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Call it what you will: biomedical optics, biophotonics, optics in the life sciences, or lasers
in medicine; light, lasers, and optics have played a tremendous role in biology and
medicine over the last few decades, and this role is growing. This chapter covers

activities on biomedical optics for in vivo and in vitro applications. Additional material on
biomedical optics can be found in the chapter by Jim Wynne on LASIK.

Optical methods are used in medicine and biology for both diagnostics and therapeutics.
Important aspects of optical methods for these applications include the ability to use multiple
wavelengths to perform spectroscopy (i.e., detect or stimulate specific transitions to provide
molecular information) or to perform multiplexing with multi-color probes, the ability to
penetrate tissue (particularly in the near infrared), the ability to produce changes in molecules,
and the potential to produce low-cost and portable instrumentation.

Clinical use of optical methods has a long history. Early methods relied on the observer’s eye
for imaging through human tissue, with reports of detection of hydrocephalus (accumulation of
cerebrospinal fluid within the cranium, 1831) [1], hydrocele (accumulation of fluid around the
testis, 1843) [2], and breast cancer (1929) [3]. The advent of the laser and microelectronics
enabled applications such as retinal surgery using argon lasers in the 1960s [4] and pulse
oximetry in the 1970s [5]. However, the largest growth in biomedical optics methods began in
the 1990s, where advances in lasers, image sensors, and genetic modification led to the advent of
many new biomedical optics methods, among them optical coherence tomography (OCT) [6], in
vivo diffuse optical imaging, multi-photon microscopy [7], revival of coherent anti-Stokes
Raman spectroscopy (CARS) microscopy [8], photoacoustic imaging, bioluminescence imaging
[9], green fluorescence protein as a marker for gene expression [10], and bioimaging using
quantum dots [11,12].

In Vivo Imaging and Spectroscopy
Optical imaging in tissue generally falls into two classes: those based on unscattered light
(“ballistic” photons), which can provide very high spatial resolution (on the order of micro-
meters, i.e., the cellular level) but with limited tissue penetration (on the order of 1–2 mm), and
those based on scattered light (diffuse imaging), which can provide good tissue penetration
(many centimeters) at the expense of resolution (limited to on the order of 1 cm). Examples of
high-resolution in vivo imaging include OCT, confocal imaging, and nonlinear microscopy.
Examples of diffuse methods include diffuse optical tomography, tissue oximetry, and pulse
oximetry.

In Vivo Molecular Probes and Image Contrast. The ability to perform molecular imaging
or spectral multiplexing is one of the primary advantages of optical methods. For in vivo
imaging, a range of targets is available with endogenous contrast. For absorption measure-
ments, these include most notably oxyhemoglobin and deoxyhemoglobin (the basis for pulse
oximetry, tissue oxygenation monitoring, optical brain monitoring and imaging, and diffuse
optical tomography), as well as spectral variation of scattering, melanin, bilirubin, and
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cytochrome oxidase. Endogenous fluorophores in vivo
include nicotinamide adenine dinucleotide (NADPH),
flavins, collagen, and elastin. Exogenous chromophores
and fluorophores in clinical use include fluorescein for
retinal angiography and corneal abnormalities, indocyanine
green (ICG) for monitoring vasculature and perfusion,
isosulfan blue for tracing the lymph system, and sensitizers
for photodynamic therapy. More advanced chromophores
and fluorophores are under development, including molec-
ular beacons and nanoparticles. The latter can potentially
combine diagnostic and therapeutic capabilities. A signifi-
cant hurdle in the use of advanced chromophores in humans
is regulatory approval, though the various advanced con-
trast agents are currently used in animal studies. There are
several commercial systems available today for optical mo-
lecular imaging of small animals.

Diffuse optical imaging in vivo has been pioneered
by Britton Chance (Fig. 1) and others. Significant appli-
cation areas of diffuse optical imaging include small-
animal imaging, brain monitoring and imaging, and
cancer detection. In diffuse optical tomography, image
reconstruction is used to produce two- or three-dimen-
sional images from a set of absorption or fluorescence
images. Dynamic or differential imaging can be used to
enhance contrast from diffuse optical imaging. An ex-
ample is shown in Fig. 2, which displays an image of
internal organs in a mouse derived from
the dynamics of dye uptake following
injection.

Photoacoustic imaging and spectros-
copy combine the relative advantages of
optical and acoustic methods. Absorption
of a laser pulse produces an acoustic wave
that is detected by an acoustic transducer.
This method provides the molecular spec-
ificity of optical methods (e.g., localizing
blood vessels through optical absorption
of blood) with the spatial resolution of
acoustic methods, which is superior to that
of diffuse optics. An example of photoa-
coustic imaging of blood vessels with
optical resolution in a mouse ear is shown
in Fig. 3.

Optical coherence tomography (OCT).
OCT, pioneered by James Fujimoto (Fig. 4)
and others, is an interferometric method for
reflectance in vivo microscopy providing
high resolution (approximately a micron) at
depths of approximately amillimeter in bio-
logical tissue. Early work on OCT was pri-
marily performed in the time domain using
very-short-coherence light sources [6].More
recently, spectral domain or Fourier domain

▴ Fig. 1. Britton Chance (The Optical Society
[OSA]). (AIP Emilio Segre Visual Archives,
Physics Today Collection.)

▴ Fig. 2. In vivo, non-invasive anatomical mapping of internal
organs in a mouse derived from temporal response of ICG uptake
following injection. Nine organ-specific regions are found from the
different circulatory, uptake, and metabolic responses. (Copyright
© 2007, Nature Publishing Group.)
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OCT[13]methods using tunable lasers or spectrometershave
beenwidely adopted because these provide a better signal-to-
noiseratioandfasterscanning.OCTiswidelyusedclinically in
ophthalmology, with other applications to endoscopy for
gastrointestinal or cardiovascular applications being
evaluated.

Endoscopy and miniature imaging systems. As image
sensors are produced in smaller sizes for applications such
as smart phones, miniature imaging systems are being
developed. This trend and the use of micro-electro-me-
chanical systems (MEMS) has allowed production of
endoscopes with smaller sizes or with greater functionality
such as higher resolution, better depth penetration, or
molecular imaging capabilities. Miniaturization has en-
abled other applications such as swallowable pill cameras
that can image the gastrointestinal system and miniatur-
ized imaging systems for imaging brain activity in active
animals [14].

In Vitro Methods
Microscopy. Although microscopy has been a well estab-

lished method in the life sciences for hundreds of years, the development of lasers and low-noise image
sensors has enabled several advances in microscopy in the last few decades. With ultrafast lasers, it
has been possible to perform nonlinear microscopy with little or no damage to cells. A variety of
nonlinear methods have been applied to microscopy including second and third harmonic generation
microscopy, multiphoton excited fluorescence microscopy (pioneered by Watt Webb, Fig. 5, and
others) [7], and nonlinear Raman spectroscopy (including CARS and stimulated Raman spectrosco-
py) [8,15]. Examples of images acquired using coherent Raman microscopy are shown in Fig. 6.
Nonlinear microscopies have been performed in vivo with excitation wavelengths as long as 1700 nm,
allowing imaging depths of over 1 mm [16].

▴ Fig. 3. Optical-resolution photoacoustic microscopy image of relative total hemoglobin in living mouse ear.
Images show detailed vascular anatomy, including densely packed capillary bed and individual red blood cells
traveling along a capillary in the inset at right [26].

▴ Fig. 4. James Fujimoto (OSA) (Photo by
Greg Hren, courtesy of RLE at MIT.)
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A variety of methods have been applied to improve the
resolution of microscopy beyond the diffraction limit.
Superresolution (the subject of the 2014 Nobel Prize in
Chemistry) has been achieved based on finding the centroid
of intermittent dye emission [photoactivated localization
microscopy (PALM) [17] and stochastic optical recon-
structionmicroscopy (STORM) [18]] or through nonlinea-
rities such as for stimulated emission (STED) [19] or
saturated structured illumination microscopy [20]. Sub-
wavelength information can also be obtained using light to
monitor the proximity between fluorophores using Förster
resonance energy transfer (FRET) or metal nanoparticles
(molecular ruler) [21]. Lateral diffusion can be monitored
using fluorescence recovery after photobleaching (FRAP).
Digital holographic microscopy provides both amplitude
and phase images and allows computational reconstruc-
tion at different imaging planes.

Genetic modification and control. The DNA of cells or
animals may be modified to produce optical signatures. For
example, the green fluorescent protein (subject of the 2008
Nobel Prize in Chemistry) may be spliced into an organism
to provide a fluorescent marker for gene expression. Bio-
luminescence such as that from the firefly can also be used
to monitor gene expression. For example, insertion of the
gene for luciferase into an animal allows imaging of gene
expression by imaging yellow bioluminescence once the luciferin substrate is administered. For
improved penetration in tissue, longer-wavelength versions of fluorescent proteins and bioluminescent
substrates are being developed.

Single molecular detection. With the very small illumination volumes available with lasers and
low-noise detectors it has been possible to image single molecules [11]. This allows probing variation
in behavior of individual molecules rather than simply measuring ensemble averages of many
molecules.

Optical tweezers or optical trapping (pioneered by Arthur Ashkin, Fig. 7, and others) [23] has
allowed manipulation of cells or measurement of small forces for the study of molecular motors.
Optical traps have enabled very precise studies of various molecular motors in cells. Recent
developments include multiple optical traps produced using computer-generated holograms and
cell stretching.

Microfluidics. Optics forms a natural pairing with microfluidics (optofluidics) because of the ability
to remotely monitor conditions in microscopic volumes and the ability to use light to produce changes
in the droplet contents or to manipulate or control microfluidic transport.

▴ Fig. 5. Watt Webb (OSA). (Photograph by
Charles Harrington. Copyright Cornell
University.)

▴ Fig. 6. Label-free coherent Raman scattering microscopy showing (a) myelinated neurons in mouse brain,
(b) sebaceous glands in mouse skin, (c), single frame of coherent anti-Stokes Raman movie acquired at 30 Hz, and
(d) image of penetration trans-retinol in the stratum corneum. All scale bars are 25 μm [27].
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Other Applications. Optical methods have found other
widespread uses in biomedicine. Examples include immu-
nohistochemistry and fluorescence immunohistochemistry
to label specific molecules on tissue sections in pathology,
photolithography and fluorescence microscopy to map
gene expression or genotype on DNA microarrays (gene
chips), and matrix-assisted laser desorption/ionization
(MALDI) for soft ionization of samples for mass
spectroscopy.

Quantum dots are semiconductor nanoparticles for
which quantum confinement leads to different colors based
on the nanoparticle size and provides advantages for bio-
imaging [11,12]. Important qualities for quantum dots are
the lack of photobleaching and wide range of colors that
can be produced. Quantum dots are used for research
including both in vitro and in vivo applications in animal
studies.

Surface plasmon resonance. Surface plasmon reso-
nance, particularly in noble metals, can be used in sensing
and imaging. The resonance of the light field with the
natural frequency of surface electrons at a gold layer is a
powerful method for probing molecular interactions be-

cause of the high sensitivity, and no probe molecule is required. This method, commercialized notably
by Biacore, is very widely used in biology laboratories. Surface plasmon resonance of single noble metal
nanoparticles also allows detection of multiple colors using dark field microscopy.

Correlation methods and particle tracking. A number of other optical methods are well developed
and commonly used in biomedical studies, such as dynamic light scattering and fluorescence correlation
spectroscopy for monitoring the size and interactions of small particles such as proteins or micelles. For
particles with stronger scattering, microscopic imaging can provide information on the cell’s physical
properties or intracellular interactions based on single particle tracking.

Therapeutics and Photomodification
One of the earliest applications of lasers in medicine was the use of argon ion lasers for retinal
surgery. Other ophthalmic therapeutic applications include corrective surgeries such as LASIK and
now ultrafast lasers for assistance in cataract surgery. Photodynamic therapy is used for treatment
of certain cancers. Lasers are widely used for various cosmetic skin therapies including skin
resurfacing, hair removal, vein treatment, acne scar treatment, tattoo removal, and treatment of
port wine stain.

Cellular control and modification. Light may also be used to trigger changes in cells. For example,
light may be used to turn on or off ion channels in vivo based on the proteins such as channelrhodopsin
[24]. In this way light carried by optical fibers can activate different portions of the brain in awake
animals. Ultrafast lasers are being used to perform nanosurgery and nanoporation on cells.

OSA’s Role in Biomedical Optics
Throughout its history, OSA has played an active role in biomedical optics. The first issue of the
Journal of The Optical Society of America in 1917 included articles titled “The nature of the visual
receptor process” and “A photochemical theory of vision and photographic action,” and this journal
has been a significant publication for vision research since. As new journals were offered (Applied
Optics, Optics Letters, and Optics Express) these, too, became important journals for

▴ Fig. 7. Arthur Ashkin. (AIP Emilio Segre
Visual Archives, Physics Today Collection.)
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instrumentation and techniques in biomedical optics. In 2006, the Society created the Virtual Journal
for Biomedical Optics to collect biomedical optics papers in a single place (Greg Faris, founding
editor). In 2010, OSA initiated a journal dedicated to the field, Biomedical Optics Express (founding
editor, Joe Izatt). This journal follows the open access, online format of Optics Express. OSA
meetings, including the Annual Meeting (later Frontiers in Optics) and the Conference on Lasers and
Electro-Optics (CLEO) have regularly had significant content in biomedical optics and vision. A
topical meeting “Topics in Biomedical Optics” (BIOMED) with heavy emphasis on in vivo methods
was launched in 1994, and OSA is the cosponsor of the European Conferences on Biomedical Optics
(ECBO) together with SPIE. A second meeting, Optics in the Life Sciences, with particular focus on
microscopy, optical trapping, and contrast methods was begun in 2009, occurring in alternate years
with BIOMED.
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