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- Reo(nt advancements in the’ techmcal apphcanon of infrared hght to blologlcnl

\
- nssue for medlcal purposes has made necessary the mvestlganon of the actual light- tlssue

mteractlon. The spectral transmrssnon response of a number of 4t1ssues is exammed at

different tissue thicknesses with the purpose of finding the basw coefﬁc1ents needed to
é

model the hght-tlssue 1nteracuon usmg transport theory On the basis of this model it is

~—

hoped that the optimum appltcanon of these new mednﬁal modalities can be predicted and

— applied.

[y

o This work is-an expe'rimental determination of the scatter coefficient and mean free

path based on a solutlon of the transport theory which présupposes a large degree oft

[y

forward scattering. The sca‘ttér phase functlon and absox:ptxon coefficient are also

considered but due to llmltauons of the experxmental procedure the results are mterpreted

¢ -

atin a more qualltatlve manner Thi§ determination is camed out for a number of.

o

' wavelengths between 600 and 1100 nm. usmg a monoehromatlc llght source, an'S 1

phototube and colllmators in 'near’ narrow beam geometry. The tlssues examined are
&

human mu"st_e, la_ctau?_ gland, blood, and adipose tissue and _porcme testes and brain

-

. tissue. - . : y |

[

As the scatter phasg function is greatly accentuated in the forward direction 'true’

harrow beam geometry (removal of scattered radiation via collimation) was not .
row |  scatt , _

. B

Y

accomplished with the equipment ‘.used.. Asa result a means of analysis is developed that

1 alldws for ‘scattered radiation in the 'transmitted beam by the introduction of the 'scatter

>

number Thxs scatter number which can be used in cases where the collimation allows a

-~

very small angle of transmitted detection, gives some quahtatlve insight intothe degree of -

.

forward scattermg found in each of the tissues. ThlS parttcular form of analysns has the

’ potentlal of provxdlng the means of derxvmg‘ the absorﬂtlon and scatter coefftcxents

-«

separately instead of in thexr composne sum (the dttenuation coe‘fﬁcnent) as is normally

done by tfheappllcatlon of Beer's Law., -

¢
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’ 'CHAPTER_ONE. BACKGROUND. =
v A‘ \ ' . . ' . ;
- _ . o = / .

- : s
N N — . ' -

"
Techmdal advancement in electromcs and,opttcs has opened the wajTBf‘vhe use of

OBJECTIVES

-

T

non- 1on1zmg radtatlon in medlcme The advent of lasers and optlcal ﬂl/)ers allow much

more flexibility in the apphcatron Of high intensity ltﬂ energy photon beams Computers
/

' and 1mproved solid state detectors allow *For better control and analysm of the often

comphcated procedures’ and results. "While all the: tools are 1n(posmon for use, the basrc
A / -

understandin g of the light ussue intéraction is still a concern to the medical pbysrcrst

ar L

The physrcrst s goal is to develop a model wrth whrch rehable predtctlons can be'

made concermng the resu{ts ‘of these new medical procedures In deciding on what model

. to use there are two basrg optlons open tohim. The first, electromagnetlc theory, rnvolvcs
‘treating the radiation as’a wave moving through/electnc and magnetic fields defined by

boundary conditions describing the medium, The second, transport theory, considers li ght

A

10 be made up of partlcles (photons) that i mteract with the 1nd1v1dual targets’ that make up

- the matenal _— : /

: . /. o T
. Electromagnetic theory is presently used medically for the planning of hyperthetmia.

treatments At these wavelengths the areas of interest, such as tumor volumes, are close

. enough to the" mlcrowave source/so that the 'near ﬁeld solution’ describes the srtuatlon

1

This means the solutlon of the problem is potennally deperrdent on the interaction between
.

: the wave pola%tlyl and the medtums geometry Because the l\{nethod is’ dependent on

whether the electric ﬁeld vector is perpendlcular or parallel to the dtrectlon of | propagatlon

the results can be mathematlcally complex in all but the simplest of cages.. ¢+

Mathematlcally the deSCI‘rptron of" photons of any energy movmg through any

&

medrum is described by-transport theory as long as certain condmons are met (Wolf ( 1975) ,T

- _Fante (1981)) Ofthese condmons those that pettam to the srtuatron mvolvmg hvmg nssue
" .
; 1) the\ Man free path is much larger-than the size of mhomogenemes in

v 1 —
¢

A ‘ .
-~ K . . N (.' ‘_ o .
_ . ,



e | = -
the transport medxum ,2) changes in the electrical perrmtuvrty are small at boundanes, and .

3) the radiation remams nearly transverse Assummg that these condmons are met,

. ¢,

tramsport theory ignores some of the problems encountered in wave mechanics to give a’

s1mp11ﬁed v1ew of the phenomena In the pamcular expenmental situation encountered in

Y

this work the transport equanon has the form;

© QeVI = -uI‘t- ”SJS(d'd)r(d)dd»

o
- . N

- where: 1 is the speciﬁc inten’sity of the photons
Qisa unit Vector deﬁmng the dlrectron of ﬂ1ght of the photon, |

o is the hnear attenuatron coefﬁcrent [cm'll

Mg is the lmear scatterrng coefﬁcrent [cm'l]

and S(Q'Q'-) is the scatter phase functlon (also called

the angular scattenng probabrhty functron)
The equatlon has been presented' here' to give the reader somg concept of terms used in the
rest of the mtroductlon a more in depth look at'these concepts can be found on page 41."
_ Wrthm transport theory there are ‘a nurﬁer of solutlons a,nd approxrmatlons that
apply to very specrﬁc Situations and are s1gn1)&‘antly s1mpler than the general case. Wlth

lhlS simplicity in mind past works attempted to use these approxnnatlons to obtain the basrc .

parameters mvolved with radlanve transport The most common of these approx1matlons o

L

hre Beer's law and the diffusion approxrmatlon The first pertams to situations where

» scatter can be 1gndred Whrle the sAecond refers to, the d1ffus1on zone where diffuse scattered
‘radiation is predomlnant (see ﬁgure l) The ﬁgure shows the development of scattered

radlauon as the thickness of the transport medium increases. In cases where there is-no

-

' scatter (us—O) the prrmary zone extends thro‘ughqut the t1ssue



Incident
Cdllimated
Beam e
- Ditfusion

rimary ‘Transition - - D ;
—t Zone —»

one — Zone

The leng h of the arrows represént‘the relative
fraction of photon flux in the direction indicated

}‘_ - | —~ Figure 1’

]

' ' The basxc goal of thls work is two fold The ﬁrst is to examine th¢/fransmission
properues of vanous tlssues to see if there are any unusual _properties jat any specxﬁc
wavelengths that may be exploxted for medlcal purposes The second purpose of this study

is to try to ascertain expenmentally the nature, and 1f possxble, the value of the coefficients
- T
and fﬁncuons that describe the txssue depen’dent aspect of the transport solution. In

.
1

i

partlcular the 1n1t1a1 goal of thxs project was to find the average distance between interdction

events, the mean free path As the project advanced it becarpe apparent that the snt auon

was more complex than orlg17a.lly thought and allowances had tp be made in the theory

used to an_alv_ze the sitaation/
~ ]
related to transport theory to be either measured or. speculated on, These other factors

These chan ges in themselves allowed other coefﬁcxents

: 1nclude the scatter coefﬁcxent the absorptlon coefficient and the angula( scatter dnsmbuuon

- fupction (better known in radlanve transfer problems as the scatter phase functlon) (Sf*e

Dunderstadt (1977))

%

RE



-
r-

SCIE TlFlC EXPERIENCE

The goals of. this research are not in themselves new practical methods for the
a licauon of mfrared radiation to medicine. The results of ;hese tests are meant to- supply
the requrred insight neede'd to develop infrared techno]ogy for ﬂractrcal appllcatron In

. order to better understand how the mtermediate goals of this research fit w1th respect to the

-~

overall application of mfrared radiation to medicine a revxew of what is known and- how i it
"t

is apphed is in order With this background the necessrty of the.work compiled i in this

NN 2 . R

thesis wrll become obv1ous ' ] ‘ N \

The first and most obvious aspect of the light tissue interaction is the ability of any -

- partlcular wavelength of light to be transmltted thrOugh the tissue. Figure 2 /(Polanyi

(1978)) Shows the molar absorption co,éffiment at body temperature for the more unportant

‘ absorblng compounds found in mammalmn tissue The absorptlon properties of these g

compounds define three distinct wavelength ranges of parucular mteractlon type: the blood-

~pigment zone, the’ cl,e?r. zone, and the opaque zone. The blood-pigment zone -\w1th

wavelengths from 230 to 600 nm encompasses those w'avelengths where"light-does not
interact‘with wat‘er and yet is readily absorbed by hemoglobin and mefanin ’ The clear zone
from 600 to 1100 nm, is where the mam form of tissue interaction is that of scattering, thus
allowmg deep penetmtion of the radiation throu gh the’ txssue The final range from 1100
_ nm up is called the opaque zone because of the strong absorptlon of water at these
_ wavelengths Since water is present in all living tissue, absorption is confined to the

.

immediate surface of the tissue.
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; .. The absotptiori of light by ﬁsstxe usually res-uits in heating of the tissue. The degree’
of heating ipends on the mtensnty of the light source, the nme of exposure and’ the
tissue's ahﬂK
structure of the tlssue, changes in"the tissue due to heatmg cari-change the opt1cal '

properties. 'Ihts change in tissue strUCture has Qeen noted by Boulinois (1986),and Wilson *

(.1986) and is summanzed in"the following table (Hetzel (1986)). S
. .Temgéréture \ . Effectson Tissue =
30-60 Weldmg (in small structures)
- . Hyperthermia . _
' 60-65° " |  ~ Coagulaion - - - .
. 65 <90 . Protein Denaturation P :
- " >100 - Vaporization . |
I& ) ' - Carbonization ..
’ (Ablation) .- |
. o
' Figure 3
iy

o Whlle the work presented in this stydy is obtamed at body temperature, this does

not’ exclude it's importance in areas of the field where( high mtensuy beams are used to

-

| 'obtam such effects as abiatlon moagulatlon In most high intensity cases the. penetration

) depth of laser effects is deci’ded when the tissue is still at body temperature The depth of |

the radiation effects can be approx1mated knowmg the mmal penetratlon of light at body

temperature. : ' | ' o 2

o disSipate thermal energy. As the optxcal propertles areé dependent on the o
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MEl)ICAL NEEDS'AND APPLICATIONS
The 1mportance of infrared radiation in fnedrcme can be seen in the growth of it's

applications in recent years. In order to understand what avenues are most |mportant in the

.

* study of the light-tissue intéraction a summary of the most prominent of these infrared

applications is given. te il N

Dlaphanography . ‘ .

. One of the first uses for non 1omzmg radiation was put forward by Cutter in 1922

'\\

(Cutter (1929)) Dr. Cutter used a strong v1srble) light source against one srde of a patie/ht ]
» breast and-searched for abnormalmes by observrng the transmltted hght Usmg this crude
method Cutter was capable of dtfferentlatlng transparent (cysts and absccsses) and Qpaque

abnormalmes (carcmomas and hemotomas) While this method of wransillumination

showed some initial prorfiise, techmques such as x.ray mammography proved supenor and

. . N -

by the 1940's ost mvestlgators had abandoned it. + _ M N

- Interest revived in the l‘ate 19705 with the apphcauon of m@‘ared fxlm allowm gﬂi .
more use of the optimal clear zone. Wlth thlS 1mprovement the techmque took on.a new

name, draphanography Present methods use an infrared sensmve videocamera to pick up

-

the image | tmnsmltted through the breast The set up of a dlaphanography system is shown
. in ﬁgure 3. The source of light 1nci‘dent on the breast altemates between two wavelengths '

- one ﬁ the blood-prgment zone and the other i in the clear zone. The signal transinitted

~

) through the breast is d1gmzed and shown as a combination of grey levels and pseudo-
»colo\ujp The grey tone, which i is the sum of the transmission at_both wavelengths, is

meant to show up blood vessels, vascularization and fibrosis. The pseudo-colour, which

is defined by the ratio of the transmission of the two wavelengths, is meant to show subtle
dlfferences in the'more optlcaly sumlar tissue types. This ablhty to see small differences is

dependent on the tissues under exammatlon hav1ﬁg a reasonable drfference in- their

o

attenuatlon coefﬁcrents in at least ‘one-of the selected Wavelengths ThlS aspect of the
' techmque is most commonly used in the 1dent1ﬁcatron of Cysts.
- / :

(5 * . . * 4



While technology has greatly improved the effectiveness of diaphasnography‘thc \
inherent problem of degradation of the résultant image by ‘sca{tercd" ligh‘t\ rémains. The
dcéper the volume of interest is in thc subjcét the greater the deterioration of the image due

| to scatter Ongmatmg m ‘the 1ntervemng tissue. Prescntly depths of about one to two cm
_-can be 1magcd with some dcgrec of dlagnosnc value. Because of these poor 1mages

Qmphanography has ncxKer bcen considered as a pnmary form of breast screening. It's
major use is as a sccondary method of diagnosis or a prlmaxy method only when cqmdmons
" precludc théhuse of mammography The technique is bemg cvaluated prcsently at the Cross

“Cancer Instltute (Castor (1986)) . | . .

“In its present form, infrared imaging is extremely limited in it's applications. .

—

~

Mcchanical improvements, such as bredst comprcssion may greatly improve the method.

Unfortunatcly thls is pot the ulnmate limitation; the actual i interaction of hght and tmsue i$

8"

poorly understood The mcasurements of the fundamental properties of this mteractlon are' >

essential to any advancement in the field. Only when these fundamentalﬂ:)rinciples are

understood can a true analysis of the méthod and it's limitations be ascertain
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Photodynamic Therapy
There is' a certain claks of drugs that hds been found to be inert inside living tissue

unless activated by light of a specific frequency. Given that a number of these drugs such

as haematoporphriq derivative (HPD) are. tumor specific, the applicatioo to oncology is

obvious. This procedyre is alse being investigated at the Cross Cancer Institute.
“ L “ L4

This photoch mical reaction results in oxygen in the cell being ‘converted to it's

singlet excited state, which in turn oxidizes organic molecules and kills the cell. As the

drug is a photocatalyst it does not lessen in concentration due to the-dgteraction and thus
provides a stable redgent. The only real problem is to find out how mggh phetosensitizing
'y .o ~ -

chemical is concentrated in the tumor and deliver the required amount of light to the drug.

B Since HPD has an activation peak on the edge of the clear zone (633 nm) the application of

light to the tumor volume should be a stralght forward procedure prov1dmg the natu’re of
light transport is understood. (WllSOﬂ ( 1986-1), Proﬁo (1981))

The problem of mapping the concen_tratlon of HED is simplified by the fact that it

* fluoresces when irradiated with UV light. This florescence has ‘even been suggested as'a

means of detecting very superﬁcial'tumors (van der Putten (198_3), Profio (1984), Katsuo
(1984)). Thus an optical fiber used to probe into the tumor can ixlject the UV liAght and then
act as a detector to measure the concentration-dependent light lntehsity AsTthe florescence
occurs in the blood-pigment range of wavclengths in highly vasculanzcd tumoys only very

locallzed measurenﬁents are posmble The local volume size for which the c centranon

i _measurement is vahd 1s once again dependent on a good understandmg of the light's mean

i,

free path in various tissues, .
~ . \ .
New drugs use wavelengths further into the clear zone thus increasing the light
penetration depth, While much optical work has been done at 633 nm, these new d;ugs

1}:(1' cate.the need for T extended experimental base. In order to fac111tatc the potential for

all forms of photosensitive drugs the optical properti¢s within the entire clear zone must be -

01;

explored Such investigations consptutc part of this work. -

10~
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. Surgical Lasers

Q

. : 4 .

Lasers with their excellent mechanical coapling to optical fibers have added a new

" flexibility to the application of light to medicine. The development of lasers in medicine
over the last five years can be gauged by the appearance of three new scientific journals

devoted to biomedical lasers as well as a number of excellent text books (e.g. Goldman-

Ed.(1984), and Wolbarsht-Ed.(1971)). - Any attempt to sumrﬁari»zc all their uses in this.

‘thesis would be rcdundﬁnt, instead an outline of the boundary conditions that regulate their
application fs given. These boundary{conditiohs include the wavelength treatment zones,
the int'énsity, and the time of exposure. : ) .

Th‘ei first Wavclcngth'zong to be considered is the blood-pigment region. At these
wavelengths the laser offers the abilitS/ to selectively apply thermal effects to tissue with
h;gh concentrations of blood or melanin. The rela.tively unhindered m@vcmcnt of light
through water and thin layers of semipellucid tissue allows such procedures as the
'welding'\i’if 8amaged retina through the vitreous humour and the coagulation of
microcapiliaries in port wine stains. " |

-The ai;pliéation o‘f lasers that work in'the blood-pigment frequenciés at higher

intensities results in a surgical' scalpel with the ability to coagulate blood vessels at depth

from the incision. The extent of this thermal reaction is largely contingent on the exact

anclength of the laser, the tissue being irradiated, and the duration of the exposure.

Lb'wer'scalpcl intensities allow the thermal heating effects to develop at greater depths

before surface Bptics change due.to carbonization or ablation and stop the transport of

radiation beyond the surface.  This is of great advantége when the surgeon wants:to .

produce hyperthermia and coagulation in ghe'arca around a tumor extraction. Unfortunately
this property of the beam produces scar tissue thag may counter the cosmetic or

physiological functions qf the tissue.

[ 5 G
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In the opaque zone, the lasing of tissue is completely superficial since the main
absorber is the most common component of living_tissue, water. Given sufficient
intensity, the water of the cells is turned to vapor almost instantly causing the cell to
‘ literally explode. Thcrmal.cffccts are thus kept to the immediate area of irradiation
’ rcsultin?"m small precise incisions with minimal scarring. Unfortunately because of this
cxplo&ing aspcct, when excising tumors, the resulting plume of lased material may contain
viable cancer cells that can. be reabsorbed by the body to form metastases (Polanyi

(1978)). Still outside the area of oncology the main laser used in surgery to date has been

in the opaque zone (the COy laser) in spite of the fact that-no optical fiber system is .

-

presently availdble at-these wavelengths and the laser must be directed by way of mirrors
mounted in 2 hinged mechanical arm.
The above mentioned treatment zones must be augmented by an additional range

called the non-thermal zone. This covers a relatively new generation of ultra-violet

medical lasers (excimer lasers) whose energy is great enough to cause photoablation”

(Boulinois (1986)). It is supposed that photoablatioh occurs when the bonds of organic
molecules disassociate by the absorption of a single photon. This phenomena coupled
with good beam control results in very straight shallow cuts with minuscule thermal

effects. Typically microscopic slices prepared of n'ansverse incision cross’sections show

cell walls cut in two with the adjacent cell unaffccted Whllc the advantages of this laser

for cosmetic and mni‘osuriry are apparent, the full potenual of this modality can only be .

attained when a good understanding ofﬁ interaction mechanism is achieved.

The history of medical physics in radiation oncology is one where the physicists
were confronted with a developed application and asked to support it. This is the exact
" opposite of the traditional scientific approach of starting with simple experiments and

models and slowly building towards the more corhplex situgtion. In the face of such

pressure physicists were forced to develop semi-empirical methods until a good scientific

12



model could be @cmd Now that better methods and undcrstan:iing are avajlable a
good deal of energy must be expended in updating the initial 'stop gap' pmccdurés. Much
of this extra effort could havc.'bccn avoided if the physicists had known of the need in
+ advance and pcrfom;cd the basic experiments u§cd to develope the fundamental theory.
Thg': ﬁcld of infrared interaction with tissue is dangerousl?'closc to the same situation faced
" by the early mcciical radiation physicists. History may once agéin repeat itself at a
different wavélcng;h! ‘

In summary, it can be seen that although infrared light is already used in medicine
- to a high degree, the understanding of the basic mechanisms of interaction is primitive.
Because of the hi‘ghcclin'ica‘l potential of infrared radiation, a full understandirg of it's

properties must be attained in the near future. This treatise is one of the first steps in this

direction.

13
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QHAP_IER_MQ. EXPERIMENTAL SET Up
AND PRELIMINARY TESTING B

5 g
EXPERIMENTAL OBJECTIVES

»

_ In-order to ‘nodel the transport of light through trssue accurately the constants and

functIons Ho» Mg, Ha and S(Q',Q) must be fourrd. Due to the wide range of values these

factors can attam their experrmental determmatlon has proven tobe dlfﬁcult Indeed within -

the entlre erld some. of these variables have not been measured using an. accepted

4 experimental method While the’ ain goal of the experiment described in thl§éth651s was to

. find the mean free path (5 = l/tlo) this i is not the work's only focus. The expenmental»

5]
methods used when dealmg wrth organic tissue for the purpose of optical expenments are
&

' for the most part speCIﬁc and new. While the reasomng behlnd expeﬁments descrlbed

here may seem obvmus, they are the result of mpny trIals performed to find what

L' §
condItIons are needed to maintain consxstency in results

4

o

The main Ob_]CCtIVC of the expenment,was to measure the ratio of the photon’ energy ‘
fluence w1th and wrthout a tissue sample i m the beam. This ratio, called the transmlssmn -
~ ratio (T), is undfrstood to be equaLto the ratio of the freflated specific. Intensmes based on the
' idea that the photon energy fluence (‘I‘) measuredlby the detector is related to the specrﬁc

: mtensrty (I by; ' “; o

o ‘P~jldA IJdA - @
_ QA.,« AO ‘
- where Adis the cross sectlonal area of the #am seen by the detector.
‘The transmtssron ratto was obtamed usmg the experimental layout Illustrated in’
fifgure 5. Ercher Knof and Lenz (1977) used a srmpler fofm of this setup for their work .
: An altemauve expenmental method is given by Norns and Butler (1961) but thlS system
does not allow for post sample colh.matIon and i is s meant to glve an absorptxon spectrum

iny At the time this expenment was bemg performed a sumlar one was betng camed out

:3 G'
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by Stephen Flock at Ontario Cancer Foundation in Hamilton, for further details see Flock ‘

¢ N
B - ) N

¢
@
L3

(1987)

- A colhmated polychromauc hght source passed through a monochromator which
allqws the operator tQ selec_t a beam of quasi-monochromatic radtatxon. This selected light
is passed through the sample assembly on to a phototube where-it's energy fluence is

measured with and without the sample in place.

EQUIl"MENT,“
" Light Source . ‘
There were‘ two ltinds \o‘f ~li ght sources '11sed in accordance with the tvpe of
monochromator used. A 50 waft (12\volt) tungsten filament light was powered by a low )
noise voltage regulator when the double pnsm monochromator (brand name- KIPP) was in
use. The gratm g monochromator (brand name-SPEX), with 1mproved wavelength
- resolutlon, drspersed the 1nctdent light to a greater degree necessitating the use of a more
; 1ntense light source. The beam was collimated by a double convex lens before reachmg the
monochromator Only when dealing with 'thlck' ( 1.5 mm) samples of blood at short
wavelengths d1d this source prove 1nsufﬁc1ent | »
’ For the SPEX- monochromator it was found that a 1000 watt xenon arc lamp was
needed in order to achieve the necessary 1ntens1ty The placement of the lJamp in the system
| was the same as for the filament source, but the lamp was so bright it had to be shielded to
make the situation beatable for the personnel 1nvolved Colllmatton was provided by an-
. f/2.4 parabolic mirror (39 cm focal length ) situated behmd the lamp coupled with an f/1.7
double convex lens ( 17 3 cm focal length ). All honzontally mounted arc lamps have an

mherent dark spot in the center of their beam. Because of this dark spot the colhmated light

~ source was offset slightly from the optical axis of the SPEX monochromator.



- Monochromator

@

The KIPP is a double prism monochromator which uses two flint prisms with-a

‘refractron angle of 54 degrees and an arrangement of mu;mrs to break down the collimated

i

polychromatic light into a quasr-monochromanc form. As the wavelength resoluttOn is _

th

. dependent on the change i m refractive index w1th wavelength andv thts is not.a linear
dependence, the resolutlon is not constant for all wavelengths The wavelength resolutton :
was measured usmg the rr:ercury line at 1014 nm. The full width at half maxtmum
(FWHM) was 30 nm (see ﬁgure 6) At shorter wavelengths the KIPP was unable to
resolve the mercury couplet (577 - 579 nm) but as the beam spans the same angle for both
wavelength ranges it can be calculated from the calibration graph of the monochromator as .,
9 irh. N

The SPEX is a smgle grating monochromator that depends on the reflecnve

diffraction propernes of a grating to spread out the spectrum of the polychromatxc light.

This is in accordance to the grating equation (Hecht_ ( 1976)),

S a(sin@ —sin@)=mh S 3)
, where- a=the inverse of the grating density |
9 _=the angle of the refracted beam of order m

8. =the angle of the incident beam

A = the wavelength of the beam of 1ntere‘st ]

. 3 kY
&, -

g o

From the above’ equatton it can be seen that grven a wavelength of A, of order n that
o there will be an overlap w1th light of wavelength 7Lb— A,/2 of order 2n providing Ayexists -
in the incident beam. In the experiment mvolvmg the SPEX monochromator this is indeed .
the case This problem was resolved by puttmg a KODAK 88A gelatme filter over the exit
port for wavelengths greater than 800 nm. The 'high pass' responsc curve for the filter i can

- be seen mfigure 7. - .

-

-



18

. €
: & - . g e - . ) . ..l
o s () HIONATHAVM
OVIT - OTIT  00TT 080T 0901 0v0T . 0201 - 0001 086 096
| IS S BRNNNES N - TR I SR R SRR N _ | .
. . * . - ) r
- u ¢ = WHMA i
. . -
9 amdig. -
© (ddDD YOLVWOXHIONOW STdd | 1
. . 1 .
HLONATIAVM SA QLLVY NOISSIWSNVHE - T

a

X

00 o
S0
01
m.m
ST Z.
&
0C. 5
e
-]
0'¢ s
g
St =
{13 4
sy
0'S



9 o

L © T () HIONATAAVM - R
0011 T w0t v 06 008 00
\ |

-

n F

o | ) E . “ .

L 231y n

- , | -
ImeIaNT uonedyads ¥epoy woly pIaIpoN -
a ¥ALTA ANLLVTIO V8 VAo —

e HLONATIAVM SA HONV.LLINSNVYL B

_

Y =

=
=

[

(%) AINVLLINSNVY.L

001

'



)

N 20

The SPEX monochromator has a wavelen gth resolution FWHM of 1 nm to deﬁne

- ‘the 1014 nm mercury line and a FWHM of 0. 7 nm to define the 577 nm mercury couplet
‘ (see figure 8 & 9). As thlS is better than an order of magmtude than t\hf)’d'ﬂP, the SPEX .

P

was used to look for stxucture i the; tissue* spectra :

Colllmatlon Assembly S

Collimation of the beam was of two parts The pre;sample"collimation attempted to
" condition the beam into a parallel form as prescnbed by narrow beam geemetry The post-
tissue colhmanon was mtended to eliminate as much of the scattered light as possrble

leavmg only unscattered incident llght in the transmitted beam. The size of the holes used,._

m the colhmator was ultlmately dictated by the minimum 1ntensrty that the phototube could’ ‘
detect at its least sensitive point in the wavelength range of interest (see ﬁgure 10). ‘ . )

The sample shutter was placed close to the exit port to anow for the smallest area of

3

tissue to be irradiated by the most mtense beam pos51ble This meant that the pre -tissue
)

collimation of the beam was done before the beam entered the monochromator v1a the l ns ,

<

and aperture system. Given this set up, the KIPP monochromator has an ex1t bearn with a A

dispersion -angle of 3.7 degrees before the post-tissue collimator (see figure 11)./\

L]
i
‘

Sa'm_ple Hoider N o | -

The samp'le was mounted on a shutter that allowed the beam to pass either through a

mounted tissue sample or unimpeded throu gh the colhmator assembly (see ﬁgur‘“ 12) Th1s
y ]

allows the two factors of the rano to be measured within,a short ume penod This aspect of

the expenmental de31gn is necessary to overcome the problegn of the inherent dnft in the

i e

-

‘mtensrty fourtd in all hght sources. T
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Detector

]

Fhe dctcctor was an S:1 response phototube working at 1200 volts dcllvcred by a
regulated ‘voltagc source. The wavelength sensmvxty of the phototube was the ulnmate
limiting factor.in the experiment's design. The response curve for a typical S-1 tube can be
seen in figure 13. At the time of the cxpcrimcnt the phototube proved to be the most
sensitive detection device available. Given the advancements in solid state technology any

future experiments should consider photodiodes during cxpcn'megtal design.
. .

Amblifying‘ and Noise Reduction System

The ch&ppcr was used to convert the constant intensity light source into one whose
intensity altematos with a well defined frequency. The lock-in amplifier then only accepts
“that part of the signal that has the correct frcquer_lcy as defined by the chopper. Thus by
tracking the frequency of the chopper, the band width of the lock-in ambliﬁcr can be set as
narrow as possible, and minioﬁzc the amount of noise received. The ampliﬁe‘r also has an
internal gating mechanism tied to the chopper frequencyv to allow the input signal to

disregard pax:t of the input signal by means of a phase shift. Thi& aspect of the amptifier

26 -

RN

was not used for this experiment and accordingly the phase adjustmcnt was set 1o get4s

maximum signal. It should be noted that this: proccdurc also automatically ehmmates any

background signal in thc 'sample holder due to a light leak or black body radiation.
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SAMPLF PREPARATION o v .‘ - _ | . _
Human ttssue samples were collec*led within a few hours of resection from patients
undergoing surgery involving ;thher, biopsy or amputhuon. Porcme samples were collected
fre'sh"from healthy sacrificed 'specimens.v E'I'hese samples-were then sul_)merged in a tissue

- embedding‘ medium (O.C.T.) and frozen. Ideally' the tissues shouldlbe‘frOZen as quickly as
possible in liquid nitrogen to-prevent the formation of large ice crystals. ln order to have
the samples frozen fresh, ,,the " the use -of liquid nitrogen ‘was not always : possible,

pamcularly when workmg on the periphery of a busy surgical ward

»The expenmental results hmged on the 1dea that the t1ssue samples retain their

+

physrcal structure as closely as possible to the m vivo srtuatlonf T}us condmon was the
hmmn g factor on how thtn the mlcrotome could cut the frozen sectxons While it is true that,.
microtomes are used regularly to cut tissue to 5 um thicknesses, this-is done for qualitative
anal,ysvis of the tissue's cell structure and make up. The lower limitof thickness at which
acceptable samples could be cut for the purposes of this expenment is very much dependent
on the tissue type, but usually was in the range of 100 um

It should be noted that fatty tlssue freezes at much lower temperatures than other
',tissues For thls reason the cuttmg of these tlssues was done at lower mlcrotome
~ref) xgerator settmgs Typrcally the settlngs were -20C for normal tissues and .-35C for

. \‘
faly tissues, ‘

- - .

Samples.EWere mountedbetween two microscope glass cover slips approximately

.
150 microns thick, the exact thrckness bemg measured by a micrometer and taken into

- :

account in the ﬁnal measurement

Copper spacers were placed aro’und the,sampleto assure thickness value.and
. . o] B : - - ) N
uniformity._ The thickness of the actual tissue sample wag cut just slightly larger (5 pm)
than the copper spacer to be sure the sample was in direct contact with the glass'slides. -

ar ) L o v
-~ ~
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The tissues were saturated w1th electrolyte bal‘anced solutlon to help avoxd any air .

bubbles that might be present. The qlectrolyte solution mxmxcs the intracellular flu:ds
avordmg osmotic pressures and flows that would change the tlssue structure ~
The final step in preparatxon was to seal the glass slides in place with a synthetic

~ resin and allow them to cure for about half an hour i ina cool place. Once cured the sample

thlckness was measured thh a micrometer. The glass thickness was subtracted from the -

\

- measured value and the result recorded as the actual sample thickness.
Once the tissue samples. were ready they werejilikamined under a microscope to

identify those areas that kept their eptical integrity intact. The requirements of a valid

sample were that the tissue structure was not torn, and that there were no air bubbles or

L4

foreign tissues structures in the sample. This requirement of a single tissue type was

& .
obviously impossible when looking at the spectral response of a highly vascularized tumor

and therefore no measurement of attenuation coefﬁcients was attempted.
Blood presents it's own problems in mountlng The samp]es must be extracted

i w1th heparm to stop clottmg The amount of heparm used is small and as it is the body's

own antl-coagulant it was deemed not.to affect the results. The blood also settles over time

' requiring that the sample be agitated br replaced periodically during testin g
IN VIVO VS IN VITRO . | . " -

- Of major,,concern in this type of experiment is:that the tissue samples retain as
man: - their in v:vo charactenstlcs as. possxble ‘In order t6 apply the results of the
expenment to 11v1ng tissue any dxfferences between the two s1tuat10ns must be taken mto
account. . D v

The most obvious difference _between the two situations is that of tissue
temperature. A 1.5 mm sample of pc;r'cine adipose tissue had its transmission ratio

‘measured for a number of different temperatures with a 1000 nm light beam The results

* are plotted oh ﬁgure 14. The result was judged to be due to. actual changes in the optical

29
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.properties of the ti.Ssuc.. The possibility that the'optica'l'chang'e was due ontirely to thermal

expansion was ruled out for two reasons: first, the densrty changc over this temperaturc

interval for water is less than 0.3 %, an amount far too small to affect the observed change

in optical properties; the second was that the dimension of the samplc mounting with least

/ - ! : ' o ’ " .
resistance to &ssuro was that parallel to the beam, thus changes in the actual thickness of

thé\iample vsould not change the opucal thickness.

‘| These results showed that the sample«holder neodcd to be heated as the optical -

propcmes of thc tlssucs were dependent o tcmpcrature ThlS 'was accomphshed by
securing a wound’ nicKel chromlum hcatmgze

‘element was connected-to a variablé voltage sourcc A thermocouple was 1mplanted near
the shutter hole to.monitor the temperaturc of the shutter. Detector readm gs were started as
soon as the tissue was stabilized at its normal body tcmperaturc (37\C for human tissue,

39 C for porcine tlssue) - Y

‘The rcﬂectlon and absorptlon 1nﬂuences of the glass mountmg and electrolyte

solutlon was checked usx'nounted samplc of thc solutmn Testing showed the samplc _

to- ha,yc a transmrssmn io of 97% uniformly for all, wavelcngths measured.

Measuren’ﬁms of the transmission ratlo of ussue are corrccted accordlngly .

B. Wilson. (1985) pomts out ’fbat at 630 nm the absorptlon coefficient for whole-

blood is at most a few percent of the overall attenuation cocfﬂc1ent ThlS point of view is
supported by Doiron (1984) in his experiments with cat brain at_633 nm. Thls suggests
that at the mejority of the wavelengths looked at in this cxucrintont blood absorption is not

important.

lement to thc shutter with' snltcone The

31

Atthe wavelen gth intervals where blood absorptlon is a problem the oxygcn levcls |

of the blood under examination must be taken into account The oxygen concentrauons are

»'an issue because of the relative amount of absorptlon of hemoglobm (Hb) and

. oxyhemoglobin (HbO,). As a's'ample' ages the Hb’OZ breaks down to Hb and O resulting

Kl
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in édiffcrencc in the spectrum below 600 nm. This Changcl is small and may affect only the

lower wavelengths considered when looking at blood. _



CHAPTER THREE EXPERIMENT I: S ! .
TrANsMiss1dN SPECTRA *

Of \prime interest in this study is any spectral dependent ‘peculiarities that may be
4xp101ted for practical medical purposes (e.g. tumor identification and/or treatment). Of
these tissue specific ” :avmdows and/orastops in the spectral response offer some of the)
greatest potennal for imaging and treatment using infrared light. To explore theexrstence‘
of such properties, the transmission spectnrm of several riesues were in‘vesti goted using 'th.e
KIPP monochromator as described in the. seCtion on experimental set up. |
In cases where human tissue samples were difficult to obtam potcine tissue was
substrtuted Porcine tlssue was chosen as it is from an ommvorous mammal with -
appro:grmately the same heart to body-sne ratio as man. These species traits give rise to a
great biological;similarity of tissiies‘.at the cellular levél that has been utilized in a wide
range of research areas.’(Bustad (1966)) The tissues selected for examination were porcine
_brain, human adipose, human skin, dense human breasr tumor, human lactating gland and
- porcine testicular tissue. | '
The aetual use'of infrared radiatioxi as an imaging mode in thermography is zrt /
wavelengths of 7000 to 13000 nm to monitor temperatures from 0 to 65 C. This is well .
above the 1100 nm maximum wavelength used in this experiment. In this experiment what
black body thermal radietion present.at the wavelengths under examination was removed by
the chopper and lock-in amplifier. | y '
The scattéring in this experlment was expected to be due mainly to mternal
reﬂecnon and refractlon off small mhomogenemes such as cell walls and nuclei. Thls
being the case, there are a number of such structures which are,close to the same Size as'the.
wavelehgths being investigated. From haeic geometric optics it is knowh that when such a
situation develops thére is the possibility of resoha.'n; freciuenécs.at which reflection and/or

transmission are radically changed. If these wave'lengths were present it should be

33
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.expected that they would show up as changes in the scatter conditions which would lead to
changes of the amount of light detected. Such an effect was.reported by Wilksch and Jacka,
(1984) who’claimed that the myofibrils of the muscle tissue were acting as a diffraction

grating. This, it was claimed, resulted in an enhanced forward scattering of the radiation ’

and an associated anisotropic scatteNqg function. As Wilksch and Jacka worked only at

one wavelength it ‘was supposed that given the wavelength dependency of diffraction
gratmgs a spectral analysrs would evaluate the validity of this eXplanatton o> ‘
At the time that this expenment was performed the ltterature (Profio and D01ron

- (1981))- suggested that the scattermg was only slxghtly anisotropic and thus penetration

depths measured in diffusion type situations were only an order of magmtude larger that the

mean free path With this fact in mind an attempt to~ look for. wavelength dependent
‘changes in the scatter function were made by cutting the sample shces to what was thought
“to be a few mean free path thick (~300 um) forall tissues except blood. Blood samples
| ~were prepaned to be 150 um'thick. The post tissue collimation system was removed giving
an angle of collimation to the deteetdr of approximately 28°, - .V | ' .

“Actual chemical abserption due to water and Iipids would be ‘expected but it was

suspgcted that much thtcker samples wquld have to be used to see these effects (Bolin
(1984)) The suspicions that the weak chermcal absorpnon would not be visible were |
confirmed in the results shown in- ﬁgures 17 {hrough 24. There is a complete lack of
feature in the spectrum between 600 and 9;0 nm. This lack of feature is also reported in
similar experiments for bovine muscle (l;r’euss (19825)‘, human adipesé tissue, human
-glandular tissue, human breast tissue (Erte_ﬁa' (l985), Shalev(1985)), pereine braln, rabbit
muscle and hnman blood. (Wilson (1985)) Note that polnt_s marked witha'?" were found
. not to be reproducible when additional scans were made. All tissues with'the exception of
adipose tissue and blocd display an’ apparent increase in transparen,cy as wavelength

increases. This agrees with observations made on human skull, human chest wall, human |

abdominal wall, and human scrotum made by Wan (1981).

* .
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The strong absorption of red and near red light in blood is readily eviacr}t but the -

much weaker absorption due to water around 970 nm is not readily apparent. |
On the basis that the effects were too small to be seén at the wavelength resolution
| given by the KIPP monoéhromator, the experiment was repeatcd using the«SPEX

. monochromater and argon light source. This was strictly a qualitative comparison of the
v 14

7.

-resultant spectral output of the arc lamp light with and without tissue in-the bcém. Any

regions of interest seen on the scan over the 800 to 1200 nm range were re-examined at a

* Al

slower wavelength scan rate. This comparison was carried out for adipose tissue and

blood and, taking into account the slow fluctuation of the lamps actual intensity, no areas of

>

interest appear in either case. An example of the results for the adipose tissue is shown in

figure 25. In the actual experiment saturation peaks were invesfigated separately at a lower
~ \ . .
. v i
sensitivity. ‘
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CHAPTER FOUR EXPERIMENT II: .

/TRANSMISSION ANALYSIS

-

‘
\4CKGROUND THEORY , '

Transpbrt thgory is .uscdain dcscribirjg chrything from th:. molecular orientation of
wacromolecules to the diffusion of light through stcllar’aunosphcréé. As a result the names
nd definitions of the related variables are a.s varied as the 'subjects it c;)vcrs. For this
:ason care should be taken when comﬁaﬁng the derivations and interpretations shown here

-

gosc found elsewhere in the literature. For the most part this text will use the notition P

the initial meeting of the American Association of Physicists irg Medicin;:/
iset up to standardize nomenclature in the field of medical physics.
while the concepts used in this work will be summarized here a detailed derivation

f the transport equation used in this work p‘easc can be found in Dunderstat ( 1979‘pagcs
to 22, | ‘.

¥

<

Starting with the most basic definition of the unit vector defining the directions of

i1ovement of the particles involved ;

s¢+“sinesin¢\’\\!lzcose ' (4)

The photon number density in six-space is;

n(x,E,fS.,t) d’r = the p}obability of finding a photon at, x, with

~ A .
energy, E, and direction of motion £, at time, t.

k3 .
In the case of radiative transport through tissye most of the literature deals with the

ecific intensity ; . /

~

I\)(x’d’t;’F. hvcn(x, ﬁ,t) , - ‘ (5)
here I, is a distribution in six space for the frequenéy v. As such the value of I, has no

acroscopic meanihg unless integrated over séme angle or volume. (Wolf 1976)

AN

4 l.u . N .
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If it is assumed that the llght is monochromanc time independent, with negligible

thermal radlatnon1 and that all scatter is coherent then the transport’ equatlon can'be

A}

expressed as; P ‘ . ", ' ‘
QeVI =, 1+ S(r“z' Q)I(é') dé .
where Ho is the hnear attenuation coefﬁcrent [cm‘l] 1 C

p,s is the lmear scattermg coefﬁcxent [cm'1]
such that uo My <+ ps -
‘ua is the hnear capture (or absorptxon ; coefficient ['cm'l]
S, Q ) is the scatter phase funct10n (also called «
m the angular scattering probabllxty functlon)
~Since all situations involved-in this pro_]ect use quam-monochromatic light the.p
subscnpt will be dropped on the understandmg that all coefficients encountered are to some

_degree frequency dependent

In equatlom\(6) if there is no scatter (us—O) then the solutlon to the transport,
_ equation becomes the well known Beers Law. .

e M

It should alsobenoted that ; : S F ' _

o —_[S (ﬁ a )dé 1. @

_‘ momc.tt of’(QoQ 1s known as the mean cosme (g) where:

¥

. * N - . ‘V'. by
e - L - o

“1In the case of this expenment the e?? ct of black body radlatlon was. i‘emoved by
expenmental means. : It s 1mportance in a more general case would depend on the glven

situatio : ‘ v e e

- : . . SR . Ly
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One method of dealmg with the scatter ina radzatlve transfer situation is to'try to

separate the scattered radJatlon from the primary such that
a - , I(r) = I e S (r) - , S ¢

‘where S (r) is the component of intensity due to scatter. The exact method of defining the

scatter is to now divide it up into first sca!{, second scatter, third scatter etc. -

L

SM=8,0+8,0+8,m @) e (1 -

~where each scatter component is recursi_vely dependent on the lower scatter components

before it in that; _ -

§n+1(x) usj Ié’ ) s@.8nd0r ™" ax | ‘:(}é) ’

0 4n
Unfortunately the number of @tter levels tnvolved combined with the nonexistence
of a closed analytlc form for the scattering phase function render this route 1mpract1cal for -
th1s case. o \
Tjhe net movement of light through tlssue can d1v1ded into three p0351ble zones . -

- dependmg on the tissue thickness. The following diagram summarizes these zones for a

-highly scattering homogeneous material.



‘ Incldent
Colllmated )
Beam : T : . |
lj’rimary - Transition Diffusion
- Zohe — Zone ; Zone ——»

* The length of the arrows represent the relative:
fraction of photon flux 'in the direction Indicated

Figure 24 .

* A

As the experimental situation encountered in this experiment involves light transmission in

the early transition zone, the transmitted beam has COmponents of both the primary and

. scattered raplatxon This mrcumstance requ1res a means of analysis that somehow takcs
‘both of these components into account in a manageable-—manncr To do th1s t
experimental data from this and related expenments must be examined carefully to gle ‘
necessary mfoxmatlon to derive a reasonable model |

Several appfoxxrr;atxons to¥he exact solution to the; transport gquati_on have been | o (

formulated in order to descrihe very specific situatioris with' the most commbnly

‘ ~"’:‘encountered being the d1ffus1on2 approx1matlon This solutlon depends on the radiation

.movmg in random dlrectlons and as such is 1napp11cable as a useful form of analysis in this

o case. Nonetheless other expenmcntallsts workmg in this zone have found that at’the

5 wa\oé’leﬁgﬁs used in thls expenment ‘there is a very high albedo (Flock (1987)), a pomt ’

supported by work using the Kubella-Munk and related theones (Anderson (1981))

On v1ew1ng the expenmental results obtained from thlS expenment it is temptmg to

assume that all the transmltted hght munscattered pnmary beam and sxmply apply Beer's

7 A derivation of the dxffum :
results can be found in appe ‘

proxunanon and summary of some of the expenme\tal
' .
el and I respectlvely
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Beer s Law.,

hraed

. law to what seems to be a sumght hne graph (see figures 25 & 26) Thls approach should

be v1ewed wtth scepticism in that the y—mtercept does not pass through the expected zero,

Th1s nonzero 1nter¢ept of the stralght lm‘has two poss1ble explanatlons The first

p0551b111ty is that the glass. mountmg system causes somé systematic reflecuon of the

is bemg lost by interactions other than the expected light txssue interaction. *‘Yf‘t the actual
\gig)ﬁm‘aental procedure the data was corrected to account for reflection based on the

wrgﬂsrmssxon measured for a mounted sample of electrolyte solution. This was found to be

=3% for all wavelen gths measured, well below that derived using the simple apphcatton of
’ sy .
Stephen Flock in his*paper- (Flock (1987)) dealmg with a s1m11ar experiment

attnbutes the higher apparent reflection to the use of soltd' tissue samples. In these cases

: he speculates that there would be poor opt1cal cduplmg * glass-tissue interfaces of the

sample holder resulting in much higher reflection than what 'would be anticipated from a

glass- fluld interface. He supports h1s argument by pomtmg out that when he uses mounted

_fluid samples such as an aqueous solution of polystyrene mlcrospheres the resultmg plots

of ln(l/T ) vs sample thickness dlsplay straight l\me with the 1nte:c;,ept gomg through the

contradiction in that the whole blood data (a fluid sample)'shows a nonzero intercept in

spite of what would be considered good opucal coupling.

At thlS pomt it should be noted that Flock's fluid samples are made such a way that the'

'mea‘n free path in the fluids are much larger than sample thi‘cknesses involved. The

microsphere. solution was made so that the mean free path was approximately.a millimeter,

much larger than the sample thicknesses involved.. With the mean free path so large the

. scatter component of the transmitted beam would be small in companson to the pnmary ;

compcment and Beer's law would be applicable.

fprlmary beam Exammatlon of the data shown in figure 25 suggests that 9%0% of the ﬁgnal |

origin. When this idea is applied to the data of this experiment there is an a‘pparent '

[" P 4 i
o ®
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Flock makcs use of thlS condmon for opticnthm samples by drlutmg the blood
sample to 1 part in 100 to arrive at a mean free path of 344 um Expenmental results
obtained by Zdro_]kowsl_cl (1969) and and Pedersen (1976) indicate mean frce paths of 500
pum and 710 pm respectively. If one performs a simple ‘back of the envelope' calculatioh
assuniing. that the mean free path is inversely related to the concentratio’n then the mean free
_path of whole blood is smaller than 10 p.m This value is much smaller than the sample
thickness encmintered in either Flock's or this experiment. : 7

This ev1dence glves credibility to the secohd possible reason for the noh-zero

mtercept that bemg that the application of Beer's law is faulty from the start. A more

probable reason for the non-zero mtercept is that the basic premise, that the pést-sample »

collimatron gets rid all scatter, fails and in fact the transmttted beam is made up of a

combmatton of pnmary and scattered radiatlon

From. recent papers (Pedcrsen (1976), Wilksch (1984), Wilson (1986 2) and,

L Flock (1987)) it is readily apparent that the scatter phase function is extrcmcly forward

- peaked. The most recent results obtained -by Flock (1987) and Arnfield (personal
communication) suggest that the mean cosine (g) for most healthy tissues is greater than

0.97 . - Adipose. tissue is the exception-to the rule with a mean cosine of 0.77 (Flock

(1987)). Given this extreme degree of forward scattering there is a high probability that the

~angle of deflection of the scattered radiation will not be enough to move a photon out of the |

acceptance angle of detection defined by the post sample collimation (see figure 27) In

analyzing the data from such a srtuatlon the problem is to determine the relatxve effectsof .

these two components in order to_deterrmne the primary transport coefficients.

47
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ZERO THICKNESS EXTRAPOLATION
The problem of forward scattered radiation interfering with the 'narrow' collimation

reading of a scattered beam is one that until now has not been considered mathematically in

the literature. In énalyzing the experimental data for presentation (Crilly (Abs.) (1986)) it

became clear that such scattered radiation was too big an effect.to be ignored. In the

absence of a mathematical model to dnalyze the data, an extrapolation was performed to

find the mean free path (3,5=1/u,) af zero tissue thickness. This is much the éame

. procedure as that needed to arrive at "narrow beam" attenuation factors for higher energy

medical radiation therapy. (Johns & Cunningham (1983) page 372)

This apﬁ?oach was simplified by transforming the dependent variable into what is

called the ‘apparent mean free path' (§,) such that; -
' X
8
B o . y
where 8 is the apparent mean free path length
T is the transmission ratio

x is the safnple thickness -

. ln(l/I') (13) ‘ g

48
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The ensuing plot of abparcnt mean free path vs sample thickness is a nearly straight line as |
shown in figures 28 and 29. o ‘ |
Applying -standard linear regression techniques gives rise to the empirical
relationship ; T , . v _ B - |
/ B,=8,+,x 4 19
where 3, is the apparent mean free path [Lm]) |
- Oyis ihe real or actual mean free hpath [um]
f, is the 'scatter factor' | '
and x is the sample thickness in pum.
In this empirical relationship the scatter factor has little quantitative rncanin g'as itis
a function of the phase function, the colhmanon angle, and the sjtuation's geometry. In a
direct sense 1t can only be used asa gauge of the i increase in the rad1at10n component with
depth and muft be mtcrpreted carcfully in terms of the influencing parameters. '
This/form of analysis was done for a-nurnber of wavelengths to give a mean free
path- spec m as shown in figure 30 for porcine brain. The error bars are the 80%
;"éc’mﬁdence lcvels based on the assumption that the data varied about the straight line in a
~normal distribution. -

The result of applying this ana1y51s toa nUmber of different tissues is show”in
figure 31 and 2.1t should be noted that for all ussue analyses thgﬁue correlation does not
fall below 93% \

Wh11e thxs method of analysis does iry to take the scatter component into account it
has some serious problcms in it's formulation. As it is entirely empirical, it has no physical
ba51s for it's formulatlon, makmg quanntanvephyswal interpretation of such things as the
scatter factor 1mpossxble in a py t1ca1 sense. Thc extrapolation assumes that the rate of -

. change of the apparent mean free path is constant with dept_h fovrv very thin tissue

thicknesses of a few mean free path lengths. This situation in view of the complex

rhathematics that govern the development of the sc_aiter component is highly unlikely. On



the'basis of these observations the results of this technique should be viewed with

scepticism, though the simplici_tyv of the analysis does allow a means of quick anaiysis for

qualitative comparisons of data.

50
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‘MATHEMATICAL MODEL :THEORY

» [y

Whilo;the empirical analysis allows some sort of an evaluation of the mean free path
independent of scatter it does not allow any physical infcrpretatioﬁ of the scatter effects. To
alleviate this prgblem the foilowing mathematical model was developed. In order to take

multiple scatter’into account scatter consider equation (10);
G . .

. H X !
0=1e " +S®
where 5 (x) is the component of intensity due to scatter. Instead of the usual means of
defining 5 (x) in terms of the various levels of scatter a modified form shall be developed
which considers the scatter as radiation coming from a source in the tissue itself. From this

1

point of view the scatter term becomes;

X
Sw=[Suye" e s

8 . 'Y

LY > o\

¢

& : e
where So(x) is the scatter source term and pgcy is the attenuation coefficient of the
N . i 4

. 2 YRR Y . . . . N
scattered radfiggen. The problem now is to derive the source term and the scatter

AN
.
attenuation coefficient. : ) :

Regarding the scatter attenuation coefficient (Mgeap) it becomes necessary to define

N H

. something called the scatter number. Consider the following diagram where the angle of .

collimation (8o is as shown.

g

Y

A

B
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b o figwe33 _} | :
L If absorptlon is lgnored lor the moment and the dark arrows represent ﬁe distance between
1nteractlons, the total dlstancc the photon covers before i 1ts angle of movemcnt is too great
tobe pxcked up by the collimator detector system is; » : ) o
R dgee™ Z" : o (16)
"Now 1f thc angle,of collimation is very_ small the small angle approxnnatlou can be mvoked
toproduce,'\ ’ , S . y N Cad
: . A ' _ . ’_.J. \ or ) A I ¥ o 17 .
v L .dScat~ xmﬁZ X ' , ( )
, S =1 A ) . ) . {7
- ~ where dg . is the distance the photon travels before its angleof ./ .
N, dlrecnon is greater than ‘half the anglc of colhmatlon
and X; is the x-component of d;. /}&»

v oL

photons so the associated statistical analogies are brought into play. Thus the mean

¥



distance a pﬁoi%n travels before it's angle of movement is outside the range of the detector -

&

(Lgcq) is related to the mean free path betweén scattering events Bsw) by; g
g at - ZSScat Scat = Es _ | | (1 )

where n (here'a;fterﬁ,referred as the scatter qﬂmber) is the average number of scattering
events réqt_xircdfdr the radiation to scatter out of the detector's range. The linear scattering

coefﬂcient for scattered radiation leaving the ‘detectable beam -is'simply the inverse of Lcat:

4

As the absorptlon coefﬁ01ent is only dependent on pathlength and not the angle of

collimation then the total attenuation coefﬁc1ent for scattered radlatlon is;

_I’LScal= ua+ ?1- x . (19)

- The source term for the scattered radiation can be considered.as a line source with a .
L4 C e .

, ‘ v
varying intensity given by;
.

S 9= I pon et | &o

o(x)—ou‘oq)Cole _- I ‘ (20)
Where ¢cg), the forward scatter source funCtion,Xé that portion of first scattered radiation
that remains within the dete;ctablé beam such that;

1, b fsdnad
AN L C 8y ) ' +

®

' w.hich has a possible range between 0 and 1.

Performing the integration over the line source results in an equation for the scatter

component of the transmission of; .
o .

. (o T (T} '
Q o Col Scat” Scat
_ = - 22)
S 00 =22 {1-¢ } 22)
If the primary beam is'now added to this the transmission ratio can be shown to be;
1050 wx 0oy Hax . u
PRI T = . (V] (v ol Scat . o 23
5 TR S e @)
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It shoulg* be notedrthat this solutionjmsupposes that any radiation leaving the angle

of collimation is lost to-tllé»cxperiment. This apprOxim ltion is valid only if the incident

- beam is collimated and the sample thickness is much th1 ner than thatyequired for diffusion

zone. effects to come into play. In effect this is just an gxtension of Béer's law where n=1.

Work donc by Arnfield (unpublrshed data) i in olved measuring the ratlo of forward
" to backward scattered radxanon at various drstances

in tissue. The distance between. the end.of the sou ce and the pomt where the ratio 1s one is

- consrdered transmon zone . For the tissue exa ned (R3327-AT rat tumor) the transition-

fe order of magnitude of this value and the

zone was found to be 1-2 cm in length.’ leen ;

fact that the samples are frasnons of a mrlhmeter thick, the assumptlon that remtroduced '

N

' scattered radlatlon is negh gible can be consrdered valid,
. -
'MATHEMATICAL MODEL :ANALYSIS

. . . . . b ‘
While the model presented is from the theoretician's view more acourate it does

rom a collimated hght source embeded

58

present a problem when ap'plied to the experimental data involved. The model :

unfortunately uses four separate coefficients instead of the one as was origin“ally planned

-

for in the application of Beer's Law. Given that there are only five to seven data points this

‘ leaves only one to threg

s :’f—

worst case this’ would be llke deﬁmng a slope with only two pomts, possible, but the 5

-

assocrated experimental error could render the results useless. In view of these
circumstances it was decrded to apply tlfe equanon t the other end of extreme from Beer's

Law where all first scattered radlatlon is assumed to stay in the transrmtted beam

(e ¢Col =1). Thrs would allow a companson with other work analyzed in the tradmonal ,

™

- way using Beer ) law (Flock (1987)) Th1s should give some xdea of the range of values
the. coefﬁcrents of i mterest should he in for future, work
\ -

The data was: analyzed usmgﬂx2 reduction procedures as descnbed in Bevmgton

(1969) to find the scattering coefﬁcrent, the absorptron coefficient and th,e_ scatter number.v

g
e degrees of freedom for any numerical fit of the equauon ‘In the

<

*a



The experimental error bars were calculated to the 68% confidence level using the
procedure outlined by Rogers (1975) Checks were done to evaluate the local linearity of
the fitted parameters with respect to x2 with excellent results

]

» Absorption Coefficient

. From ot‘her‘vvorl(s (Wilson (1986)) it is known that the absorption component of -

the atteniuation coefﬁcjentis much smaller than the scatter component. Given the extremely
thin tlssue ssamples used in this study it might be expected that the process of absorptton
plays too small a role to be accurately measured in the experimental procedure The values
4 dertved from the numerical fitting of the experimental results reflected this expectatton in all

cases except for blood and adtpose tissue. The absorption coefﬁcrents denved are tog small

and the error bars too large to reach any real conclusions other than p,<< us

- The analysis of adipose tissue absorption suggests a significant amount of

absbrptton at a consistent value of about 00075 /um for - all wavelengths tested (see |

v

ﬁgure 34), The effectof reﬂectlon at the glass tissue boundary was removed from the raw

o data usmg measurements made with the sample holder contammg only electrolyte balanced :

solution. This increase in ‘absOrption coefﬁcient may be attributable to a slight change in
the amount of reﬂectton at the tissue glass mterface as, the makeup of adipose- ttssue is’
- mamly hprds mstead of solutron used to test reﬂectlon ‘
Whole blood showed an increase in absorptlon m the red part of the spectrum and a
small amount of structure at longer wavelengths This. sort of curve, was expected as.

. - \/
hemoglobm' 1s one of the”. domrnant ‘absorbing compounds-. at these

®

‘ wavelengths, (see ﬁgure 35)

QJ‘Q. )
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» Scatter Coefficient
~In the 'majority of ‘tisSues examined the scatter coefﬁcient .appears to drop ‘with
.
increasing wavelength The exception to the rule is once agaln adlpose tissu¢ which seems
to have a nearly constant value for all wavelen gths

‘Blood is the only tissue tested that shoWs possibility of structure in the scatter

spectrum in the range from 0.7 to 1. O um Whether this is related to the problems of

keepmg the blood agitated during the experiment or is a real phenomena would require -

further testing. ' ' E o

Scatter Number

_The scatter number doesn't offer any real value from the point of view of providing :

a reproducible value on which to base differently constructed experlments The only

. reasonable interpretation that could be made is that the hi gher the scatter number the hlgher

" the value of the associated mean cosine (g) at that wavelength.

Te

a-

» drop in scatter number with increasing waveélength. Lactatmg gland tissue shows an

\

increase in scatter number with wavelength but the assqé@ted error bars are too la.rge to
P
consuler this a valid observation. ‘
. . SR A

Adipose tissue remains constant for all wavelengths vvhile all other tissues suggesta. -

60
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'Absorption Coefficient (1/pm)

-

Absorption Coefficient (1/um)

Absorption_ Coefficient vs Wavelength
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Scatter Coefficient (1/tm)

Scatter Coefﬁciéht (llum.)

| 0.015 .

0.010

0.005

0.000
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Scatter Coefficient vs Wavelength .

Human Adipose Tissue

. Figure 36

500

005 .

0.04 .

0.02 |

003

I LB d T

600 © 700 800 900 1000 110'0 '12Q(1)_

Wavelength (nm)

j g e

Whole Human Blood

. u“‘

. Figure 37 :

A K

. 600 - 700 - 800 9

- ey —

320057 .




Scatter Coeffn'ggygft (f(um) ,

Scatter Coefficient (1/ym)

63

Scatter Coefficient vs Wavelength
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Scatter Coc&cient (llwn)

Scatter Coefficient (1/m)

@

Scatter Coefficient vs Waveiength ’
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‘Sca(te‘r‘. Numb_er (n)

7

Scatter Number (n)

- 80 4

100 . -

-
4

Number ofScatterings vs Wavelength

Human Adipose Tissue

Figure 43
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Scatter Number (n)

*

Scatter Number (n)

Number of Scatterings vs Wavelength
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" bubb’les, blood statnS‘or other foreign matter that may mfluence the results. - .« -

CHAPTER FIVE CONCLUSIONS

EkPERrMENTAL bpSuRVATION-s o o\ |
;In :he_ course of performing the transmission experiment it was"found that the
optical pt'opertles of the tlssue sarnples varied greatly'dgpending 4n the specimen anc
vr‘nounting procedure.f As this variation overshadow;d the structure of the transmission vs
sample 'thiclcness' rela'tionship as defined by equation 23, a nurnberof constraints were
mlposed to mmlmrze ‘thls The necessrty of these con Jxamts glves evrdence not only of the

.
. variation in 0ptrcal propertres from specxmen to specunen but show the dependence of the

'-v

opttcs @n tissue structure and temperature.

The rules that must be followed in order that self consistent results are to bc
aCthVCdaI‘C Vs ) N - ' “ ' [ . ‘ . B ' ) " ."-, . &

1) All samples of a partrcular tissue type must be fromi the same specrmen The
: struetut'al propertles of a partrcular trssue can vary greatly dependmg on the contrlbutor $'s
age, health and ﬁtness | '

Y

s 2) Freezmg of the samples should be done to mmmuze the formatton and size of i ice

- crystals Large crystals dxsrupt the txssue cells and thus change 1t s optlcal nature,

LB
3) Spacers must be used to deﬁne the sample s thickness. Surface tensmn from
the fluids mvolved in mountmg the sample | w111 pull the glass shdes together changmg the

o~ actual thickness spreadlng the txssue ﬁber
AR A 3 '
4) The optlcal propertres of tlssues are temperature dependent The samples must

-

be kept at a common temperature durmg testmg . o /1 o ,
’ 5) Blood has a tendency to seae out and must be ag‘ltated durmg testmg o
/ °
6) The trssue mus‘t be' exammed macroscoplcally before bemg used to assure that it

is optrcally intact. ‘The frssue also must not be torn or folded There must be no a1f

~ ¥

Coa “The : specrmen dependence of. the optrcal propertles point out the hmrted value of

veryocxact measurements of mdxvrdual tissue samples It may be a more sultable goal at

i



]

‘\ ‘-f‘ L7

‘ present to find the ramge of the coefficients for particular tissues in 'orderthat future
y '

apphcatlons and expenments could be knowmgly concelved and designed. Though there
potentially are medlcal apphcauons that require a high degree of precision in a hmrted time,

such as laser microsurgery, knowledge of the‘range of possibilities is paramount in

‘developing the required quick measuring t'echniques'. | 4 L e

<A

Experlmental Model oo p\" o v

In rev1ew1ng the dat& from this "workolﬁyai ?éuptl that a straf;ght lme fitto a ln(l/T )

3

Vs sample thxckness plot did not extrapoI"te to’ zero as predlcted by Beers Law The
T4 probable cause of this was due to a s1gmf1cant amount of scattered radlatlon in the \

transmltted beam In order to deal with thls problem two methods were developed one

S

) empmcal in nature and the other ofa more mathanatrc sis.”

The ﬁrst~method, referred: s extrapolation used the 'apparent’
mean free path (5,) as defined by;
e X : : o : S
o 5-1myna - | (13)

ey e L

. where 8 is the apparent ‘mean free path length

>,

i 2 ‘ﬁ:‘,’:;‘ ﬁ"-bn oA
" " ﬁ%ﬂ N
T is the trammlssron ratio ~

X is the sample thickness "_, -

LY “ *

The result of ﬁttmg the apparent mean free path vs sample thickness Wwith a iral ght

. * line is an ernpmcal CquaFloni . . - ‘

RNy . \ABrx IS ¢
. . - ) . e ‘ - : ° » 7 ) i . -
e o o where 8 1s the apparent mean»free path [um] | |

i T ; 8 is the rea] oractual mean free P ’ﬂy[lrﬁﬂ

f is the sc@aﬁtm % ~“
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’ ' Bemg empirical this equatlon offers lrttle for direct quantrtatrve physrcal

' mterpretanon The method does provide a srmple means of analysis that does not requlre

long computer time in comphcated numencal fitting methods. This potentlally mrght be

apphcable asa qurck' means of determmmg the optical propertxes ofa partrcular tlssue ina
limited amoynt of - txme

The extrapolatlon method does assume that the fract tional burldup of scatter

increases constantl-y in accordance to the empirical relationship (14). This assumptron,

120

while obrliously false at thicknesses where diffusion conditions exist, appears to hold in ,

A\ L 4

thicknesses‘where ligrht is still in the early transition region Whether this lmear.

, relanonshrp is st111 vahd for very thin tissue thlcknesses ofa couple mean free path lengths
’ ’,.is questionable. and a point that should be explored before dependmg heav1ly -on the

method ‘ : ' o ' - ‘
@\" . . . ) R \ . k)

- The mathematical method deklelopeid in chapter four gives a relationship for the
o ’ ; “ S ' R . )

-~ transmission ratio of; 'f’ ,‘ o
(n-1- ¢C01) » u X ¢C01 uScu

T(x)— ( 1) e +(n 1) | (23)-

,Thrs relatronshrp pivots on the small angle assumptlon that of the photons detected the

‘component of photon motion perpendlcular to-the colhmatmn axis 1s neghgl e compared to’

| 'the parallel romponent This assumpnon farls if the collimation angle is too large. The‘

degree of farlure and the assoc1ated error in measprement should be tegted. This could be

: accomp}zshed usmg a phantom of ’rydospheres of a size and concentration that follow Mie

_scattermg theory ThlS phantom de51gn has been used exten 1ve1y by Flock in h1s wark

and the preparatron methods for developmg the phantom can be found in hrs paper ‘

.a

| referenced in the b&hography . .

»



K3

o .
W N '

Between five and‘se\ten data pomts were taken’ dunng expenmeniatron for the
 extraction of one parameter, the attenuation coefﬁcxent using Beer's law. It was found that
this experiment, performed with an angl_e of collimation of 2.7»f, gave results that showed
evidence of a large component of scattered radiation in the transmitted beam. As Beer's
law does not take this scatter 1{1to account the above model (equatron 23) was developed
whlch requires four separate vartables to deﬁne the situation. The_ number of variables

greatly decreases the statistical accuracy ‘wrth whlch they can be numencally fitted to the

«direction that would be seen by the detector .ThlS assumptlon allows the results of the

>

ana'lysrs to provrde an extreme benchmark to compare with those expenments based on
» : .

M Beer's law thattpresuppose no scatter in the transmitted beam.

' Flock's work at 633 nm with a much narrower collimation angle of 0.17* based on

Pyl

~ Beer's law gives a mean free path of 14.5 pm which compares very favorably with the .
results of this expenment which measure the mean free path at 15 ‘um. Unfortunately both -
expenments use assumpttons Wthh may pl'%ve inaccurate and decrease the reliability of the '

measurement. In using ‘Beer's law Flock's analysts esupposes that no scatter exxsts in’

the transmttted beam, 4n assumption that may be c0 tested by the size of the non-Zero

R

1ntercepts of his ln(IOII) vs sample thlckness plots. "The

that all the first scatter cS 1is in the transmltted beam.{ As no measurements have beg1

* made of extremely small angle scatter (<2.5°) t%re is no way of discerning how po.or the

assumption of dco1=1 is.” Nonetheless, considering the presently accepted values for the

Q

ysxs used in this paper assumes

3

a funcuon (¢Col ) was set to 1. This thakes the. assumptton that all the ﬁrst scatter is still i m _a .

mean @ine (g) the’ results should be viewed with this possible ‘fallacy in mind. An . .

1mportant pomt to note 1s that in both cases if, correctfons were made to relax the

4

assumpuons the. analysrs would lead to even smaller values of the mean free path g}engths

C In order to alleviate any doubt in the expenmental results oMrer expenments it

E

. would be advantageous to repeat the expenment undertaken here for a couple': f t@tes at a

'73
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single wavelength with the, aim_of obtaining enough'data points to fit all four -theory relate'd
factors.. Once the possible statistical error in the measurement of the ‘coefficients has been
established the constraints of samplge preparation_ could be relaxed so that multiple

specimens could be used to develop a given tissue's data base. The resulting statistical——
e . o :

devia'tion of ﬁtting this-data would be. interpreted as the range of posSible values of the )
_coefficients once the afore measured expenmental error has been taken into account. .

- In the process of defimng the real and actual' values of the tranSport coefficients
there may be a tendency to forget the actual pomt of taking these measurements In most .

cases all that is neeg at th1s pointis a reasonable 1dea asto therr values so that better use

€

can be madfof existing medical technlques In the case of photodynamrc therapy hght

"é‘ »'scattered a fraction of a degree could easrly be considered part of the primary beam wrthout
<2
,ﬁ‘ffectmg the effectiveness of the resultlng modﬁ If thrs path is taken it should be noted

roy
carefully, 5o that pot%tlal%ethods that may be effected by such rmnute mdlscrepanmes '

. e. cellular ima jmg do not rely blindly on measurements made w1&1 coarser needs in-
mind. - ‘“&, T, ;“v'
. X AN
r 1, t

.“ ’ )

-
LS

APPLICATION OF RESULTS
In spxte of the possible error m the actual value of the méa&ﬁ coefﬁcrents the..

hanalysxs does provrde a means of comparlng the relative values?%f various tissues.at a_
' ‘n‘?mber of wavelengths The scatter number (n) can be”co'nsrdered as a constant that’
depencgs on the collimation mvolved in tge expenmental set up and on the degree of'
amsotropy in the scatter phase functron For any given collxmanon angle, the higher the
- seatter rlumber (n) the larger the mean cosme (g). The values of the other coefﬁcrents can .’

: be mterpreted in terms of thelr deﬁnmon accordmg to transport theory

L

"}lae tissues studied have mqreasmg mean free path lengths and decreasmg s&se

.F

) numbers at longer wavelengths As photodynamrc therapy would be“enhanced by deeper

penetratlon of ltg{ht prov1d1ng & suttable photoactlvated drug is avatlable, longer’
N L .

RE - T
L Y .

i



}mst take 1nto account thelr umque opucal properties (see ﬁgure 50). Such a situation

#
fe

. o

wavelengths than those now in use would be desirable. While tissue related differences

the attenuauon coefﬁment and scatter phase funcuo&xmrmsh wrth longer wavelengths

75
in ’

['IO

matter what wavelength is chosen for treatment the presence of pockets of fat or brainlike

gt

tissue wrll greatly affect the treatment ﬁelds Any sxtuahpn where these tissues are involv

al_ready exists in radlotherapy w1th_ mhomogeneltyfcorrms for bone and lung tissue,but .

+ . ;
The mean free gl ot : ‘rease w1th increase in number of ce&,wal

4 B

-+

ed

g

Uppons thxs view w1th his observation that for the .

: rward d1rected as, the cells of the tissues become moreoextended and elongated

Whllet this:does seem to b/eJ%wous in extreme cases of cell structure such as bram and

" adlpose tlssues, cells with less discriminate variations such as muscle and testicular tiss

o

ue

do not appear tq llow this rule rlgldly In these latter cases 1t could be that the

N #t

‘1ntercellular structures are dense and large enough to have a srgnrficant 1('ue}n~ce on the -

'scattenng. ‘. : o . ‘ e
w o . A
| | iy |

A compartson of the muscle Spectrum with testes, lactann g gland skm etc. does not

reveal any 1rregulant1es in the spectrum ﬁ'hls observatron does not support the suggesnon'
-

made by Jacka and WllkSh that the myofibrils in stnated muscle act as diffraction gratm

mcreasmg the amsotroplc nature of the scattermg ' o . -

o . ~-
% S » a
: 3

A

dlaphanography will ever develop rnto a method capable of producrng clear well defin

gs

The presence of a large scatter component in. the transmltted beam raises doubts that.

A

| /images at depth Images achleved usmg present methods appear to be due to the hxghly



- vv

. . . ;»
amsotroplc naturc of the scattcrmg evcnts transfcmng the mformatxon of mhomogenemes

L

to the surface via the extremely long transmlsswn zone.
. Y Gl

76

. The size of the mean free path suggests that images could be made of objects on the -

order of afew cells thrck wThls sort of applxcatlon YC?H'CS 1 much more dctalled study L
" the actual scattcrm g méchanism than those: prcscntly done. Mathemgpca,l modcls such asghe
one. dvcloped in this work may. bencﬁt thlS mtuaﬁbn but prcsentl)ﬁechmcal problcms such

3
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':\A\ﬁpendik I: f)eriiathn of the Diffu‘sion' x‘\pproximation
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In the case of radlauve transport through t1ssde all scattenng events are elastlc, thus

photon energy is conserved ‘This in general is not essential for the d1ffusnon S
o

o«

approx1matron but greatly s1mp11ﬁes the denvatxon in thrs case ThlS aspect of. photon '

) conservatron can bewnttenas o . y e
RERRRS }dgﬂ[—afdé'S(é-d)I(é) usl(ﬁ)l 0 LD
leen this relatxon the bas1c ‘equation for radiative iye transport through tlSSllC | o
S - - é-VI_-u I+ ”SJS(Q' & 1(<d) dd' T Ay

-
: LIR
- N

- can bemtegrated over all movement angles Q) to get ‘ .‘.\ -

. -~

y Ver (x) +H, \V(x) 0 | | v (A3) .
whére \|l is the energy ﬂuence rate [W/mz] and is the zeroth angular n‘loment of the speuf ic

1ntensxty as deﬁned by the equatxon

| \v(x); Jdd Q) Ay
3 Slrmlarly r is the fitst angular moment as deﬁned by the equatxon } v
SR SO l‘(x)— J-dQQI(x Q) (AS)
‘ C ' . SR S S

“and i 1s related 0 the Poynting vector of the photons ina vacuum (Wolf (1976)) “This™ '

use of the Poyntlng vector assumes ‘that photons undergodlscretg 1nteract1ons and do not . '

interactin a. contmuous manner w1th the molecule s electromagnetlc ﬁelds As thlS is not,

necessarily true, care should be exercrsed when when 1r£erpretmg thrs deﬁmtron of the -

‘ second moment of photon energy ﬂOWe For a more in depth treatment of this pomt revnew

Wolf (1976) Zuban'y (1977) ahdFante (1981) o ’ R =

: Equanon (A3) contams the zeroth and ﬁrst moment of the photon dlrectlon vector

(Q) ‘with respect to, the intensity. By multrplymg the transport equauon by Qn and

o o
84 ~.
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. mtegratmg over: all space the result would be an equauon involving the nth and (n+l)lh

85

_moments of photon direttion Vector wrth respect to 1ntens1ty Thus the basrc transport .

" equation coirld be, expanded into an infinite set of equatrons of the various, moments. In the

¢

 dQo give; \ | o o o

drffuswn denvatron only the first two such gerierated equattons are used.

In order to make use of the second generated equauon it must be noted that;

Also in ord¥r to avoid the introduction of the second order moment the approximation is

b' . " made that ! = S ' . | | \x

e | r(xo)_— (x)+.3-r(x) - (A8)

\v

reducing the second moment term into

~ e ‘
_[ 414 Vix, Q)] d0 = V“’(') B ')
4’ N~ Co ' .
| N
It is this substrtutlon that assumes that the amount of photons movmg m—my given direction .
is nearly | constant and makes the dlffusron approxrmatlon what itis. ] \ :
Now by defimng the’ transport coefﬁcrent ag; R .
T . ut, e 2 (A10)
. ¢ v’ .

A

o Idd djdd' S(‘m') I(xd)- gr(X) Vo (A6)
where g called the mean cosine of the scatter, is defined earheras " N
S g=—f8(99') @e by ad T
- g | .

and multlplymg the transport equatlon by Q the resultant product can be integrated over -

Vy(x)

3t |
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Thrs solutlon is moreJ.'ommonly shqwn using the dlfw’gocfﬁclent which is. h

)

deﬁn as D 1/[3 W] to give .
L'

e o . o —-DV\y(x) IR L (A12)
Wthl’l is commonly known as Frck's law .
Usmg (1y and (2’) the»solutron for .is found o be - . !
.wf")‘ve ST (8 & §)

for a plane seurce against a semi 1nﬁmte phantom with no m.ternal. sources. ¥, is usually
-’ \ . : .. ” .
deﬁned by the boundary condmons

Note that the coefﬁcrent in the exponentral is related to the drffusron length, L,

»

Ls B.-_ 1N .
N mGUwa)® A

. . - C
_ whichis also the apparent mean free path when drffus1on condmons exist. o is the albedo, :

-~

 defined as the ratio. Ke/Mo

T [ ¢

Using the obv1ous varxatmns on this solutron for drfferent source types this basis . - .‘
offers the easiest method of extractmg trssue properties appllcable 'to transport theory. As |
long as light is collected from well within the dlffllSlOl’l region the problem of scatter can be

", taken into account. Unfol*mnately the extracted result i is an mseparable combl}atron of the R
very constants needed for more detalled modelmg usmg the exact-form of the transport

equation. This means that addmonal e)gpenments are reqturcd to determme these 1nd1v1dual -

»

components The basis of the expenment repo ' this work is to find some of these" "

-~ f" .

_basic components the- -attenuation coefficient and the scatter coefﬁcu:nt

.

\ The maJonty of opncal experiments with trssue apphcable to transport theory have

used this model The main- body of this work was done w1th photodynamrc therapy in )

m—

mind and most of the _conclusrons drawn from the work reflect his view point.

! '
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v SUMMARY ‘OF PAST RESULTS

N

The most popular method used\b} expenmentalxsts in the ﬁeldds based on the ,

d1ffus1on approxtmanon to the transport equatton ThlS approxtmatlon allows for a fa1r1ya

easy expenmental detemuna\ton of assoctated constants but has'a number of problems'

Am:mmx_nmm-*usmn APPROXIMATION? e

- when applied to} practtcal stt’uatton 'Ihe most 1mportant of these is that it fs valid only for .

the region well away from-any boundanes or light sources that r%gv upset the d1rectlona1
balance, or equtltbnum that defines thé dlffusmn }one (see figure 1) ‘

Using the obvious vartations on this solution for different geometric situations-this

, basis offers the easiest method of extracting tisswcs apl’licable to transport theory. - -

As long as llght is collected from well within the ion region the problem of scatter can

¢

be taken into account. Unfortunately the extracted result is an inseparable combmanon of

the very constants ‘needed for. more dctalled modelmg using the exact form of thetranspOrt

equatlon This means that addmonal expcnments are requtred to deterrmne these mdmdual

components In splte of this shortcommg the. maJorxty of optical expenments w1th tissue

$
appltcable to transport theory have used this model and extracted valuable information of

the ltght tissue mteractlon In the followmg summary the some of the data and conclusmns :

from thls work are llSth : : )

\

f
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- Penetration Depth - § (em)

(S

-
2 |
14
20‘0 '. 400 * 600 . - 800 .1000 ’21200

Wavelength(nm)

-

1 -. Human leer (no blood)
2 - Human Kidney (no blood)

3&4 Porcine Liver and Kidniey (nearly no bloog)

5 - Porcine Kidney (some blood) - '

6 - Porcme Liver (some blood) T

Ref. Kfefha\ber (1977)
Ref Klefhaber (1977)

. Ref. Bodecker (1974) -

o Rat Liver (in vivo)
Rat Stomach (in vivo)

e Rat JKidney and L)iver
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Penetration Depth - 'S(mm) o

-2 -
- V-
| S |

A

Penetration Depth for Various Brain
“ Tissues :Normal and Mahgnant

Flgure 52

' 'Modlfied from Svaasand (1983 & 84)

T — T v T -

7620 640 - 660 - 680

|
_ Wavel‘ength (nm}
., Male' 'Newborn/
' ‘ Male 2 Months Premature

Female: 84 years (F 84)

a “F61 .
o M 81 White Matter . -
A - M 81 Gray Matter
A . ‘M 40 Glioblastoma
u M 51 Astrocytoma 1891
+ ' Metastasns from Lung (OAT-c)
2 ”M 68 Astrocytoma I f ,
x "M 59 ‘Astrocytoma III
%

F 67, Memngloma

\

e e gty

© TGt Brain ( ref.. Doiron (1981))
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' " It can be seen %t whtle hemoglobm. melamn and related pigments (see ure 51)

°

! ‘show tﬁls 1nﬂuence The resultmg clear zone or therapeunc wmdow ( as referred to by,

- whrch requrre a defp penetmnon of light into the tissue. Unfortunately the photoactt\'ttted

Q/o.
)
’

" ' drugs in‘use presently absorb just on the edge of this wmdow and as such can, be still’

influenced by hrgh coneemranons of melamn (Hardy (1956) lf this is the case, téchniques '

o vthat use extemal hght sources to 1rrad1ate skin tumors wrll have to take into account skin’
Lo : .
pi gmentanon levels when calculatmg treatment values

This problem of light beirtg strongly absorbed by organs w1th hrgh concentrunons

. 90
aré 1mportant absorbin compbunds\m%s;blc wavelengths. the near mfraneddoes not -

Bolin (1984), Wllson (1986)) can be used for techniques such as photodynnmlc thernpy .

of plgment such as the-kidneys and llver could be allevrated ifa photo-drug was found th.u : "

worked farther into the optrmal clear zone. (Pruess (1982), Eichler (1977))
‘ The actual mechamsm of interaction of light in the clear zone is s\*tter The how

- and what that mteraCts with the lrght to Cause the scatter is presently under study One such
o

A study, noted in the figure 52 is by Svaadsand (1983) pomted out a'decrease in penetratron

‘- depth in adult brain tiss ed to neonate brain tissue. This effect wa suspected 10 -

be related to the mcreased amount of myelin in the nerve ‘sheaths of mature brams Myelm ,

v p-

bemg double refractrve would actasa umque scattermg mechanism in the situation. "Asthis

scatter is dependent on the structural arrangement of the myelm it can be assumed that any

S
tissue studied must preserve 1ts m vivo structure as- well as it's substance Thrs

—

dependence on structure meortant that structurally umque tissues may have their

.own umque opt1ca1 properties. This view ¢an be supportgd by Pruess (1982), who noted

A
o that bovme adrpose tissué has a half value layer twice that of bovine muscle.
The d1ffus1on theory has proven \hxghly successful for the mmal exploratton into
1 -~

“ the optlcal propertles of nssue but unfortunately is too limited for general problems In

C order to do this the actual values of the basic transport coefﬁcrehts must be found. Thesc

; . 4, \ . . O
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cdn thcn be applied to tcch:Ancs such as Monte Carlo to unde;stsmd the complex sitttatiotts v

.
.

'around sourees and boundancs »

P

Geometric de(pcndent theories uscd in othcr ficlds have been adopted by some

-
lnvcstlgators m an effort to circumvent the’ physw prd)lems mvolved with measuring the =

actual transport deﬁncd cocfﬁcxents (ie uo) Unfortunately these models lack flCXIblllty

& theory. Fora derivation

hi

and explahatlon of thesc methods see refercncc Kher (1972) and Kubelka (1948)
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