or atom has its own characteristic absorption spectrum.

1.2.1.3 Scattering and scattering coefficients

Light scattering occurs in tissues that have a spatial variation in the refractive
index n. Photons are scattered most strongly by a structure whose size matches
the wavelength of the illumination light and whose refractive index differs from
that of the surrounding medium.

When inelastic Raman scattering is not considered, light scattering is a
process involving a photon elastically bouncing off of a microscopic obstacle.
The photon is not destroyed in the process; only its direction of propagation is
changed. The scattering properties of tissue can be characterized by Rayleigh or
Mie scattering. Because scattering events redirect the photon paths randomly, the
process causes image blur and reduces contrast in an imaging system.

The scattering coefficient L is defined as the probability of photon scattering
in a medium per unit path length. For most tissues, p is between 50 cm’
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4 Chapter 1

(prostate) and 1000 cm ™' (tooth enamel). The scattering mean free path [ is
defined as the reciprocal of ps:

L =—. (1.3)

The intensity of unscattered light after traveling distance z in the tissue is
approximated by Beer’s law:

I(z)=1,e"", (1.4)

where /; is the light intensity when it enters the tissue. The scattering coefficient
is also wavelength dependent but