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Part I: Introduction to Biomedical Optical Imaging and Applications

1. Interactions of tissue and light

(a) Propagation of light in tissue

(b) Light sources, lasers and non-coherent sources

(c) Fluorescence, fluorephores, ICG, and GFP

(d) Bioluminences and luciferase

(e) Raman spectroscopy

2. Applications of bio-optical imaging

(a) Optical contrast agents

i. Folate-Targeted fluorescence

ii. Quantum dots

(b) Molecular Imaging

i. What is molecular imaging?

ii. How can it be used?

(c) Microscopic imaging modalities

i. Fluorescence microscopy

ii. Confocal microscopy

iii. Multiphoton microscopy

iv. Nonlinear microscopy techniques - PALM,
FLIM

(d) Optical Coherence Tomography

(e) Optical Diffusion Tomography

i. ODT methods and Systems

ii. Fluorescence ODT

iii. Brain imaging

iv. Breast imaging

v. Small animal imaging
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Seeing Inside the Body with Light?

Wally: “We scan, by way of optical tomog-

raphy, white light pinpoints pulse along the

entire length of the headgear, and re-read after

absorption through their brain tissue.”

Minority Report, Twentieth Century Fox, 2002.
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Transparency of Tissue in Near-IR Range [1]

• Hemoglobin and water have relatively
low absorption in near-IR

• Near-IR “window” enables optical
imaging and near-infrared spec-
troscopy [2]

(Reproduced from [1] R. M. P. Doornbos et al., Phys. Med. Biol., 1999.)
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Near-IR Window [3]

• Abscissa and ordinate axes are (µad)1/2 and
(µ

′

sd)1/2, respectively, where d is the size of the
reconstruction object

• Curved lines are constant (µaµ
′

s)
1/2d and rep-

resent approximately equal attenuation,at inter-
vals of powers of 10

• Dotted circles represent approximate values for
tissues of interest

• The range of optical coefficients vary by orders
of magnitude for different tissues

(Reproduced from [3] S. R. Arridge, Inverse Problems, 1999.)
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Light Source
• Coherent laser source

– Parameters: power, wavelength

– Tunable: Ti-Sapphire lasers

– Not tunable: Diode lasers, solid-state laser

– Application: 2-photon microscopy

• Non-Coherent light sources

– Examples: white light sources, xenon arc lamp.

– Application: confocal microscopy

Diffusion of laser light in a marble sample [4]

(Reproduced from [4] G. Godin, 2001)
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Fluorescence

Excited State 1

Excited State 2

Pump Photon

Ground State

Emitted Photon

• Fluorescence results from radiative decay from an excited state

• Basic concept from two-level rate equation analysis [5]
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Fluorescence: Two-Level Rate Equation[5]

• Notation:

N1 and N2 - number of electrons in ground and excited states

∆N(t) = N1(t) − N2(t) - number of electrons in an excited state

W12 = W21 - rate of upward or downward transition

• Fixed total population → one rate equation

• Optical frequency transition → spontaneous emission rates dominate ther-
mally stimulated rates

d

dt
∆N(t) = −2W12∆N(t) −









∆N(t) − ∆N0

τ21









• −

[

∆N(t)−∆N0
τ21

]

causes population difference to relax to thermal equilibrium

(∆N0) with time constant τ21

• τ21 is the fluorescence lifetime of fluorephore

• W12 proportional to strength of applied signal
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Fluorescent Marker 1: Fluorophore Indocyanine
Green (ICG) [6]

• A tricarbocyanine dye with infrared absorbing properties

• Pumped at 780 nm and emits at approximately 830 nm

• Important because of its peak absorption and emission is in IR range where
tissue absorption is smallest

• Has little or no absorption in the visible range

• Can be used in humans [6]
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Fluorescent Marker 2: Green Fluorescent Protein
(GFP) [7]

• Protein that fluoresces green when exposed to blue light

• Pumped at 395 nm and emits at 509 nm

• Can use reporter gene to produce GFP in small sets of specific cells

• Less harmful to living cells then fluorescein isothiocyanate

• Transgenic mice with cells that express the GFP reporter gene are used for
in vivo imaging of neurons
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Bioluminescence Marker: Luciferase [8]

• Bioluminescence: enzymes catalyze a bio-chemical process inside the animal
that emits light

• Luciferase: emits visible light when it combines with Luciferin + ATP +
O2

• Example: light from firefly

• Does not require any external excitation

• Can be used for molecular imaging

(Reproduced from [8] S. Bhaumik et al., PNAS, 2002)
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Raman Spectroscopy: Basics

• Raman scatter results from coupling to molecular vibrations [9]

• Each molecule has a unique Raman spectra (fingerprint spectra)

• Typical Raman cross-section, σ ∼ 10−29 cm2molecule−1sr−1. Very weak
signal.

Stokes Anti-Stokes

• Wave number: ν̃ = ν/c

• λ = 1 µm, ∆ν̃ = 100 cm−1 [9] → ∆λ = 10 nm, ∆ν = 3 THz

C. V. Raman and K. S. Krishnan, Nature, 121, 501 (1928)
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Raman Spectroscopy: Example

• Example Raman spectrum for CCl4 with 488 nm excitation[10]

J. R. Ferraro, K. Nakamoto and C. W. Brown, Introduction to Raman Spec-

troscopy, Academic Press, 2003.
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Raman Spectroscopy: Imaging

• Scan detector and measure counts in a specific Raman line [11]

Holographic
Beam Splitter

Holographic
Notch Filter

Raman
Signal to 

Spectrometer

Intralipid
Depth

Laser Source
Microscope
Objective

Scanning Motion

Diamond
Heterogeneities

Microscope Slide
and Wire Tripod

(or Sapphire Plate)
Beaker with 

Intralipid Scattering 
Medium

• Glucose? [12]
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Targeted Contrast Agents

• Clinical diagnostic imaging often relies on different uptake behavior between
tumors and the surrounding tissue

• Non-targeted dyes may accumulate in tumor due to increased vascular den-
sity or capillary permeability [13]

• Some imaging agents specifically target certain receptors which are overex-
pressed in malignant cells

• Examples of targeting ligands for delivery of diagnostic imaging agents in-
clude antibodies[14], hormones [15], small peptides [16], and folic acid [17]
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Folate-Targeted Fluorescent Agents[17, 18]

Mouse tumors containing folate-fluorescein

Mouse tumors containing folate-indocyanine
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Quantum Dots for Imaging Living Cells [19]

Quantum dot structure Tuneability of quantum dot

• High quantum yield (90%)

• Tunable emission wavelength by changing the Qdot size

• Resistance to bleaching- useful for 3-D imaging.

• Broadband absorption spectrum compared to standard flurophores

(Reproduced from http://probes.invitrogen.com/products/qdot/overview.html)
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Quantum Dots for Imaging Living Cells [19]

• Long fluorescence lifetime enables removal of cell autofluorescence

• Toxicity: can not be used in humans

(Reproduced from [19] X. Michalet et al., Science, 2005)
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Quantum Dots for Multispectral Imaging [20]

• Emission wavelength tuneability enables multispectral imaging and spectral
multiplxing

• Deep-tissue imaging

(Reproduced from [20] J. Mansfield et al., J. Biomedical Optics, 2005)
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Molecular Imaging: What is it?

• Create methods to image the underlying biological processes or functional
state of living cells, tissues, and organs.

• In vivo imaging of living organisms

• Can use MRI, PET, SPECT, or optical imaging modalities

• Applications:

– Detect disease in humans

– Quantify disease in small animals for drug development

– Better understand biological processes in living animals
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Molecular Imaging: Some Definitions

• Gene expression: Not all genes are active once cells differentiate. When
a gene is being expressed, it produces its associated protein. It is often
important to know when a gene is being expressed.

• Reporter genes: Reporter genes can be “attached” to genes of interest.
When the gene of interest expresses itself, the reporter gene also expresses
itself. Typically, the reporter gene produces a protein which can be easily
detected using an imaging modality.

• Gene therapy: A set of methods for changing the genes in the cells of
living animals by adding DNA to the cells. Once common way of doing this
is to use a modified virus as a “vector” to deliver the DNA gene sequence
to the living cells.

• Transgenic animals: Animals that have had their genes artificially modi-
fied are known as transgenic animals. This might be done using gene therapy
or by changing the genetic structure of an animal embryo before implanting
it in the uterus of a surrogate mother.
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Molecular Imaging: Imaging Gene Expression

Step 1: Select an animal model of interest

– For example a mouse “model” is commonly used

Step 2: Select a gene of interest

– You may want to know when and where this gene is being expressed in
the mouse

Step 3: Select a reporter gene

– GFP - will fluoresce when excited by light

– Luciferase - lights up when it combines with Luciferin + ATP + O2

– Luciferin is typically given to mouse intervenously when the imaging is
performed.

Step 4: Image the mouse
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Molecular Imaging: Drug Testing

Step 1: Select an animal model of interest

– For example a mouse “model” is commonly used

Step 2: Inject a small amount of transgenic tumor tissue

– Tumor contains gene for GFP or Luciferase

Step 3: Apply experimental drug

Step 4: Quantify tumor size with optical imaging method

23



Fluorescence Microscopy

• Based on the principle of absorption and re-radiation of light by fluorophores
(like the Green Fluorescence Protein) in a specimen

• Provides higher contrast than conventional optical microscopies

• Resolution is diffraction limited

• Image is further blurred due to fluorescence from out-of-focus region of the
specimen

(Reproduced from www.olympusmicro.com/primer/lightandcolor/fluorointroduction.html)
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Confocal Microscopy

• Conventional fluorescence micro-
scopes have poor resolution due to
secondary fluorescence from out-of-
focus regions.

• In a confocal microscope, a focused
beam is scanned across the spec-
imen. Both the excitation and
reemitted light are focused through
lens.

• The fluorescence emission that oc-
curs above and below the focal plane
is not confocal with the Pinhole
aperture. Thus only the fluores-
cence emission from the laser focal
point reaches the detector.

• The confocal microscope facilitates
the collection of three dimensional
data

(Reproduced from www.olympusfluoview.com/theory/confocalintro.html)
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Two Photon Excited Fluorescence Emission

• Two low energy photon absorption

• Emission wavelength is shorter than excitation wavelength.

• Typical fluorophore emission wavelength is in the 400-500 nm range.

• Typical laser excitation wavelength is in the 700-1000 nm range.

(Reproduced from www.microscopyu.com/articles/fluorescence/multiphoton/multiphotonintro.html)
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Two Photon Excited Fluorescence (TPEF)
Microscopy

• Two photon absorption is a low prob-
ability event. Fluorescence emission
emanates from the laser focus where
photon density is greatest.

• Almost all emitted light comes from
focal spot of laser.

• Less scattering and absorption of in-
cident light in specimen due to NIR
excitation.

• In a confocal setup, pinhole aper-
ture rejects desired fluorescent pho-
tons scattered in the specimen. But
in TPEF, all the light is collected.

Reproduced from:
www.microscopyu.com/articles/fluorescence/multiphoton/multiphotonintro.html
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Photoactivated Localization Microscopy (PALM)
[21]

• In PALM, small sets of photoactivable fluores-
cent protein (PA-FP) that are attached to the
protein of interest are photoactivated selectively
and then bleached.

• A small area of the molecule is imaged at a time.

• The process is repeated many times until all the
PA-FP have been activated and bleached.

• Using an estimated point spread function (PSF)
of the microscope, the blurred image is decon-
volved and replaced with a point source resulting
in a very high resolution image.

(Reproduced from [21] Betzig et al., “Science”, Vol. 313, 1642-1645, 2006)
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Fluorescence Lifetime Imaging Microscopy (FLIM)
[22, 23]

FLIM experiment

FLIM image of
rat ear autoflu-

orescence

• Time- or frequency-resolved fluorescence is recorded, and decay rate is rep-
resented as an image

• Tunable mode-locked laser and gated image intensifier can be used

• Fluorescent lifetime may provide information about tissue [24]

(Reproduced from [22] Paul French group, Opt. Phot. News, 2002)
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Optical Coherence Tomography (OCT) [25]
• 2-D or 3-D image is made by using interferometric measurement of optical

backreflection or backscattering from internal tissue microstructures

• Similar in principal to RADAR ranging with optical signal

• Negligible scatter assumed

• Typically used to image tissue at small depths

Low Coherence
Light Source

Sample

Beam
Splitter

Light Intensity
Detector

z

z

Reference
Mirror

– z-direction moving of reference mirror → longitudinal scan

– Beam moving on sample → transverse scan

– Usually implemented with fiber optic

(Reproduced from [25] Fujimoto Group, Science, 1991)
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OCT: Example Image [26]

• Cellular-level image of a living African frog (Xenopus laevis) tadpole

100 mm

– In vivo subcellular level resolution: 1 µm × 3 µm (longitudinal × trans-
verse)

(Reproduced from [26] W. Drexler et al. in Fujimoto Group, Optics Letters, 1999)
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Optical Diffusion Tomography (ODT) [3]

• Measure light that passes through a highly scattering medium

• Determine unknown absorption and/or diffusion cross-section of material

• With K sources and M detectors, there can be KM measurements

• Time domain: Measure delay of light pulse at detector

• Frequency domain: Measure amplitude/phase of modulated light envelope

• Also called “Diffuse Optical Tomography” and “Photon Migration”
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ODT: Time Domain Measurements [27, 28]

 

Narrow  Band
Optical Source

Detector

s(t)

δ(t) Detected Optical Energy

time

• Short pulse of light at optical source input

• Light travels to detector along different paths due to scattering

• Measure time domain response, s(t), at optical detector

33



ODT: Frequency Domain Measurements

�
sin(ωt)+1

Narrow  Band
Optical Source

Detector

sin(ωt)+1

I/Q 
demodulation

...

Detected Optical Energy

time

• Modulate light amplitude using RF source at frequency ω

• Measure magnitude and phase of optical detector’s signal

• Scattering and absorption change magnitude and phase of detected signal

• Each measurement is a complex number

• Special case: If ω = 0, this is known as continuous wave (CW) measurement
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ODT Example[29, 30]: Experiment

• Intralipid solution (0.4% ) solution
in a 2.9 cm × 8.1 cm × 8.1 cm
flask containing a 0.7 cm black plas-
tic cylinder.

• Experimental apparatus

– Near infrared LED (890nm)
modulated at 10, 46, and 81 MHz

– 2 light source positions (front
and back) each with 25 detector
locations

Personal
Computer

Network
Analyzer

LED

Driver

� � � � � � � � � � � � �

� � � � � � � � � � � � �

� � � � � � � � � � � � �

� � � � � � � � � � � � �

� � � � � � � � � � � � �

� � � � � � � � � � � � �

Intralipid
Scattering Medium

Photodiode
Receiver/
Preamp

Absorber

Detector
Scan

Detector
Scan

Flask
(29 x 81 x 81 mm)

Ref In
RF In

RF Out

Data

Power
Splitter
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ODT: Image Reconstruction

• How do you reconstruct an Image?

• It is not ...

– Obvious

– Easy

– Linear

– Filtered back projection

• But, it can be done...
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ODT Example[31]: 3-D Reconstructions

• All frequencies

0.5
1  
1.5
2  
2.5

−4 −2 0 2 4
0

1

2

x (cm)

y 
(c

m
)

• Single frequencies

10 MHz 46 MHz 81 MHz
Milstein, Oh, Reynolds, Webb, Bouman, and Millane, Optics Letters, vol. 27, Jan. 2002.
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ODT: A Look at Conventional Tomography
Emission Problem

Detector  i

Detector  i

- detection rate A ij

   - emission ratejx

jx

E[yi] = Ai∗x

Transmission Problem
Emitter

Detector  i

Y  - detected events i

yT - dosage

   - absorption of voxel jjx

E[yi] = e−Ai∗xyT

− log









E[yi]

yT








= Ai∗x

• Photons travel in a straight line

• Measurements are linearly related to unknown x

• Reconstruction is essentially matrix inversion
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ODT: Contrasting ODT and Conventional
Tomography

• The imaged medium determines the photons:

– Path length distribution

– Attenuation

– Delay (phase)

• Forward problem:

– Nonlinear

– 3-dimensional

– Modeled by partial differential equation (PDE)

– Number of voxels >> number of measurements

• Inverse problem:

– Filtered back projection is inappropriate

– Nonlinear

– Computationally expensive
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ODT: Specificity

• Volumetric spectroscopy: Measure the optical properties of each voxel at
each spectral wavelength

• Chemical specificity: Determine specific chemical properties through tech-
niques such as Raman spectroscopy

• Fluorescent agents: Use near IR or visible fluorescent tracers to enhance
contrast

• Fluorescent life-time imaging: Time-decay properties of fluorescent signal
provide information

• Functional imaging: Measure dynamic properties of tracer uptake for ap-
plications such as pharmacokinetics

• Molecular imaging: Develop fluorescent tracers that are designed to probe
specific molecular properties and target particular tissues (e.g., tumors)
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ODT: Other Potential Advantages

• Safety: No radioactive exposure

• Portable: Does not require large magnet or gamma camera

• Fast: Can potentially achieve high frame rates compared to PET or MRI

• Inexpensive: Does not require coherent light

• Spatial resolution

– Needs to be high enough to separate tissues of interest

– Does not have resolution of CT or MRI

– Seems reasonable to expect ≈1mm resolution ≈ 1-10 cm depth
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Fluorescence ODT (FODT)[32]

• Basic concept fluorescent tagging

– Fluorophore provides enhanced contrast

– With targeted delivery → site-specific imaging (e.g. tumors)

– Fluorophore absorbs energy at excitation wavelength, λx

– Fluorophore re-emits at emission wavelength, λm

• Possible measurement scenarios

– Source at λx and detect at λx ⇒ ODT model

– Source at λm and detect at λm ⇒ ODT model

– Source at λx and detect at λm ⇒ Coupled ODT model

A. B. Milstein, et al., “Fluorescence Optical Diffusion Tomography”, Applied Optics, 2003.
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ODT Systems: General Components

• Sources: solid state lasers, diode lasers, LEDs

• Detectors: photomultiplier tubes (PMTs), avalanche photodiodes (APDs),
photodiodes (PIN), and intensified CCD cameras

• Cost and performance trade-offs ($50 - $250)
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ODT Systems: Time Domain Overview [33, 34]

• Ti:sapphire laser pulsed with 80 MHz repetition rate

• Time-correlated single photon counting: individual photons are counted for
delay times relative to trigger pulses
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ODT Systems: Time Domain: UCL Imager [33]

(Reproduced from Schmidt et al., Rev. Sci. Inst., 2000)

45



ODT Systems: Continuous-Wave (CW): MGH
Imager [35]

(Reproduced from Zhang et al., Proc. SPIE, 2001)
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Applications: Functional Brain Imaging [36, 37]

Simulation of light
entering brain[37]

HbO2 and HbR
absorption[36]

• NIR light can penetrate through the human skull into the brain

• Local changes in oxyhemoglobin ([HbO2]) and deoxyhemoglobin ([HbR])
concentration indicate brain activity

• ODT can quantify [HbO2] and [HbR] in the brain due to absorption at
different optical wavelengths

• Optical methods can have higher temporal resolution than BOLD fMRI,
but lower spatial resolution

(Reproduced from [36] Strangman et al., Biol. Psych., 2002, and [37] Boas et al., Opt. Exp.,

2002)
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Applications: Hemodynamics in Rat Subject[38]

Fiber optic probe measures brain while
forepaws electrically stimulated

Hemodynamic response ∆[HbO2] and ∆[HbR] images

(Reproduced from Siegel et al., Phys. Med. Biol., 2003)
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Applications: 3D Hemodynamics in Humans[39]

Commercial instrument[40, 41] measures
brain during breathing exercise

∆([HbO2]+[HbR]) images ∆[HbO2] images

(Reproduced from Bluestone et al., Opt. Exp., 2001, and NIRx Medical Technologies website)
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ODT Application: Chemotherapy Monitoring [42]

• ODT was used for tracking the progress of a female patient with breast
cancer during neoadjuvant chemotherapy.

• The reconstructed hemoglobin concentration after each chemotherapy ses-
sion shows a decrease in the size of tumor.

• The ODT reconstructed breast image is compared to an MRI image.

(Reproduced from [42] Choe et al., Med. Phys., vol. 32 (4), pp. 1128-1139, 2005)
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ODT Application: ODT Combined with MRI [43]

• Integrated measurement system for simultaneous functional MRI and ODT
imaging of hemodynamics in human brain

(Reproduced from [43] Zhang et al., Rev. Sci. Inst., 77, 114301, 2006)
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ODT Systems: Frequency Domain: Dartmouth
Imager [44]

(Reproduced from Pogue et al., Opt. Exp., 1997)
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Applications: Breast Imaging

Simulation of light in breast [45]

• Currently, X-ray mammography detects structural changes in tumors com-
pared to surrounding tissue

• Breast tumors tend to have higher absorption than surrounding tissue due
to increased vascular density

• Optical methods potentially will offer earlier diagnosis by observing changes
in absorption before structural changes take place

(Reproduced from Stott, MGH presentation, 2002.)
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Applications: Breast Tumor Measurements [46]

Measurement table and instrument used at Dartmouth

Breast absorption
Breast scatter

(Reproduced from McBride et al., J. Biomed. Opt., 2002)
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Fluorescence Molecular Tomography for Small
Animal Imaging [47]

FMT system In vivo fluorescence reflectance
and tomographic imaging

• Fluorochrome distribution and concentration are reconstructed

• Submillimeter resolution is reported

• A similar system is also used for fluorescent protein tomography [48]

(Reproduced from [47] E. Graves et al., Med. Phys., 2003)
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Bioluminescence Optical Tomography for Small
Animal Imaging [49]

BLT system

• The first 3D in vivo bioluminescence tomography system

• The set-up has no moving parts. A CCD camera is placed on the top.

• Hyperspectral and multispectral measurement data are used

• MicroCT scanner is used anatomic information

(Reproduced from [49] A. Chaudhari et al., Phys. Med. Bio., 2005)
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Bioluminescence Optical Tomography for Small
Animal Imaging [49]

Reconstructed bioluminescence data are overlaid on co-registered MR
slices. The red contour indicates the boundary of the implanted brain

tumor.

(Reproduced from [49] A. Chaudhari et al., Phys. Med. Bio., 2005)
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Folate Targeting: Mouse Tumors Grown[18]

• Mouse induced to grow lung tumor and injected with 10 nmols of folate-
fluorescein

• Portion of tumor excised and frozen for later experimental use

• Before measurement, tumor thawed and glued to Petri dish
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Folate Targeting: Simulation Geometry

• Concept: a fiber optic probe incorporated
into a surgical instrument

• Patient injected with targeted fluorescent
contrast agent

• Two fibers for fluorescent measurement:
excitation and collection

• Scan measurement and mathematical
model allow reconstruction of tumor po-
sition
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Folate Targeting: Tumor Localization: Fit to Model

• Tumor position estimated by fitting measurements to diffusion model

• Computational domain with 65×65×65 volume elements simulates volume
of size 6 cm × 6 cm × 4 cm

• Assumption: µa = 0 cm−1, µ′

s = 1/3D = 15 cm−1

r∗ = arg min
r

c(r)

c(r) = min
w















K
∑

k=1

[yk − wfk(r)]
2

yk















,

r∗: estimated tumor position
fk(r): computed data for kth scan position and point source tumor at r

yk: kth measurement in scan
w: normalizing weight
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Folate Targeting: Results
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• log c(r) plots show estimated tumor position

• Uncertainty in estimate increases with depth

• Despite limited data, horizontal and vertical positions recovered accurately
within 2.1 mm
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