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ABSTRACT 

Optics has affected the lives of people by changing the practice of medicine and offering new approaches to major health 
problems, such as the treatment of heart disease, cancer, kidney stones, knee injuries, and eye diseases. The use of optics 
and fiber optics has led to less invasive ways of treating disease by replacing open surgery with minimally invasive 
therapies. The basic research in biology that leads to new insights into the treatment of disease has benefited from 
technical advances ranging from optical methods of gene sequencing to new and more precise microscopies.This broad 
use of optical techniques has led to new approaches to biological research problems, new methods of medical diagnosis, 
and new ways to treat diseases. Tools developed for use in research have evolved into tools for patient treatment, and 
new and increasingly sophisticated research apparatus continues to emerge, improving our ability to study and control 
basic biological processes. 
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INTRODUCTION 
It is the intent of this review paper to show how optics and lasers have changed the practice of medicine 
in ways that most readers have experienced, either directly or through a family member, and to give some 
view of how optical science may affect the health care of the future. In addition, the reader will have a 
better sense of how optics is involved in health care technologies used for applications as diverse as the 
determination of viral load in HIV and, potentially, the monitoring of blood glucose levels in diabetics. 
This review paper is organized into three main topics: (1) surgery and medicine, (2) biology, and (3) 
biotechnology. The paper concentrates on revolutionary developments, ones that have led to new 
techniques for research, diagnosis, or treatment or that could do so in the future. It concludes with some 
general remarks on health care and the life sciences as a whole, highlighting the key challenges and 
opportunities that the field faces and making some recommendations to government, academia, and the 
private sector. 
 
SURGERY AND MEDICINE 
Optics has enabled laser surgery, optical diagnostic techniques, and visualization of the body's interior. 
Although the applications of optics to surgery and medicine have increased rapidly since the invention of 
the laser in 1960, a number of optical techniques were used before that time. The development of rigid 
and flexible endoscopes—devices that allow the inside of canals and hollow organs to be viewed—are 
discussed in some detail elsewhere. A number of rigid endoscopes were used in the nineteenth century, 
and the first flexible medical endoscope using optical fibers was demonstrated in 1959. 
 
INTRODUCTION OF LASERS 
The medical potential of the laser has been explored almost from the invention of the ruby laser in 1960. 
These initial experiments were often of the ''point-and-shoot" variety, unguided by an understanding of 
the mechanisms by which the laser interacted with tissue or of ways to optimize these interactions. 
Ophthalmology was the specialty that adapted and incorporated laser techniques into clinical practice 
most rapidly, in large part because the interior of the eye was optically accessible (Krauss and Puliafito, 
1995). By the end of the 1960s, some understanding of the mechanisms by which the laser interacts with 
the retina had been obtained, with both thermal and mechanical effects identified. 
Interaction of Light with Tissue 
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The optical properties of tissue were studied, leading to the awareness that most tissue is an 
inhomogeneous substance with multiple absorbers such as melanin (the primary pigment in skin), 
oxyhemoglobin (a constituent of blood), and proteins. The significance of these absorbers varies with the 
wavelength of interest; for wavelengths greater than 1 μm, for example, water is the primary absorber. 
For reference, the wavelength range of visible light is about 0.4 to 0.7 µm; the wavelengths of lasers used 
in medicine extend to both the short (ultraviolet) and the long (infrared) side of the visible spectrum. 
New clinical treatments grew from increased insight into light-tissue interactions. With an understanding 
of the different absorption properties of various tissue components and of the depth that light penetrated 
into tissue came the insight that thermal effects could be confined to the optical penetration depth by 
using laser pulses short enough that no thermal diffusion occurred during the pulse. This led to the 
concept of "selective photothermolysis" in which particular sites in tissue, such as blood vessels, are 
targeted with minimal effect on surrounding tissue. This concept is exploited in dermatology, where the 
treatment of skin lesions characterized by abnormal blood vessels, such as port wine stains, is often 
required. New kinds of laser effects were discovered. There was increased awareness and utilization of 
the fact that lasers could be used to produce tissue effects other than the purely thermal ones involved in 
early laser surgery. The ability of pulsed lasers to cause a number of mechanical effects was recognized, 
studied, and used. Some of these photomechanical effects relied in turn on the ability of pulsed lasers to 
initiate nonlinear effects; specifically, the ability of pulsed lasers to produce optical breakdown in water 
was used to generate cavitation bubbles and launch stress waves. These mechanical effects found clinical 
use in ophthalmology, where they are employed in a procedure referred to as "photodisruption." This 
procedure is used to treat a side effect of cataract surgery, the formation of an opacification on the 
membrane that holds the opaque lens, by rupturing or tearing a portion of that membrane. Here, a simple 
laser procedure now avoids the need for a second, invasive surgery. 
Laser Surgery 
For the correction of visual defects such as nearsightedness, astigmatism, and farsightedness, laser-
refractive surgery has attracted intense clinical and public interest. The basic concept is simple. Since 
most of the refractive power of the eye comes from the cornea, the outer surface of the eye, relatively 
small changes in the curvature of the cornea can correct a large number of visual defects that currently 
require eyeglasses or contact lenses. In a generic sense, the concept is to perform corneal "sculpting" 
using a laser. Although a number of approaches to corneal sculpting have been used, the basic concept 
relies on the observation, made in the materials science community in the early 1980s, that UV laser 
radiation from pulsed excimer lasers can be used to ablate both polymers and tissue with minimal 
damage (typically less than 1 μm) and with high-precision and control. This basic observation served to 
guide the development of a number of different excimer laser systems for refractive surgery. All of these 
systems were designed to ablate tissue from the cornea in a controlled and predetermined manner to 
produce a change in the refractive power of the eye, but they differed in engineering details. In the course 
of development of these systems, numerous problems involving optical engineering, the safety and 
efficacy of the procedure, wound healing, pharmacology, and regulatory issues required solution.  
Cardiovascular Applications 
Heart disease is the leading cause of death in the United States, and the search for alternatives to 
expensive coronary bypass surgery has been active, with laser systems initially offering a promising 
approach. Cardiovascular applications provide an example of both the potential of laser techniques and 
the potential pitfalls in applying technological solutions to complex biological systems. The attractive 
feature of the laser in cardiovascular applications is its ability to deliver energy via an optical fiber to sites 
in very small vessels. Laser angioplasty, the use of lasers to remove blockages in arteries, is a well-known 
concept. Although many techniques used for angioplasty, such as laser ablation, inflatable balloons, and 
high-speed rotating cutters, are effective at removing blockages, a major problem shared by all of these 
approaches is restenosis—the vessel reclosure that occurs within 6 months in about 40% of all 
angioplasties. Consequently, emphasis has shifted from the development of new angioplasty techniques 
to the development of methods of controlling restenosis, including the insertion of metal stents and the 
use of photochemical therapies. 
Tools for Biology 
In addition to their medical and surgical applications, optical instrumentation and methods contribute 
enormously to fundamental research and discovery in biology. Modern methods now go far beyond the 
capabilities of the conventional microscope and other traditional instruments, providing new insights and 
enabling the discovery of hitherto unknown biological processes and new drugs. Many of these new 
approaches are strongly dependent on advances in laser technology, the development of sensitive 
detectors, improvements in optical components, and the development of advanced image processing 
hardware and software. Equally important for progress has been the creative development of optically 
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based contrast-enhancing molecular probes, typically fluorescent molecules. Most of optics' contributions 
to biology fall into three categories: visualization, measurement and analysis, and manipulation. 
Biotechnology 
Just as optics is playing an important enabling role in the development of new research techniques for 
fundamental biology, it is also becoming increasingly important in the biotechnology industry. Many of 
the devices and techniques discussed above in the context of biological research, such as flow cytometry 
and fluorescent molecular probes, play similarly important roles in biotechnology applications. In a 
general sense, biotechnology involves measurement, manipulation, and manufacture of large biologically 
significant molecules such as proteins and DNA. Among the applications for which optical methods are 
most important are genetic sequencing and pharmaceutical development. 
DNA Analysis 
The development of new instrumentation for DNA sequencing has been driven by the Human Genome 
Project, which is the largest government-funded project in the health sciences. The general strategy of all 
such instruments involves tagging the four distinct bases that occur in DNA with fluorescent dyes that 
have different emission wavelengths. Currently an argon ion laser is used to excite fluorescence. Sequence 
information is obtained by monitoring the multicolored fluorescent emission from large electrophoretic 
gels. High-efficiency confocal laser scanning systems, which are commercially available, currently provide 
the fastest method for gene sequencing. Although they represent a major improvement over first-
generation instruments, these devices are still considered approximately 100 times too slow to meet the 
goals of the Human Genome Project. The next generation of instruments, currently under development, 
incorporates integrated optics, hollow fibers for capillary electrophoresis, and red and infrared dyes for 
better spectral separation of the fluorescent indicators.The polymerase chain reaction (PCR) used for 
DNA amplification is pervasive in biology today, being used for detection of viruses in blood, monitoring 
of viral loads in AIDS patients, detection of inherited disease tendencies, and forensics. Although current 
PCR systems are of laboratory bench-top size, the availability of miniaturized optics allows the 
development of miniaturized versions. These micro-PCR systems will allow quantitative detection of the 
nucleic acids formed and will use micro spectrometers to monitor fluorescent tags in real-time.  
Pharmaceutical Screening 
Pharmaceutical screening to find drugs that have optimal biological activity for a particular clinical 
application is a good example of the potential impact of advanced fluorescent indicators on 
biotechnology. These applications, now in the early stages of development, would allow the screening of 
very large numbers of potential pharmaceuticals using only minute quantities of the candidate drug and 
small groups of cells. The pharmaceutical industry has developed very large libraries of semirandomly 
generated candidate compounds for drug discovery. The libraries contain thousands to millions of 
different chemicals, usually synthesized by combinatorial sequences of reaction steps. The libraries now 
encompasses a wide variety of chemical families, including many that could be suitable for orally active 
drugs to treat major diseases. However, screening these huge libraries to find which members possess 
optimal biological activity is a tremendous challenge. Only picomole quantities of each candidate are 
available, so most traditional pharmaceutical assays are too insensitive. Thus, there is a great need for 
bioassays that can be miniaturized to microliter or smaller assay volumes and performed at the rate of 
thousands to millions per day. Such bioassays have to be easily adaptable both to known drug receptors 
and to the thousands of new potential macromolecular targets being found by human genome 
sequencing. 
Surgery and Medicine 
Optics has enabled the development of rigid and flexible viewing scopes that allow minimally invasive 
diagnosis and treatment of numerous sites inside the body, such as the colon, the knee, and the uterus. 
Lasers have become accepted and commonly used tools for a variety of surgical applications. These 
include the CO2 laser, the high-repetition-rate, frequency-doubled Nd:YAG laser (KTP 532), and the 
Nd:YAG laser. Lasers and optics have made possible noninvasive treatment of many diseases of the eye 
and have become essential to the practice of ophthalmology. Inpatient procedures have often become 
outpatient ones as a result. Lasers are now used extensively in dermatology for the treatment of 
pigmented lesions, tattoos, wrinkles, and other problems. This use has become widespread because 
research has led to an understanding of how to target specific tissue sites by the proper choice of laser 
wavelength and pulse width. Biological response, rather than the sophistication of a particular optical 
technique, is often the critical issue in clinical applications. Close cooperation between physical scientists 
and physicians is necessary to successfully address clinical problems. One example is laser angioplasty. 
New infrared solid-state lasers are being used to complement the more established CO2 and YAG surgical 
lasers. The Ho:YAG laser offers compatibility with existing quartz fiber optics and may replace CO2 in 
some cases. The Er:YAG laser is unique in its ability to cut bone with minimal thermal damage. 
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Photomechanical effects have been recognized as clinically significant and often useful; they are used 
commonly in ophthalmology and urology. Light-activated drugs are being used to treat both cancer and 
noncancer diseases by photodynamic therapy. These photochemical treatments are able to affect not only 
cells and tissue, but also specific growth factors and signaling processes in tissue. Non-invasive 
monitoring of basic body chemistries, such as glucose concentration, remains a major challenge for optics. 
The basic science required for the development of such monitoring techniques is often missing or 
incomplete. As laser medicine and surgery have moved from being almost entirely empirical arts to 
having a solid basis in the underlying physics and chemistry of laser-tissue interaction, new and less 
painful laser treatments for numerous diseases have been developed. The disease-oriented structure of 
NIH does not encourage the funding of biomedical optical technology programs. Lasers and fiber-based 
instrumentation have enabled many new minimally invasive therapies that reduce total (direct plus lost 
time) health care costs. Optically based diagnostic methods are less developed than therapeutic ones, but 
they offer potentially improved techniques for the medical laboratory (more accurate blood tests), the 
clinic (techniques to complement x-ray mammography), and home care (noninvasive glucose 
monitoring). New laser technologies and effects are now quickly assimilated by the medical care 
community. However, the FDA regulatory process makes commercialization of new technologies costly. 
Close cooperation among optical scientists, physicians, and FDA personnel may improve the process. 
Optics and lasers will continue to facilitate the development of new medical systems. Lasers have become 
essential parts of all systems used for DNA sequencing, ranging from those that are commercially 
available to more experimental capillary electrophoresis systems. Optics is being employed in a number 
of biotechnology applications, from sophisticated systems using DNA chips to simpler systems using 
transmission probes. Scientists, engineers, and technicians with cross-disciplinary training will enhance 
the transfer of optical science into biology and medicine. 
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