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Measurements have been made of the total attenuation coefficient X, and the scattering phase
function, §{#), of 632.8 nm of light for 1 number of animal model tissues, blood, and inert
scattering and absorbing media. Polystyrene microspheres of known size and refractive index, for
which £, and S(6) can be calculated by Mie theory, were used to test the experimental methods.
The purpose of the study was to define typical ranges for these optical properties of tissues, as a
contribution to the development of experimental and theoretical methods of light dosimetry in
tissue, particularly related to photodynamic therapy of solid tumors. The results demonstrate
that, for the representative tissues studied, the total attenuation coefficients are of the order of 10~
100 mm~’, and that scattering is hlghly forward-peaked, with average cosine of scatter in the

-range 0.6-0.97.

1. INTRODUCTION

The rapid development of medical and surgical applications
of lasers in the past few years has generated interest in mea-
suring the optical properties of tissues and in developing
models of light propagation in tissues. In particular, the de-
velopment of photodynamic therapy {PDT) has necessitat-
ed studies of the optical properties of tissues at wavelengths
around 630 nm, this being the wavelength at which the pho-
tosensitizer commonly used in PDT, namely hematopor-
phyrin derivative, is normally activated. The physical
aspects of PDT have been reviewed by Wilson and Patter-
son,' including a survey of the published data on tissue opti-
cal properties at 630 nm, and current models of light propa-
gation.

The attenruation of visible light in tissue can be considered
as due essentially to absorption and elastic scattering. The
terms used in this paper to describe these processes are as
follows: The coefficients £, and X, represent the probabili-
ties per unit path length in tissue that a photon will be ab-
sorbed or scattered, respectively. X, is related to the differen-
tial scattering coefficient X ({1—0') representing the

probability per unit path length per unit solid angle of scatter

from solid angle {1 to €)', 50 that
2,"=f 3.0 d. | (1
&

The totai attenuation coefficient X, is the sum of the ab-
sorption and scattering coefficients; its inverse, 1/3,, is the
mean free path between photon interactions. The scattering
phase function, S(8), describes the angular dependence of
the scattering, where & is the angle between the incident
beam and the scattered photon, in the scattering plane. §(4)
is given by

27\ dZ, (R =" |
S@)={—)—————, 2
(@) (z) Y (2)

where the integral of 5(8) over 4 sris uriity. This assumes
azimuthal symmetry in the scattering process.
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In some models of light propagation,? a useful simplifying
parameter is the mean cosine of scatter,

1 .
ﬁ'=f S{8)cos Bd(cos 8). (3)
-1

Thus, 7 = 0 represents isotropic scattering, while 0 <fig1
represents forward scattering

Apart from skin, most of the published measurements for
tissue optical properties in the visible range have been for the
effective attenuation coefficient, X, (see Ref. 1). Studies
have been done in animal***! and a few human'?-? tissues,
mainly .on postmortem specimens. In wvivo data are
sparse.’3-192122 For g homogeneous, semi-infinite slab of tis-
suc irradiated by a plane collimated light beam, the space
irradiance decreases with depth x from the irradiated surface
as exp( — £ x). This expohential behavior does not hold
near the surface. Although Z 4 is a useful parameter for
comparing the general light transmittance charactenstics of
different tissues and their wavelength dependence,*'%!* it is
a complex combination of the fundamental coefficients
Z,,%,, and S(9), and, furthermore, measurement of 24
may depend on the irradiation and tissue geometries.

There are very few measurements of the separate absorp-
tion and scattering parameters, even in vitro. To date all the
data have been obtained by*indirect” experiments, in which
the fundamental coefficients are derived from measurements

- of some macroscopic tissue property such as diffuse trans-

mittance or reflectance,*114-1623.24 o1 4 combination of 3,
and the pattern of radiance at depth.5® The derivation neces-
sarily requires use of some model of light propagation, such
as the two-flux method of Kubelka and Munk,?**® numeri-
cal solution of the transport equation such as used by van de
Hulst,”” Monte Carlo computer calculations,”* or diffusion

. theory.>*®*17.193% Wwith the possible exception of Monte

Carlo methods, such models generally require simplifying
assumptions, or place restrictions on the range of parameter
values of geometries for which solutions may be obtained. |
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* The alternative, which avoids model-dependent limita-
tions, is ““direct” determination of the optical coefficients. In
this, tissue samples are used which are thin enough that mul-
tiple scattering may be ignored. To our knowledge, no such
experiments have been reported in the visible wavelength
range for tissues other than skin.*® In the present study we
report measurements of £, and S(#} at 633 nm for four
normal animal tissues and one animal solid tumor, as well as
for blood and for inert media which have been used in PDT
as light scattering or absorption materials.**?!*! The pri-
mary objective was to ascertain the range of values of X, and
5(#), which typify lightly pigmented soft tissues at this

wavelength, rather than to provide an exhaustive or compre-’

hensive survey of these parameters for animal and human
tissue. It should be noted that to obtain a complete set of

direct data requires that either X_ or 3, also be measured.

However, as discussed elsewhere,? there are technical diffi-
culties in this, which have not yet been solved completely,
because of the high attenuation and high albedo of tissues.

. MATERIALS AND METHODS
A. Total attenuation coefficient

The total attenuation coefficient 2, was measured using
the narrow-beam experiment shown in Fig. 1. The sample,
placed between glass microscope cover slips (for solid tis-
sues) or in cuvettes (for suspensions) was irradiated by the
632.8-nm beam from a 5-mW HeNe laser. A 7.6-cm-diam
integrating sphere with a radiometer at a 90° port was used to
detect the transmitted light beam, scatter being rejected by a
l-mm pinhole placed immediately in front of the integrating
sphere entrance port. The half-angle subtended by this aper-
ture from the sample was 0.17". Use of the integrating sphere
plus radiometer rather than the radiometer alone was simply
for convenience, since this system has been developed for
future direct measurements of 2, and X,. The face of the
radiometer photodiode was set 2 cm back from the surface of
the sphere so that only diffuse light was detected. The detect-
ed flux I{¢) for sample thickness f was first measured for the
tissue or phantom material. This was then immediately re-
peated with water in the same cell in order to measure the
incident light flux, J,(r). This measurement compensated
for losses due to specular refiections at the air—cell and cell~
tissue interfaces, since the refractive indices of water and
tissue are similar. The laser output was.checked between
readings to correct for slight variations in the incident light
intensity. X, was then calculated from
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FiG. 1. Experimental arrangement for measuring the total attenuation coef-
ficient, Z, (not to scale). o
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3, = (1/t) In(IyD). {4)

The fresh animal tissues were first ground to facilitate
preparation of thin tissue samples. In order that the experi-
ments for a given tissue could be extended over several days,
the bulk ground tissues were frozen. For each experiment, a
sample was thawed, placed on a cover slip, and a second
cover slip carefully placed on top. The sample thickness was
then determined using a micrometer. For each thickness,
several samples were prepared and measured, always from

~ the same tissue batch. Preparation and handling of tissue

samples were as-consistent between experiments as possible.
~ For measurements of blood, a fresh human sample was
drawn, heparinized, and diluted in 19 phosphate buffered
saline. Light microscopy was used to check that no signifi-
cant red blood cell lysis had occurred. The sample was then
placed in the optical cuvette, and measurements made as for
tissue. The cuvette was also used for the scattering phantom

~ medium, which comprised different aqueous concentrations

of the fat emulsion Nutralipid™ ({Pharmacia Inc., Quebec).

As a rigorous check on the measurement technique, X,
was determined in the same way for an aqueous suspension
of polystyrene microspheres (Seragen Diagnostics Inc., In-
dianapolis, IN) of known, uniform size and refractive index.
The value of Z, and the phase function 5(8) of this suspen-
sion can be predicted from Mie scattering theory, 3 assum-
ing that the concentration of microspheres is low enocugh
that they behave as independent scattering particles. The
microspheres used were either 226+ 0018 or
0.173 4+ 0.007 um in diameter, with a refractive index of 1.59
at 589 nm (manufacturer’s data). This refractive index was
assumed correct for 632.8 nm. The suspensions were made
afresh for each use, to avoid changes in the optical properties
due to aggregation. It was also observed that the properties
changed over about one year, so that only new stock solu-
tions were used.

These microspheres are close to being purely scattering
with negligible light absorption. To test the technique for
measuring Z, at the other extreme, namely a pure absorbing
medium, India ink was used at a range of dilutions in water.
These solutions were also measured in a standard spectro-
photometer at 630 nm.
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FIG. 2. Experimental arrangement for measuring the scattering phase func-
tion, 5(&) (not to scale).
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B. Scattering phase function _
The apparatus used to measure the scattering phase func-

" tion S(8), is illustrated in Fig. 2. The sample, prepared as

above, was placed at the center of a 30-cm-diam cylindrical
tank of distilled water, and irradiated by the laser beam. A
light baffie was placed between the laser and the tank to
reduce the background light from the laser tube. The water
tank reduced both specular reflection at the cuvette or cover
slip faces, and the refraction of scattered photons The water

was prefiltered (2-um Whatman filter) to minimize light

scattering from, e.g., dust particles. The detector arm, which
was manually rotated about the sample in the plane of the
laser beam, held an optical fiber bundle and slit assembly
with an angular resolution of 4 0.1°. Thie total uncertainty
in the scattering angle 6, including the error in positioning of
the detector arm, was = + 0.3°. The smallest angle at which
measurements were made was 2.4° in order to avoid the
transmitted unscattered beam. Generally, the sample was
kept fixed at 90° to the laser beam, so that 5(&) was not
determined for scattering angles between 70°and 110° due to
the edges of the sample holder. The sample could be rotated
to fill this gap, and this was done in the case of the micros-
pheres, where the 90° scattering was of particular interest.
Slit collimation was used in front of the fiber bundle 1o
further reduce light background, and a linear polarizing fil-
ter could also be inserted in this position. The sample thick-
esses used were as small as possible to minimize multiple
scattering effects (<100 um for tissues, 1 mm for phantom
media). For each sample and scattering angle, the signal
obtained using distilled water in the sample cell was sub-
tracted from that with tissue in order to correct for light
scattered by the sample cell and the water tank. The back-
ground was significant compared 1o the sample signal only
for the dilute liquid media. S{£) was then calculated by di-
viding the resulting values by the integral of the values over
solid angle, with linear interpolation for missing data points.
For tissues, each experiment was repeated three times on
separately prepared samples from the same batch.

As in the case of X, in order to check this experimental
technique, S(6) was measured for the polystyrene micros-
pheres, and the results compared with Mie theory. Both as
predicted by theory and retrospectively from the measure-

ments of 2, the mean free path for the microsphere concen-

trations used, namely 0.0058% and 0.022% solids for the
large and small spheres, respectively, was ~ 10 mm. This is
an order of magnitude greater than the sample thickness, so
that multiple scattering should only minimally distort the
measured phase functions. The microsphere experiments
were carried out with a linear polarizing filter in the detector

arm, for polarization either parallel or perpendicular to the
scattering plane. This permits a more rigorous test against -

Mie theory than with unpolarized light. The incident laser
beam was not polarized for any of the experiments.

. RESULTS
A. Total attenuation coefficients

Figure 3 shows the total atfenuation coefficient of the
2.26-um-diam microspheres, oompared with the corre-
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#3G. 3. Comparison of the measured values of £, and the Mie theory predic-

*. tions, for increasing concentration of 2.26-um microspheres. For two

points, the error bars are smaller than the symbol size.

sponding Mie theory prediction. The best fit to the data gives
a measured value of ,(~Z,) = 0.172 + 0.005 mm™’ for
0.01% concentration of solids. This is in excellent agreement
with the Mie prediction of 0.175 + 0.002 mm ", based on
the particle size and refractive index. The transmitted light
intensity through the sample cell as a function of micro-
sphere concentration was found to obey Beer’s Law up to a
concentration of ~0.4% solids, indicating that the micros-
pheres acted as independent scattering centers.®®

In the case of India ink used as a pure absorbing medium,
the measured value for a standard concentration was
2,(~Z2,) =421 £0.16 mm™', in reasonably good agree-
ment with the value of 4.63 4 0.07 mm ™' obtained spectro-
photometrically.

The total attenuation results for the five tissues measured
are shown in Figs. 4(a)-4(e), 8s a function of the thickness
of the tissue sample. Each point in these plots corresponds to

. asingle light transmission measurement. A new sample was

prepared for each measurement, but all samples for a given
tissue were taken from the same gross piece of tissue. The
straight lines in these plots are the least-squares fits to the
data, and the values of X, summarized in Table I, were cal-
culated from these assuming Eq. (4).

As a check that our 2, values were not distorted due to
multiple scattering in the tissue samples, we show in Fig.
4(f) the atterpation plot for chicken muscle, including mea-
surements for sample thicknesses of 500 and 1000 um. It is

‘apparent that multiply scattered photons are detected, but

that this does not seriously affect the measurements in sam-
ples less than about 100 #m thick. Any small residual multi-
ple scattering would cause Z, to be underestimated in these
experiments.

‘We have not presented the plots for blood and Nutralipid
since they show negligible deviation from a straight line
through the origin. The sample-to-sample variation was also
very small. We have not investigated the subject-to-subject
variation for blood, nor attempied to quantitate any system-
atic errors in the measurements for blood or Nutralipid. The
measured vaiues for the attenuation coefficients are given in
Table 1.
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Fi16. 4. Narrow-beam atienuation date for the five tissues, for increasing thickness of the tissve sample. Each point represents a separate measurement on a
different tissue sample. The straight lines in (8)-(e) are the least-squares fits for X, with regression coeficients R. () The measurements represented by @
and the straight-line fit are as for () with the tissue held between glass cover slips. For the thicker samPlcs { X } cuvettes were used. The arbitrary dashed line

TaBLE 1. Experimental values of the total attenuation coefficient and the average cosine of scattering.

" shows the deviation from linearity resulting from detection of multiple scattered photons.

2 (mm~Y)
from Ref. 11 usjng B
Tissue/mediuvm Thiswork Z;=Z2 +Zf1 - Other published values This work Other published values
Chicken muscle , 3454 42 234+ 3 0.43" 0.965 + 0.004 0.0
Bovine muscle 3284+ 3.7 15+ 8° 0.83° 0.954 + 0.0i6 0.3*
Pig brain 68.7+ 9.7 95 + 46" 0.940 1 0.029:
Pig adipose 376+ 69 0.771 + 0.063
VX2 tumor rabbit ear 62.8 + 10,6 - 0,639 + 0.067
Human blood (1%} 2.9 ' 20°,1.4° 0.974 > 0.99°
Nutralipid (1% ) 3.84 . 48 0.690 '

“ Errors calculau
*Reference 6.
 Reference 36.
9 Reference 37.
*Reference 39.

ed from errorsin 4.
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FI1G. 5. Scattering phase functions for
() 0.173-um microspheres and two
‘different light polarizations and (b)
2.26-4m microspheres and paraile]
light polarization. Note the change in
the & acale ot 50". The curves are the
corresponding Mie theory predictions.
The experimental and theoreticat val-
ues are independently normalized (see
text). -

fact that the fitted lines in Fig. 4 do not pass through the -

origin is believed to be an artifact due to imperfect surface
contact between the tissues and the glass sample cells, caus-
ing additional light loss from surface scattering compared
with the water-filled cell. The attenuation plots do go
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B. Scattering phase functions ‘ vz mar Bovine muscie

Considering first the microsphere results, Fig. 5(a) shows ! A E "{:gf 331 008 3 r {:%g;:’;o.ozs
the experimental values for $(8) versus & for the smaller, ok - E‘
0.173-um-diam microspheres, for parallel and perpendicu- El i b
lar polarizations, together with the Mie theory predictions. - r ll.l . 3 Y
This is a very sensitive test of the experimental method, and, A " ol |||III ] E EI'
as can be seen, the shape of the phase functions isin excellent ~ -+°F ' Y thy |
agreement with Mie theory. Figure 5(b) shows, on an ex- -3 4 4 I mh:' m:‘,’
panded scale, a more detailed plot of the scattering phase F E '
function for the larger microspheres, for parallel polariza- g} —— o) —
tion, It can be seen that the data tend to follow the fine struc-
ture of the Mie function, especially in the forward direction T ~ ™
where the scattered light signal is strongest compared with ) E ’}"{ g;’:‘o +0.029 Pg oo_clu.?plc:sg ocs _!
the background. The perpendicular polarization data (not f 1+20pm a0 pm
shown) also agree with Mie theory as they did for the & , 1
smaller microspheres. ZE || ! o 3

The phase function results for the tissues are shown in g °F !If I'llq 3
Figs. 6(a)-6(e). For each tissue, two to three sets of mea- - L ' 3
surements were made on separate samples. Each set of raw F f|| 13 ﬂi”: “,.r%
data was then normalized to unit integral for these plots, For -2f I It IIIEII}'! I +
blood and Nutralipid, shown in Fig. 6(f), there was negligi-
ble sample-to-sample variation. @ S—— ) ~
IV. DISCUSSION _ , :_ wnn%irat:gg%%uggz 3 :_ ,.u,,:',o:,: : ;’.82;; 1 ’
A. Tota! attenuation coefficients 4 134 pm 1

The results for 3, in polystyrene microspheres (Fig. 3) 'F k - k
provide strong confirmation of the validity of the narrow- of ; F"e y 5
beam method. For each of the tissues shown in Fig. 4 there is - 1 o
& large scatter in thedata. This could be due to real variations - h | 4 F ™ i
in 2, from sample-to-sample, and certainly considerable ani- 4 L} 3 E % o
mal-to-animal variability in tissue properties such as X has 2F | w1 F T e
been observed in most other studies, both in vivo and in vi- F T R — ]
tro." Alternatively, or in addition, the scatter could be due to (e} 20 60 . 100 & i 20 60 w00 4C
tissue handling and preparation, as discussed below. The Angle ©°

FIG. 6. (a)-(e) Scattering phase functions for the five tissues {sample
thickness 7). The vertical bars give the range of values found between the
self-normalized data from several different tissue sampies. The errors in
are calculated from the sample-to-sample variance. (f) Scattering phase
functions for 1% blood and 0.1% Nutralipid solution (single measure-
ments).
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- through the origin for the liquid Nutralipid and blood sam-

ples, as expected. This effect should not alter the valuesof Z,
for tissues, which are derived from the slope of the attenu-
ation curves.

There are a number of comparisons possible between our -

measured X, values and other data. First, we may combine
the values for Zz shown in Fig. 6 with measurements of X,
and 3;{ = (1 — )%, ] recently obtained in this laborato-
ry'’ using an indirect “added absorber™ technique. Taking
X, =Z, +X/(1 — 1) then gives values for chicken and
bovine muscle of ~23 and 15mm ™, respectively, i.c., of the
same order as the direct measurements above, Likewise, for
pig brain the direct and indirect values are 68.7 and 95
mm ™. Using indirect techniques in vitro at 633 nm, Wilksch
et al.” and recently Cheong ef a/.*> have reported X, values of

"4.1 and 8.9 mm ™’ for pig muscle and human bladder tissue,

respectively. At other wavelengths, Crilly’® measured
3, ~7-40 mm ™~ for human breast tissues between 700 and
1200 nm, while Jacques and Prahl** obtained values of 24.1
mm ~ " for mouse dermis at 488 nm. These data all indicate
that the X, values of lightly pigmented soft tissues are typi-
cally in the range 10°~10° mm~? in this spectral region.
However, substantially Jower values (0.43 and 0.83 mm™!
for chicken and bovine muscle, respectively) were found by
Marynissen and Star® using an interstitially placed, collimat-
ed optical fiber coupled to a photodetector to measure the
decrease in primary light fiux with depth in intact tissue. A
possible explanation, given the very forward nature of scat-
tering as found in the present study and as recently reported
by others,2*?*2* j5 that the detector fiber used was not suffi-
ciently collimated to reject all the forward scattered light.
For blood, our value of 2, = 2.9 mm ™" for a 100:1 dilu-
tion of human whole blood may be compared with the value
of 2.0mm ™' of Zdrojkowski and Longini*® and 1.4 mm—* of
Pedersen er al.>” These results are in reasonable agreement,
considering that the measurement technigues were very dif-

- ferent and that the physiological conditions were not strictly

comparable in the three studies. It is of interest to estimate
the contribution of absorption to X, in the case of blood.
Assuming that all absorption at 632.8 nm is due to hemoglo-
bin, £, for 1% concentration of blood is ~0.1 and 0.01
mm~' for hemoglobin and oxyhemoglobin, respective-
ly.'** Thus, blood is highly scattering, with an albedo
> 0.96 when deoxygenated and > 0.99 when fully oxygenat-
ed (for Z, = 2.9 mm™"'). For Nutralipid, our value of 3.84
mm ™’ for 1% concentration of solids is in reasonable agree-
ment with 4.8 mm ™' predicted from the added absorber
measurements.'’

B. Scattering phase functions

As was the case with £, the excellent agreement between
the measurements and Mie theory for the polystyrene mi-
crospheres lends credibility to the tissue results. It is of inter-
est to note in Fig. 6 the good reproducibility in the tissue
measurements of 5(@), evidenced by the relatively small
range of values found between samples. The highly forward
nature of the scattering in tissue is confirmed by other indi-
rect studies in human epidermis,*® mouse dermis,** pig mus-
cle,” and human bladder wall.”?® It disagrees with the nearly
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.isotropic scattering found by Marynissen and co-workers®®

in chicken and bovine muscle (i = 0, 0.3, respectively) ob-
tained by comparing the radiance pattern measured at depth

_ in tissue with the numerical results of van de Hulst.?” How-

ever, this required the use of X, data to yield a unique solu-
tion for X,,X,, and i, and, as noted above, the X, values
found in these experiments are much lower than in most
recent studies. Therefore it is possible that these radiance
measurements would be consistent also with highly forward
scattering and X, values in the 10"~10° mm~"! range.

The scattering phase functions found for soft tissues, if
interpreted according to Mie theory, lead to scattering parti-
cle sizes in the micron diameter range, i.e., comparable to
small cells or major internal structures of large cells (Z > 0.8
for particle diameter > 0.5 um and refractive index = 1.4).
The fact that the one tumor measured was not so strongly
forward peaked as the normal tissues may be connected with
the altered microstructure of malignant tissue, or may result
from, for example, necrotic debris which is submicron is size
and hence more isotropically scattering. More systematic
studies are required to determine the light scattering struc-
tures within normal and malignant tissues.

. For blood, our measured value of i := 0.974 is comparable
with that found by Reynolds* by an indirect reflectance
technique, namely Z>0.99. The low value for Nutrali-
pid{(zi = 0.690) might suggest that this is not a good phan-
tom material to simulate the optical properties of tissues,
since the particle size is too small (99% < 1 2m: private com-
munication, Pharmacia, Inc.}. However, use of the similar-
ity principle described by van de Hulst?” may make it possi-
ble to adjust the Nutralipid concentration (controlling X,)
and the amount of added absorber (£, } to compensate for
this.

C. Effects of tissue preparation

In the experiments reported here involving the use of very
thin tissue samples, the tissues were subjected to grinding
and/or freezing. Thus, there is the possibility that these pro-
cedures, and indeed the use of postmoriem specimens,
changes the optical properties of the tissues from their in vivo
values. This has not been systematically examined, and
clearly this needs to be done for cases where the in vivo opti-
cal properties must be determined accurately. For example,
we have shown in a previous study'® that 3, may change by
a factor of 2 or more in the visible wavelength range within 1-

~ hpostmortem, even in situ. 1t is known also that freezing and

thawing may alter the transmission of light through thick
tissue samples.*® However, there is reason to believe that the
conclusions of the present work regarding X, and S(#8) will
not be substantially different from the true situation in vivo.
In the first instance, there was agreement to within a factor
of 2 between the values of Z, found in the direct measure-
ments here, and the indirect added absorber experiments of
Wilson ez al.,'" where the tissues were not frozen and were
only very coarsely ground. Second, we have measured I,
directly for one sample of chicken muscle which was freshty
cut without grinding or freezing, and obtained a value which
was two-thirds of the mean for the ground, frozen tissue.
Third, in other recent reports?>2*® of high attenuation and
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high forward scattering, tissues were intact and had not, to
our knowledge, been frozen. Finally, for j it is likely that
effects such as cell lysis, which could result from freezing
and grinding, would tend to decrease rather than increase
the average scattering particle size, and hence cause 7 to be
underestimated. :

V. CONCLUSIONS

The values for Z, and $(8) of the various tissues mea-
sured here are not presented as a systematic or comprehen-
sive set of data. Rather, the purpose of the study was to
define order of magnitude of these parameters for typical

tissues. The main value of these data lies not in the actual.

detailed values found for these tissues, but in the guidance
they provide in developing appropriate experimental tech-
niques for more systematic and extensive measurements of
the optical properties of tissues, and in developing relevant
models of light propagation. '

The main conclusions from the results presented above
are that, for 630 nm of light in lightly pigmented soft tissues:

(1) the mean free path is very small, typically ~ 10-100
pm (2, ~10'-10° mm~'); and

(2) the scattering is very forward peaked, with i greater
than 0.95 in some normal tissues, and > 0.6 for all tissues
measured.

In addition, other indirect measurements'*?*2* of the rel-
ative contributions of absorption and scatter indicate that
light propagation is scatter dominated, with X, /X, being
typically ~ 10°~10°. These findings define the conditions un-
der which future experimental and theoretical studies of
tight dosimetry for PDT must be developed. Finally, we note
that the high forward scattering means that there is a large
difference between the scattering coefficient X,, which de-
scribes the fundamental scattering interactions, and the “re-
duced” scattering coefficient X! which describes the effec-
tive scattering conditions within the diffusion region. Also, a
small change in 7z produces a large change in 3;; for example
a change from 0.96 to 0.97 decreases X! by 25%. Thus
knowledge of the phase function, or i, is important for mod-
eling light propagation in tissue, not only near the irradiated
surface but also at depth. Similarly, in tissues with high albe-
do the space irradiance distribution is very sensitive to the
absorption coefficient, so that it is essential to develop meth-
ods to determine X, accurately. As mentioned in the Intro-
duction, the high albedo of tissue makes this very difficult to
doby direct methods, although a possible technique has been
proposed,” which is currently being investigated in this lab-
oratory., Y
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