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Propagation of light in scattering vs.
nonscattering media

no scattering scattering

courtesy F. Bevilacqua



Photon diffusion

photons in

= mean free path photon out
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The biomedical optics “banana”!
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Roadmap for today
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radiative transport equation
diffusion equation

absorption

scattering
radiance

fluence (energy density)

boundary conditions

reflectance measurements in space and time

steady-state
pulsed

sinusoidally-modulated




Roadmap for today

) || < > absorption

L, MS' < > scattering
Y < > radiance
¢ < > fluence (energy density)

radiative transport equation

diffusion equation
boundary conditions

reflectance measurements in space and time

steady-state
pulsed
sinusoidally-modulated




Introduction to biological absorption

photons

() 0

Absorption = molecular transition between states

e electronic
e vibrational
e rotational

e (translational)



How to talk about absorption

Assumptions:

monochromatic light
Isolated absorbers
collimated beam
uniform pathlength

homgeneous,
nonscattering medium

I0
Beer’s Law: | ——
—& CL — L .
=10 =e ,

molar / )7, =1n10- &
extinction a
"absorption coefficient" [1/length]
(Iength : molarityj

concentration
(molarity)



What's absorbing
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Important tissue absorbers in the visible and near-
Infrared spectral regions: Skin

Important Visible Absorbers
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Typical tissue absorption!

adipose tissue ~ 1% blood
by volume

red blood cell =
1/3 hemoglobin
by weight

Hemoglobin molecular weight
/ = 65,000 mg/mmole

Hb concentration = 23 uM



Hemoglobin
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at isosbestic point,

1, =0.023mM-0.09 mm™/mM=0.002 mm™

Mean free absorption pathlength = 500 mm (!)



single
absorber :

two
absorbers :

parameters
of interest :

Hemodynamics calculations

1, =In10- &

measure the
absorption
coefficients

Ha 2 2 -
1, |=In10-| & &%

oxygen saturation:

total hemoglobin

Hb HbO,

look up the molar extinction
coefficients (e.g.
http:/omlc.ogi.edu)

[HbQ, |
[H b]+ [HbOz]

[Hb]+[HbO,

CHb

CHbOZ

calculate the
concentrations

theory works
for N>2
chromophores,
too!




Roadmap for today

L < > absorption
) |1, L] < > scattering
Y < > radiance
¢ < > fluence (energy density)

radiative transport equation

diffusion equation
boundary conditions

reflectance measurements in space and time
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Tissue is highly scattering!

no scattering scattering

courtesy F. Bevilacqua



Scattering coefficient (u): iInverse of the average straight-line
path a photon travels before scattering
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Scattering of light is caused by index of
refraction variations

Interfaces lead to Many refractive index
reflection and refraction changes as photon goes
of Ilght\ 7ough tissue

fibers mterstltlkal Actual mdex

fluid  cytoplasm

‘ nucleus Statistical mean index

organelles _

s> 1]

J.M. Schmitt and G. Kumar, “Optical properties of
soft tissue: a discrete particle model,” Appl. Opt.
37:2788-2797 (1998)




Elastic scattering

e caused by variations in refractive index

component typical n in the vis/NIR
extracellular fluid 1.35 - 1.36

cytoplasm 1.36 - 1.375

nucleus 1.38 - 1.41
mitochondria 1.38 - 1.41

water 1.33

Drezek et al., Appl. Opt. 38:16, 3651-3661 (1999).
e various approaches to modeling:

full rigor Maxwell’s equations (e.g. Drezek above)
Mie theory plane wave on homogeneous sphere
(e.g., code at philiplaven.com)
van de Hulst three-term approximation to Mie (larger spheres

and modest n values)
Rayleigh scattering very small particles (compared to A)



Summary: Important sources of scattering in
tissue

Hierarchy of ultrastructure I

cells

10 gm —-
huclei /
mitochondria

1pm —L
M scatlaring

lysosomes, vesicles

0.1 pm

_ _ striations in collagen fibrils =——>
Fayleigh scallring @8 macromolecular aggregates

0.01 pm membranes

Figure by Steve Jacques,
Oregon Medical Laser Center
http://www.omlc.ogi.edu/classroom


http://omlc.ogi.edu/classroom/ece532/class3/gifs/mitodrawing.gif
http://omlc.ogi.edu/classroom/ece532/class3/gifs/fibrils.gif

The photon scattering angle is governed by the
scattering phase function, p(0)

0
|sotropic scattering ‘Forward scattering’
phase function phase function

(Typical of tissue)

cos(0)=g=0 cos(0) =g=0.9




Mie scattering theory can be used to compute the phase
function for spherical scatterers

P(0) for a variety of particle sizes

e Polystyrene Spheres in Water » = 1.0 um! The Shape Of the phase
——  010um function depends on a
0.50 um
10* P 100 |- number of factors:
_— .00 um

o Wavelength of light

o Size of scatterer

o Index of refraction
n /\ /\/ mismatch

/V’r o Polarization state of the
light

0 50 100 150
Scattering Angle (degrees)

10



Angle-resolved light scattering from microspheres

10°

- - -
o o o
A o -

Scattered Light Intensity
=
A

Angle (deg)
J. D. Wilson et al., Biophysical Journal, 88(4), 2929 (2005).


http://www.biophysj.org/content/vol88/issue4/images/large/biophysj00054528F02_LW.jpeg

Different cells = different scattering
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J. D. Wilson et al., Biophysical Journal, 88(4), 2929 (2005).


http://www.biophysj.org/content/vol88/issue4/images/large/biophysj00054528F03_LW.jpeg

Absorption vs. scattering in the near-infrared
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Many more scattering events than absorption events

scattering length << absorption length Hs e Ha
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Separating the effects of absorption and scattering:
nicht einfach, aber nicht unmaoglich!
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Monte Carlo simulation of buried point source in a
scattering and absorbing medium

n=10__

Yy
 u.=1.0mm

B « g=0.9
£ ok * u,=0.01 mml
~70 * Ny =14

* Isotropic emitter

40 20 0 20 40
Lateral Coordinate {(mm)

Contours connect points of constant energy density

?? How to derive this mathematically??



Roadmap for today

L < > absorption
L, MS' < > scattering
) / < >  radiance
¢ < > fluence (energy density)

radiative transport equation

diffusion equation
boundary conditions

reflectance measurements in space and time

steady-state
pulsed
sinusoidally-modulated




Central quantity: RADIANCE

L(r,S,1):

RADIANCE
dA

JAA\N

origin

POWER per unit AREA, per unit SOLID ANGLE
W / m? / sr




Radiative Transport Equation: “conservation of radiance”

% oL(r,s,t) =—V-L(r,5,t)§— 1 L(r,5,t)

+ . j L(r,5,t) p(cos(§-§))dQ+S(r,§,t)
A

« L =radiance [W mm-=2sri]
« u, =total interaction coefficient =p, + p, [mm-]
« § =observation direction

p(0) = scattering phase function [-]
S =contribution from sources [W mm-=: sr-1]

40  -20 0 20 40
Lateral Coordinate (mm)



Radiative Transport Equation: “conservation of radiance”

1oL(r,51)
C

=-V-L(r,S,t)S— (g, + 1, )L(r,5,1)

+ 1, [ L(r,8,t) p(cos™ (3-8))dQ+S(r,5,1)
A

The rate of change of the radiance is
governed by
* Losses from divergence (spreading
/ out) within d3x
* Losses from absorption in element
3
. Eo)fc,ses from scattering out of d3x
« Gains from scattering into d3x

»

« Gains from sources



Roadmap for today

L < > absorption
L, MS' < > scattering
L < > radiance
—> ¢ < > fluence (energy density)

radiative transport equation

diffusion equation
boundary conditions

reflectance measurements in space and time

steady-state
pulsed
sinusoidally-modulated




Getting to a diffusion equation

Define “fluence” as radiance integrated over all directions § :

- A [units are power/area]
¢(I’,t) B .[ L(r,5,)dC2 [#/c = energy density]

Ar
When we integrate the radiative transfer equation over all directions...
1 8L(r,§,t) . diver
. A A gence of the fluence
E =-V- L(r1 S, t)S (more divergent = more loss)
! net absorption, in-scatter,
— Q d out- f

rate of increase of (lua T zus) L(r, S, t) and outscater from

all directions
the local fluence

+u, j L(r,5,t) p(cos™(5-§))dQ
dr

total contribution

+ S(I‘,§,’[) = from sources



Result: the time-dependent diffusion equation

10

cat(D( 1) = DV2D(r,t) — 11, D(r,t) + S(r,t)

« D = Diffusion coefficient [mm] (to be defined soon)
« @ = Optical ‘fluence’ (integration of radiance)
« S = Source term [W mm-3] (integration of emission sources;

Isotropic emission assumed)

How did those integrals in the
previous slide get simplified so much?

A “4n” detector samples the optical fluence




Assumption 1: radiance and source terms are the sum
of an isotropic term and a (weak) cosine term

fluence gradient of fluence
(formula to follow)

\
(1§ t)—icp(r t)+ij\(r ).

O-O -

Mathematically: Taylor expansions for L and S, truncated after two terms.

S(r,§t) = S, (. t) +—-S, (1 1) §
A Arr

(0p)3



Assumption 2: simplified scattering-angle
probability distribution

p(S,S") = p(S-S')

1 3
~ | cos(d) +...
A 47zg ©)




What happens when we integrate

Define “fluence” as radiance integrated over all directions § :

- A [units are power/area]
¢(I’,t) B ,[ L(r,s,t)d < [#/c = energy density]

Ar
When we integrate the radiative transfer equation over all directions...
C
! L a t _:uaq)(r1t)
- (st + p1)L(r 8,1)
——(D(r,f)

c Ot
(and other terms)

+u, j L(r,5,t) p(cos™(5-§))dQ
dr

various source terms

+S (I", §, t) — (nicht sehr wichtig)



Don’t read this slide too closely

The full equation becomes

2
DV2O(r 1) + . D(r 1) + 1ac1>(rt) BD{ oD 18(1)}_

Ha o T
3D S, (r,1)
C )

S, (r,t)—3DV .S, (r,t) +

where D is the optical diffusion coefficient,

1

3y, +{u,(1- 9))




“Reduced scattering” substitution

short steps
many events
forward scattering

(g>0) %’

Reduced-scattering coefficient:

~ longer steps
N/

Hs

fewer events
random scatter angle




Time-dependent diffusion equation

2
— DV CD(r t)+/1aCD(r t)—I— 1 8(D(r t( 8@ L (ZD >:
: cal

+3D 8SO(r,t
C ot

If circled terms are ignored (discussion to follow), then we get

Sy(r,t)—-3DV.-S,(r,t)

_DV2D(r, 1) + 1, D(rt) + i oO(r,t) _

S,(r,t)—3DV-S,(r,1)

J. B. Fishkin et al., “Gigahertz photon

directionality of emission; density waves in a turbid medium: Theory
vanishes for isotropic and experiments,” Phys. Rev. E 53: 2307-
emission 2319 (1996).



Steady-state diffusion equation

Dropping time-dependent terms and assuming an isotropic source
yields:

—DV?D(r,t) + 1, ®d(r,t) =S, (r,1)
where D =1/[3(z, + 14;)]

The Green’s function for this equation is
—Heit T
D 1 e’
G =
47D r

where ¢ is the ‘effective attenuation coefficient’:

Hett = [C’wa (44, + ﬂs’)}%



Review of assumptions in the derivation
of the photo-diffusion equation

Radiance is only mildly anisotropic

problem near boundaries and sources!

Scattering dominates absorption

Hs' >> Mg

“Scattering frequency” >> source modulation frequency

source power

photon scattering

time



Fluence from an isotropic point source: Theoretical
vs. Monte Carlo simulation

1o ° ua — 001
- mm-1
=-20ff
= * u,=10.0
S 30 _
A mm-1
40 * g=0.9
-50 , , , , , o nre| — 14
20 10 0 10 20
Lateral Coordinate (mm) ° |Sotr0piC
emitter, z =

24.75



Fluence from an isotropic point source: Theoretical vs.
Monte Carlo simulation (cut-through of previous slide)

—

B ' * n,=0.01

£ mm-1

2

Y * n,=10.0

5 mm-1

L _

% ¢ g—09

O 4 —_
‘n,=14

(0T

30 -2i0_ _-1i0 0 020 30 ° |SOtrOpiC
Radial distance from source {(mm) emitter, 7 =

24.75



Fluence from an isotropic point source: Theoretical
vs. Monte Carlo simulation (zoomed In)

/ disagreement near the source

] =EE . p=001
NE 0.5 : : m m—l
2 o * n,=10.0
%-0.5 mm-l
%  g=0.9
. 5 5 5 5 5 * Mgl = 1.4

T e — m——r— * |sotropic

-??adial czl}stance f?om sou:ce (mm)2 emitter1 L =

24.75



Fluence from an isotropic point source: Theoretical
vs. Monte Carlo simulation

20 10 0 10 20
Lateral Coordinate (mm)

w, = 0.2 mm-
us = 10.0 mm-:
g=0.9

n,=14

|sotropic
emitter, z =
24.7/5 mm



Fluence from an isotropic point source: Theoretical
vs. Monte Carlo simulation

log10(Fluence [VWW/mm 2]}

.  Smlaton
| * p,=0.2
mim-:
* pg=10.0
mim-
- g=0.9
* N =14

130 -éiq _-1i0 o 10 20 a0 o |sotropic
Radial distance from source {(mm} emitter, 7 =

24.75



Roadmap for today

L < > absorption

L, MS' < > scattering

Y < > radiance

¢ < > fluence (energy density)

radiative transport equation

diffusion equation
mmm) boundary conditions

reflectance measurements in space and time

steady-state
pulsed
sinusoidally-modulated




Fluence from an isotropic point source: Theoretical
vs. Monte Carlo simulation

Ok 0

o8 I * u,=0.01 mm-
2 2of L * pus=10.0 mm
= | e g=0.9
gk [* Neg=14

40 JEUEi T * |sotropic

Bl 3 PN . emitter, z=2.75
20 -10 0 10 20 mm

Lateral Coordinate {mm)

-50




Exact boundary condition for the
photo-diffusion equation

1

index-matched: %
no light heading downward

at boundary

index-mismatched: %

downward irradiance from
Fresnel reflections

But highly Compromise with diffusion
anisotopic! approximation, and get...



How to write the boundary condition: options

L height above tissue at
Partial-Current BC: 4 which photon density
extrapolates to zero

oD
E— ecreasmg
oz 2AD - photon
z=0 density

Where A (dimensionless) is
the ‘internal reflection
coefficient’

This motivates the “extrapolated-boundary” condition: I

Extrapolated BC: CI)‘Z:_2 o = 0




Image solutions for the partial-current and
extrapolated boundary conditions

R.C. Haskell et al., “Boundary conditions for
_1 O A the diffusion equation in radiative transfer,”

J. Opt. Soc. Am. A, 11:2727-2741 (1994).
-2 Z,t+ z,
Zy
[l - o
i +1
ya
b
Lo
7 ya
0 0
Y ‘ +1 +1 ‘ Y

Partial - Current Extrapolated
Conditions Conditions




How to model an incident laser beam

_ —(#a+15)2 _ —(Ha+1s)2
=€ I =1,e

buried point source

unatten unatten

X

o ()t

s ~

«%» 1st order Equal Dipole E'E/a
similarity % Moments

reduced strength

T.J. Farrell et al., “A diffusion theory model
of spatially-resolved, steady-state diffuse
reflectance for the noninvasive
determination of tissue optical properties in
vivo,” Med. Phys. 19:879-888 (1992).




Monte Carlo simulation of normally-incident beam

Depth (mm)
o S o

s iy
Fd ot T
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Radja‘l’Distance From Sourcegmm)

. *

Depth (mm‘g
= @

—
[y

15 -1 05 0 05 1 15
Radial Distance From Source (mm)

= u, =0.01
mm-1i

" u, =1.0 mm-?
 g=0.9

*n, =14

star indicates depth of

“equivalent” point source
from previous slide



Roadmap for today

L < > absorption

L, MS' < > scattering

Y < > radiance

¢ < > fluence (energy density)

radiative transport equation

diffusion equation
boundary conditions

reflectance measurements in space and time
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pulsed
sinusoidally-modulated




Diffusion theory can be used to perform
guantitative, noninvasive tissue spectroscopy

O
Z, t+ 22,
= Zb
Z
0
O
(Din — chource + CI)image
_ 1 exp(_:ueff rsource) . exp(_lueffrimage)
47D r r'source rimage

infinite-boundary Green’s function



Spatially-resolved diffuse reflectance yields estimates of
scattering and absorption coefficients

dominated by scattering (1/Dr)

T e experiment
- — — theory
\
R
- . i \

- * falls off as exp(-peqt)

D(p) = 41 (exp(_'ueff r(0)) B EXP(— g T, (P))]

D (o) r,(p)



What do you actually detect?

as

LA

4
Ld .
L .
L .
] .
L4 .

Xty

radiance ‘;‘ 5

distribution
at surface
underneath
your
collector

Part I: What Is truly happening

"—" collection angle 8

ITFresneI (§) L(r’ §)(§ ' ﬁ) dQ2

S-A>cosd



What do you actually detect?
Part Il: What you can model using diffusion theory

a

LA

4
& .
Ld .
L .
L .
& .

&= collection angle @

~N
fluence

(not > gradient of fluence

radiance!) indicates net photon
calculated flow direction:

at each -

volume J(r) — —DVCD(F)
element y,

Fick’s Law for optical diffusion

» Detected signal usually assumed proportional to fluence, flux, or some
linear combination

« Usually only a relative measurement (to other locations or times)



One example of a formula

a
LA
4
& .
Ld .
L
0

&= collection angle @

Formula for measured reflectance

fluence (particular case of index mismatch

(not 1.0/1.4, fiber with NA of about 0.22):
radiance!)

calculated R — 0118(1) Jr OSOGRf
at each

volume / /
element

fluence term flux term

A. Kienle and M. S. Patterson, “Improved solutions of the steady-state and the time-resolved diffusion
equations for reflectance from a semi-infinite turbid medium,” JOSA A 14(1), 246-254 (1997).

R. C. Haskell et al., “Boundary conditions for the diffusion equation in radiative transfer,” JOSA A 11(10), 2727-
2741 (1994).



Optical fibers preferentially collect photons that have
Interrogated specific tissue regions

mus =2,rtho=3

1

—_
1

—_

Depth ()
Depth ()

O o do o fm B do R

O o do o fm B do R

1
—_

1
—_

0 1 2 3 4 -1 0 1 2 3 4
Lateral Distance (mm) Lateral Distance (mm)

]
—_

" u, =0.01 mmt
= u,=2.0 mm-t
= 9g=0.9



Alternatives to diffusion theory

e More refined mathematical models

— More terms (higher angular dependence) retained
in the expansion of the transport equation

— Numerical solution of the transport equation

— Exact solutions to Maxwell’s equations (preserves
coherence, polarization)

e Simulation
— Monte Carlo methods -> ‘Lookup tables’

e Empirical relationships between light distributions and
known conditions (i.e., calibration)

— Multivariate methods, neural networks



