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Tumors viewed optically, macroscopically
and microscopically

fibroadenoma: benign

High stromal content
Lower blood vessel density

invasive ductal carcinoma: malignant

High epithelial content
high blood vessel density

http://korbl.sote.hu/KKK/KKK_E.HT



Red and near-infrared are dominated by
multiple scattering

Diffusion of
photons in tissue

appears as a 'glowing' .



Electromagnetic Radiation
Attenuation Spectrum in Tissue
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Spectral Information from Tissue
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Breast Tissue X[nm] na[mm l ji's[mm

benign (in vitro)
malign (in vitro)
benign (in vivo)

700-900 0.022-0.75 0.53-1.42
700-900 0.045-0.050 0.89-1.18

800 0.002-0.003 0.72-1.22

References: In vitro data [Peters (1990)], in

vivo data [Mitic (1994)]
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Attenuation = Absorption + Scattering
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Tissue is characterized by.
scattering, absorption, refractive index

Scattering is due to,
cell membranes, cell nuclei, capillary walls,
hair follicles ...

Absorption is due to,
hemoglobin and melanin (400 nm - 800
nm), molecular vib./rot. states (> 1/xm)...
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Optics and Fluid Dynamics Department

RIS0

Light propgation in random media

ncident
light

Diffuse
reflectance

random media
(tissue)

"Snake" component

Ballistic component

Diffuse
transmittance

P. E. Andersen - 4/14/2002
Center for Biomedical Optics

and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

General considerations

The impinging field excites a
secondary field radiated from the
scatterer

The scatterer is excited as a
dipole

Maxwell's equations describing
the electro-magnetic wave
propagation

— to be solved for the geometry
at hand.

SCATTERED

P. E.Andersen-4/14/2002
Center for Biomedical Optics

and New Laser Systems
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V x E =
dB
dt
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H = ^ - M

dB
~dt
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D = e0E + P = e0 (1 + = eoerE = eE
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Effwmr-TiiTj

exp(zk • r — uot)

k =k' + i-k" = n + i- k

Et = Eoexp( )exp( i-2'Knz

assuming k • r = kz.

i • ui)
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Optics and Fluid Dynamics Department

RIS0

General considerations

Four important quantities

Cross sections

— absorption,

— scattering,

— extinction
= scattering + absorption.

Angular dependence

— scattering phase function,

DETECTOR

INCIDENT

SCATTERED

P. E. Andersen - 4/14/2002
Center for Biomedical Optics

and New Laser Systems
19
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Assume that d is a characteristic length for the
scattering object

Rayleigh

d < A

Mie
d « A

Frauenhofer
d > A

Trieste, February 10-23, 2003 - p. 13/17
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ACTUALLY, Mie scattering is valid for all regimes
but is only necessary to use in the transition
region.

Trieste, February 10-23, 2003 - p. 14/17

22



L |

The charge carriers of the material oscillate
and radiate as dipoles.

In a homogeneous medium the dipoles cancel
each other except in the forward direction.

Inhomogeneities scatter the light and thus the
dipoles do not cancel each other.

Trieste, February 10-23, 2003 - p. 15/17
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TIF

INCIDENT

(E,.H

Particle excited by E&M wave —
vibrates:

special frequencies — absorbs

other frequencies — scatters

Absorption and Scattering —

same origin?

j s — extinction cross
section

Trieste, February 10-23, 2003 -p . 16/18
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The formula below lets you compute the total cross section
for an electromagnetic field interacting with a dielectric
medium.

Trieste, February 10-23, 2003 - p. 17/18
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o

The formula below lets you compute the total cross section
for an electromagnetic field interacting with a dielectric
medium.

where

Trieste, February 10-23, 2003-p.17/18
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The formula below lets you compute the total cross section
for an electromagnetic field interacting with a dielectric
medium.

where

V

7) - 1] exp(j/cr' • o) dVf

Trieste, February 10-23, 2003-p.17/18
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BOTH ABSORPTION and SCATTERING
DEPEND ON THE DIELECTRIC FUNC-
TION 6 .

Trieste, February 10-23, 2003 - p. 18/18

28



! IV,il

IP1

Far-field limit: R > ^

Differential scattering cross

section

R-^oo

p(o, i) is the scattering phase
function.

Trieste, February 10-23, 2003 - p. 19/19
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Power Flux Density — [W/m2]

Si = l(Ei x H*) =
2%

o(Es x H*) o

Scattering Cross Section — [m2]
J p(o, i) dcoa = I

4TT
4TT

4TT

Albedo

Trieste, February 10-23, 2003-p.20/20
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e \
l i

Angle 6* between incoming and scattered light

o • i = cos 6

Normalized — / p(o, i) du = 1
4TT

Trieste, February 10-23, 2003 - p.21/22
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Anisotropy factor
=< cos^ >= / p(6) cos6d6

= 0 — isotropic scattering
g = 1 — forward scattering

Trieste, February 10-23, 2003-p.22/22
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Applications...
Time scales for light-tissue interaction

coherence or
time-gated

photon
[ration

Continuous Wave

-1210

THz

10-9

GHz

io-6

Time in Seconds

MHz kHz

10°

Hz
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Ultrafast Ballistic-Photon Imaging

Since scattering is probabilistic, there will usually be some photons
that experience no scattering and pass straight through the medium.

Note that rays that travel straight through a medium take the least
time. A tortuous path with many scatterings takes much longer.

The long way!

The short way!

So illuminate the medium with an ultrashort pulse and time-gate the
transmitted beam, detecting only the photons that arrive earliest (i.e.,
that pass straight through).

34



Ultrafast Ballistic-Photon Imaging

The transmitted light will have a fast "ballistic" component of
unscattered photons, followed by a slower diffuse scattered
component.

Photons
scattered only
once aren't
detected.

L

d1
CO

c

. O

diffuse

ballistic

time

Using ultrafast time-gating to detect only the ballistic component will
yield an image of absorption vs. transverse position.
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Optics and Fluid Dynamics Department

RIS0

Example: Diffusion tomography

Forward Probleml

Distribution
of sources

999

Optical
Properties

999

Scattered
Light

999

Inverse Problem

Distribution
of sources

Optical
Properties

Scattered
Light

P. E. Andersen - 4/14/2002
Center for Biomedical Optics

and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Example: Diffusion tomography

Solving the inverse problem

— light in one fiber - all others detect,

— then change.

\ I I

P. E. Andersen - 4/14/2002
Center for Biomedical Optics

and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Transport theory - basic quantities

Specific intensity

— intensity with direction [Watt/(m2 sr)],

•—. often referred to as 'intensity'.

dP = / (r,s)cos6^ dcoda
P. E. Andersen - 4/14/2002

Center for Biomedical Optics
and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

The equation of transfer

Derivation in chapter 7-3

— describes the transport using 'heuristic' arguments

7(r,s'3
•A

7(r ,s)

unit cross
section

/ ( r , s ' 2 )

P. E. Andersen - 4/14/2002
Center for Biomedical Optics

and New Laser Systems



Optics and Fluid Dynamics Department

RIS0

Scattering - one direction

From one direction

f(s,s')

unit cross
section

P. E. Andersen - 4/14/2002

X

Center for Biomedical Optics
and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Reduction of incident light

Incident intensity reduced by

p(<Jcl+ <JS )ds = p(Jtds

— note the recurrence of the
cross sections.

7 ( r , s )

unit cross
section

P. E. Andersen - 4/14/2002

\

Center for Biomedical Optics
and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Scattering - all directions

All directions and all particles in the volume
contribute

J47T
p($,

unit cross
section

P. E. Andersen - 4/14/2002

/ ( r , s ' 2 )

Center for Biomedical Optics
and New Laser Systems

42



Optics and Fluid Dynamics Department

RIS0

Equation of transfer

Adding all contributions from previous slides yields

dlir s"l
W± I 1 j i j I

ds

4 ^ J 4 ^ ^ v > v >

— which is the equation of transfer.

Center for Biomedical Optics
P. E. Andersen - 4/14/2002 and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Reduced and diffuse quantities

To ease computations (without loss of rigor), the
intensity is split into two components

— the reduced incident (ballistic) lrj,

— the diffuse intensity ld.

Therefore, we have

The ballistic component is found from

Center for Biomedical Optics
P. E. Andersen - 4/14/2002 and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Reduced and diffuse quantities

Using the reduced intensity yields a new equation of
transfer

LA/-L I I 1 « J I

as

,

An

The reduced intensity now acts as a source

Center for Biomedical Optics
P. E. Andersen - 4/14/2002 and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Average intensity

Introduction of new quantity - average intensity Ud

— average of specific intensity in a single point,

— basic quantity in 'diffusion theory'.

1 fUd(r) = — I l(r,s)da)oc absorbed power / m3

Center for Biomedical Optics
P. E. Andersen - 4/14/2002 and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Average intensity

Diffuse intensity as a series expansion

Id ( r , s ) = c o n s t a n t ( r ) + c1F / -s + c2FJ -s 2 + . . .

Only one term is retained in the Taylor expansion

Using a bit of math, yields

Center for Biomedical Optics
P. E. Andersen - 4/14/2002 and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Diffusion equation

Assume

Integrate the equation of transfer over 4TC, and insert

We then get the diffusion equation

note similarity to wave equation!

Center for Biomedical Optics
P. E. Andersen - 4/14/2002 and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

New quantities (averaged over volume)

Transport-reduced scattering
cross section [m2]

Transport attenuation cross
section [m2]

Otr = Gs + <Tcl

Diffusion coefficient [m]

D = \/{3pa,)

Propagation coefficient [nr1]

Asymmetry parameter

Scattering coefficient

Ms = P°s

Transport-reduced scattering
coefficient [nr1]

Absorption coefficient [m 1]

Ma = P°a

P. E. Andersen - 4/14/2002
Center for Biomedical Optics

and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Source term

The complex source term is then

CO

3
V- f e (r,s)sdcD V- I £(r,$)sdco

Note the importance of the transport-reduced
scattering coefficient

Center for Biomedical Optics
P. E. Andersen - 4/14/2002 and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Diffusion approximation

Diffusion approximation to the equation of transfer

— the diffuse intensity undergoes many scattering
events, hence, it is uniform in all directions;

» note: angular dependence cannot be constant
because then there would no power propagation

Limitation:

— not valid close to surface or sources;

» because the light has not undergone many
scattering events.

Usually referred to as 'diffusion theory'

Center for Biomedical Optics
P. E. Andersen - 4/14/2002 and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Boundary conditions

Boundary condition(s) needed to solve differential
equation

Boundary condition

— no scattered light reenters the medium;

for n s > 0

— if the medium extends to infinity, /d must-vanish-at
infinity.

n
medium ( jj.

sr for Biomedical Optics
P. E. Andersen - 4/14/2002 and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Boundary condition

The boundary condition for diffusion theory

— the total diffuse intensity entering from the outside
should be zero.

[ / , (r,s)s-nda> = 0, (so that n• s > 0)
JlTl

Center for Biomedical Optics
P. E. Andersen - 4/14/2002 and New Laser Systems
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Optics and Fluid Dynamics Department

RIS0

Approximate boundary condition

• In mathematical terms the boundary condition
becomes

— where

2
h =

Center for Biomedical Optics
P. E. Andersen - 4/14/2002 and New Laser Systems
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Diffusion constant: D

Source term: 5 = So • 5(r - r0) Point source.

Trieste, February 10-23, 2003 - p.24/24
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Interrogating Tissue with Frequency-
domain tomographic Proj ections

Diffuse light field
as source rotates

, I

•••''?\

Vv

• I

•i'J

Projections from source
to each detector
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Inverse Problem - x-rays

where

y=ln(I0/I)

y = A ji (matrix equation)
57



Inverse Problem - reconstruction
from
measurem

= A 1 y

proj ection

(or|Li=[ATA]-1ATy)

A is matrix describing the projection geometry in (x,y)
JLL is the image of attenuation coefficients to be calculated

58



Non-linear Inverse Problem

y =

reconstruction from projection
measurements

+ r
O(|Ll) is the solution to the diffusion equation
|U is the image of attenuation coefficients to be calculated
r is the residual due to measurement error

59



Reconstruction Algorithm

Finite Element Method
and Dijfusion Equation

Fine mesh,---"'

Initial s.ucfi

—* Compute jfc«

i

T

w

j

Dual Meshing:'

and

Coarse mesh v - .

Variation Minimization?;-"

« • . • • • « •

ggg^gg

Marquardt and Tikhonov-
Regularization

Spatial Filtering

ON
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Inverse Problem - reconstruction
from proj ection
measurements
Minimize: %2 = (y - O(|Li) )T (y - O(ji)) +

taking derivative of %2 and expand in a Taylor's series about (%2y
= 0,

0 = O / T (y - O ) + A|i O/TO7 + ...

so solve iteratively where,
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Model-based Image Reconstruction

Breast tissue transmission
measurements

Simulated measurements
diffusion theory finite element

0 2 4 6 8 10 12 14 16

detector nunter

240

? 220-I
S

= 200-

t 180 -

2 160-

£.140-

120

2-Dcalculaticn \ \
3-D calculation

• Monte Carlo
• experiment

0 2 4 B 0 10 12 14 18

detector nurrter

Fit simulation
to measurements

1 0 0 .0 _

S 0 .0 _

1 D .0 _

t 0 .0 -

2 9 .0 -

0 .0 _
I I

2 j
I

JO
I

73
I

1 0 0

_ i 1 . 0 0 0

- J 0 .0 0 0

_ • 0 .0 0 0

- 3 0 .0 0 0

_ 2 0 .0 0 0

- 1 0 .0 0 0

- 0 .0 0 0

Images of
absorption
& scattering
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3-D Model-based Image
Reconstruction

0,0018 0,0040 0,0061 0,0083 0,0105
0,0018 0,0040 O.OO&t 0,0083 0,0105
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Finite element mesh generation

MRI scan FEM mesh Absorption coeff. map

JIM ,,;., 3mm

90-
80-

60-

40-

20-

0-, i i

0 20 40 60 8090

-0.0400

'"#-0.0300

-0.0200

-0.0100

-0.0000

0.025

^-0.020

-0.015

-0.008
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Progress Towards Clinical Breast Imaging

rJOrfJOgBfJBOlJS
Phantom

Absorption vs
blood volume and oxygenation

Absorption vs
blood volume and oxygenation

• A b f or11 t-.-t Ji'n••,<•• .1

i

•Arm
•Breast 33-year old patient
•Breast 59-year old patient
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Frequency-domain detection system

RF source 1 100.0000 MHz

RF source 2 100.0005 MHz

Computer

mixer
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Figure 3.1: (a) Phantom geometry for the off-centered target case. The centered target case
is identical except that the center of the internal heterogeneity is concentric with the
background region, (b) Photograph of the phantom system used in this study. On the top
of the phantom, a target suspension system has been incorporated into a rotatable stage
(scaled precisely with less than 0.5° error) which provided accurate manipulations during
the data collection procedures.



Experimental Setup
ill.Mi.1 I'.l : signal gei

HU000.V1II/. ! IOO.OOI MM/

Diode laser

linear translation
stage for source
multiplexing

Scalier &
Absorption

Images

h'inile
I {lenient

Calculation

* * <#»++* • * * •

filter
wheel

I
Piiotonmltiplicr

Tube

linear translation
stage for detector
multiplexing

Data
Process

<3
A/D
board
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Variable diameter fiber optic array

old fixed
array

mSM

10 cm
diameter

5 cm
diameter
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imaging with Intralipid coupling or with direct
yf^contact between tissue and fibers

Direct contact between
65 mm phantom
and optical fibers

• ' • ' • * '

.» - I I M . t .tt

I<•:::•}

Imaging with Intralipid coupling between phantom and optical fibers

t •

. •' ' A

r _ _ k i. .•

i.llVW IgtftafM UtV

r i. r-

breast no object breast & object
homogenous 1st
estimate

breast & object
using homogenous breast
to normalize the data
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maging different diameter sized breast phantoms

91 mm

.".I

'- 72 mm

82 mm

tsdd^&&$h$^^4d&!^J^&^S^Sxtt&$Mst

• • • t :

- i

•V"
•V"

3 . 65 mm

Note: Image quality is NOT limited by the diffusion approximation
for low contrast objects. Noise limited.
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System Calibration in solid phantoms
Accuracy testing versus position within phantom

82-
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McBride et al., Optics Letters 26(11), 822 (2001).
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Spectral imaging of Absorption Coefficient for water
using .5% Intraiipid

0.0075 j

0
725 750 775 800 825

Wavelength (nm)

850

• Balloon Phantom
Measurements

• Previously measured
water data

Plastic Beaker
Phantom
Measurements
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Clinical System

translation
stages

fiber
optics

bed and console
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Computer

Controllers

Laser Sources

Frequency
Generators
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Patient Interface

1 issue

Interface

Controls

Vertical
Positioner

Horizontal
Positioners

r iber Optic
undies

Detection
Array
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Photographs of detection array

Side view — assembled
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Photographs of detection array

Top view of first round plate mounted on rotary stage

16 PMTs 16 electrical mixers
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New Fiber Array - 3 simultaneous layers

79



Breast position in imaging array

Breast pendent
in NIR array

Plane 1

Plane 2

Plane 3
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Reconstruction : Statistical Image Analysis
Iteration #

2 5 8

i * f!

O

n

1.0130
1.0120

1.0100

1,0080
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.0020
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-0 000020
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Standard Deviation
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Experimental demonstration of imaging
hemoglobin concentration and oxygen saturation

increased
blood
volume

test object

decreased
oxygen
saturation

750 nm image 800 nm image
100.0-r

80.0 '

60.0-

40.0-
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Normal Breast Changes with Age

PERCENTAGE
70-
60-
50"
40"
30-
20"
10-

Fatty
tissue

is ! Connective
tissue

Glandular
tissue

i i i i t • i

10 20 30 40 50 60 70
AGE

FIG. 2-24. The percentage of the breast that is collagen
decreases with age, while the percentage of fat increases with
age, as seen in this schematic adapted from Prechtel. (Adapted
from Pretchel K. Mastopathic und altersabbangige brustdrusen
verandernagen. Fortschr Med 1971 ;89:1312-1315.)

from Breast Imaging
by D. Kopans.
Lippencott-Raven Publ
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Near-Infrared Imaging provides a means to
image hemoglobin and angiogenesis.

E

I

0 . 0 1 0
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Patient 1044 - normal breast
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Patient 5 - 3.5 cm fibroadenoma
Hemoglobin Concentration

Side View
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Top View
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Pogue et al., Radiology, 218(1) p.261 (2001)
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Patient 6 - 0.8 cm invasive ductal carcinoma
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Where does NIR fit within medical imaging ?
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