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Intralipid® is an intravenous nutrient consisting of an emulsion

. - of phospholipid micelles and water. Because Intralipid is turbid

- AT " and has no strong absorption bands in the visible region of the

o ' ' electromagnetic spectrum, and is readily available and relatively

inexpensive, it is often used as a tissue: simulating phantom me-
dium in light dosimetry experiments. In order to assist investiga-
tors requiring a controllable medium that over a finite range of
wavelengths is optically equivalent to tissue, we have compiled
previously published values of the optical interaction coefficients -

. of Intralipid, most of which were measured at a wavelength of
633 nm. We have extended the measurements of the absorption .
and reduced scattering coefficients from 460 to 690 nm and the
total attenuation coefficient from 500 to 890.nm. These measure-

" ments show that, for stock 10% Intralipid, the absorption coeffi-
cient varies from 0.015 to 0.001 cm ™" between 460 and 690 nm, the
reduced scattering coefficient varies from 92 to 50 cin~! between -
460 and 690 nm, the total attenuation coefficient varies from 575
to 150 cm~! between 500 and 890 nm, and the average cosine of .
scatter varies from 0.87 to 0.82 between 460 and 690 nm. With
these data, we discuss the design of an optically tissue-equivalent
phantom consisting of Intralipid and black India ink. :
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~ INTRODUCTION . _ s "COg_lésé'r which is strongly absorbed [3] and con-

B . Soue o7 . sequently is useful for precise surgical cutting.
Knowledge of the degree to which tissue . . When investigating the underlying mecha-

- scatlers and absogbs‘light'__is ir'npoirta.nt_ for under- ' pjsms of a particular laser-tissue interaction, it is -
. standing the physical processes manifested by the ..~ - ..~ . L S : '
* interaction of light and tissue. For example, in R o
photodyr_iamiq .t_herapy_ (1], rt?d li.ghig_ is often used Accepted for publicatidn May 4, 1992: _
- for photosensnlzmg dye activatlon 'because it is -Address feprint-rei;uests to Stephen Flock, Ph.D., Department

- only .We?kly a}?sorb_ed in -tls.sue- [2] -and conse-" ¢ Otolaryngology-Head and Neck Surgery, University of Ar-
quenﬂy is relatively penetrating compared to the - kansas for Medical Sciences, 4301 W. Markham, Slot 543, -
©10.6-pm wavelength laser beam produced by a - Little Rock, Arkansas 72205. T :

© 1992 Wiley-Liss, Inc.

P A



Optlcal Propertles of Intrahpld

sometimes necessary to quantlfy the energy f Tu-

- ence rate ¢ [W/m?). While measurements of the
energy fluence rate in tissue are possible, for ex- -
ample, with an isotropic collector at the tip of an -

‘optical fiber [4], they are often impractical in tis-

sue layers only a few millimeters or less in thick-
ness. Nevertheless, such measurements [5,6], or
measurements of the diffuse reflectance of tissue -

[7], can be used to determine the optical interac-

tion coefficients. Once the coefficients of the tis-.

sue are known, forward calculations of the energy

fluence rate or dlﬁ'use reflectance can be done.

(8,9].

visible wavelengths. Furthermore,
strong absorption bands in the visible region of
the spectrum. Intralipid’s practicality is a result
of its low cost, relatively inert chemical nature,
and wide availability as either a 10% or 20%-
solids suspension. Consequently, it is sometimes

used as a tissue simulating (i.e. phantom) me- -
- dium in studies of light dosimetry [2,5,6,8].
In this paper we have compiled, from the lit-

erature, measurements of the total attenuation,

reduced scattering and absorption coefficients

and the asymmetry parameter of Intralipid at a
wavelength of 633 nm. We have extended the
measurements of the absorption and reduced scat-

tering coefficients and asymmetry parameter .

from 460 to 690 nm, and the total attenuation
~ coefficient from 500 to 890 nm. The experimental
techniques we used to measure these coefficients
will be discussed. Finally, using the measured op-.
" tical interaction coefficients, we will show how
one can produce a phantom, consisting of Intra-
lipid and an added absorber, that will exhibit a

diffuse reflectance and effective penetfatlon _
match at an interface at the surface of, or within,

depth similar to a selected tlssue W1th known in-
teraction coefficients. - - : g

MATER[ALS AND METHODS
Definitions

The propagation cf hght in turbld med1a :

-~ (e.g., tissues or Intralipid) can be modelled using
_radiative transfer theory [8-12]. In radiative

nored and only the flow of radiant energy is con-

. sidered. With this theory, it is possible to calcu-.

late optical features of turbid media; features.

. “such as the diffuse reflectance, Ry, which for

Intralipid® (Kab:wtrum Inc CA) a phos-
phohp1d emulsion used as an _1ntravenous nutri- -
ent, is a useful phantom medium for light dosim- -
etry studies because, like tissue, it is turbid at -
it- has no
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plane parallel medla seml-mfinlte in extent, is

“the radiance external to the media 1ntegrated :

over 2w steradians, and the energy fluence rate, °

s, which is the radiance within the media inte-
- grated over 4w steradians. Within the context of

radiative transfer theory, these optical features
are usually a function of three optical interaction
coefficients: the scattering coefficient, pJem™},
the ‘absorption ' coefficient, p [cm™ 1] and the
(single scattering) phase function, p(9), where 6 is
the deflection angle for a single scattering event.
In some approximate solutions for R; and ¢ de-

* rived from radiative transfer theory, the details of

the: scattering phase function are ignored and -

only the average cosine of scatter, g=<cos6>, -
.also called the anisotropy or asymimetry parame-

ter, is considered. With models of radiative trans- -
- fer, it is often possible to calculate the energy flu-

ence rate and diffuse reflectance of highly

- scattering media (n,>>w,) with knowledge of
_only the absorptlon and reduced scattering coeﬂ'i-

cient, p,s , where ' = py(1-g).
Phantom So_lutlons

' Stock 10%-solids Intralipid® was used asthe
scattering medium in this study while black India

‘ink (Faber-Castell, TN) at a concentration of 0.1%

by volume, was used as the absorbing medium.
The absorption coefficient of the ink was mea-.
sured in a standard spectrophotometer. While it -

“was- originally thought that India ink was en-

tirely absorbing and non-scattering, recent evi-
dence [13] has shown this not to be the case. -
Therefore, in our data analysis, the reduced scat-
tering coefficient of our India ink was assumed to
be the average of three values measured [13] at

-594 nm for two other brands of India ink; the :

value used was p,’ = 4,03 cm™!. We shall assume
th1s value to be constant from 460 to 690 nm.
. The presence of an index of refraction mis- ~

tissue can significantly affect the energy fluence

‘rate and diffuse reflectance of the tissue [10— - - .
 12,14-16]. A 10%-solids solution of Intralipid con- = -
- sists of approximately 90% water, and 10% fatty -
micelles with indices of refraction only slightly =

—greater than water, The index of refraction of In-

tralipid, Nyueratipa, OVer the range of wavelengths

: “utilized in these experiments was assumed to be
" transfer theory, the wave nature of llght is ig- - L '

equivalent to water [17], that is, 1.33.

- Measuring the Optical Interaction Coefficients

‘. The techniques used to measure ., po, andg
of Intralipid are described below. Note that these . .
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Fig. 1. The experimental arrangement used to measure the

- {otal attennation coefﬁment of Intralipid. The field of view of
- the photodiode is 3 x 107° sr, and the cuvette is made of glass
which provides a sample thlckness, d, of 0.83 mm.

techmques can also be used to measure the mter- :

action coefficients of tissues.

light is due to both absorption and scattering. We

used a classical narrow-beam [18] experimental.
arrangement (Fig. 1) to measure the total atten- .
Mo + K Inthis -

uation coefficient, ., where p, =
experimental arrangement, the collitnating aper-
tures which restricted the field of view of the pho-
todiode detector to a solid angle of 3x107°
-were necessary to prevent most of the scattered
photons from reaching the detector. The stock

10% Intrahpld was diluted in distilled water to-

- one part in 50 and the resulting samp]e was held

in a cuvette with a pathlength, d, of 0.83 mm. The -

total attenuation coefficient was calculated from
the measured data using

o G) ) (IT)

where I is the signal measured when light is

transmitted through a cuvette filled with Intra-
lipid and I, is the signal measured when light is-

transmitted through the same cuvette filled with
water. Water was used in the latter measurement :
r=—1.44n,"2+0.7T1n, 4} £0.668 - +0.0636n,,;

in order to compensate for specular reflection

. losses of the incident light off the cuvette inter- -

faces. The source of incident light was a pulsed

‘nitrogen pumped dye laser (PRA Inc., Ontario,"
Canada), and the value for I and I, was the aver--
age of several pulses. The use of three different
. dyes made measurements possible over intervals:

in the range of 500 to 890 nm. The laser pulses

had a temporal width of about 200 ps, an energy -

of approximately 250 wJ with negligible pulse-
to-pulse variation, and a repetition rate of about 1

Hz. To demonstrate that non-linear optical effects

" Flock et al.
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Fig. 2. The exﬁ:e’rimenta_l arrangement used to measure the

. diffuse reflectance of Intralipid. The reflection standard. - .
" (Spectralon®) was in position only for the normalization mea- -

surement, The Intralipid (or Intralipid and ink) was held in a

. glass 500 ml beaker and the radiometer was positioned so as
. to avoid specular reflection off the surface of the sample.
Method 1: Narrow Beam Attenuation. In L P ' -

Intralipid, the attenuation of a collimated beam of - -

-due to the hi.gh. peak power were negligible, mea-

surements at wavelengths of 633 and 595 nm
were done with 5-mW HeNe contmuous-wave

lasers. . -
Method 2: Diffuse Reflectance From a

- Semi-infinite Medium. The optical feature of

Intralipid (or tissues) perhaps easiest to measure
is the diffuse reflectance from a semi-infinite

“sample, R... Ignoring specular reflection and as-

suming p(1—g)>>p,, radiative transfer theory.
can be used to show that the diffuse reflectance of -
a normally incident collimated beam from a semi-
infinite medium with an index of refraction mis-
match at the surface, can be expressed as [10]

I

a

o 1+42(d-ad+ (1 + %) V3 —a)
where a’ = p:.a'/(pa +i), k=1 +1A1— r),.and the

internal diffuse reflectance, r, is obtained from

[19], where n.=np,atipia/Mai- This equation is
accurate to better than 10% for p.'>19p, [10].

'Measurements of the diffuse reflectance were ob-

tained using the experimental arrangement
shown in Figure 2. The light from a xenon lamp

‘and monochromator was delivered by a liquid-

core light guide and. collimated by a lens to pro-
duce a 1.3-cm diameter beam projected down onto
the surface of an Intralipid solution held in a 500-

- ml beaker (8.3-cm diameter). No light could be
‘seen leaking out the sides of the beaker, therefore

@
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TABLE 1. The 0ptlca1 Interaction Coefﬁcwnts ot‘ 10% Intrahpld at 633 nm*

T L opll-g) _ u L S : ‘
{(em™1) | Method - (em™Y) .Method e Method g Method . References
‘8442 °  a o U 105=x1 b 011001 b 0.675 e 2
3864 . . a o — e 0BT £015, b 07003 b _ LR

- S 1500 b, 006 b = : 8
365+2 . a oD e . 0.69 e - 188

: 47619_ Looa L — ‘ ‘ ., 014920004 7 - b ~ 0,768 = 0.006 b = 2T
420 + 30 - ) 185 =1 _ b - 0.0261 = 0.0008 " c - L 29

~- 550 - a —_ i - 0095 ) 0.83 ‘b 30 .
417 = 22 — 0.49 L ¢c. - - 0565 e . 31

— S — o 0.0100 = 00025 R — 32

e 145 = 2 b 053"‘_003 b LT e 33

- 40010 a ) _— oo 001 ' b 0.687 = 0,015 b - 34
400 * 20 a — . o052 : b . 06980024 @ b - 35
i — . a 119+ 4 e 0.007 = 0.002 . ¢ . — n . 3gh
344 + 28 a 60x8 f - 0.0029 £ 0.0134 [ 0.826 + 0.177 S f -
362 =53 L1449 - 0027 % 0.154 075 £018 ' (0]

*Methods: a) Narrow beam attenuation; b) Energy fluence rate proﬁle/added absorber; c) Diffuse reflectance & transmittance;
d) Time resolved reflectance; e) Goniometry; f) Diffuse reflectance/added absorber; g) Media used was Nutralipid®; h) Media
used was Liposyn®; i) This work, Figures 3, 5, and 7C; j» Weighted mean of tabulated data (see text).

. -it was effectively a semi-infinite phantom. A cal-

ibrated radiometer was angled approximately 5° .

- from the vertical and positioned over the sample
“in such a way as to avoid detecting the specular-
reflection of the incident beam off the surface of
. the Intralipid solution. The reflection- readings
- were normalized to the signal obtained when a’

- standard Spectralon® 99.4% reflector (Labsphere
Inc., NH) was positioned at the surface of the

phantom. The manufacturer states that the re--

flectance from 400 to 900 nm of this standard is
199.4% and varies by only 0.2% at most. We as-
sumed that differences in the angular dependence
of the reflectance of the Intralipid sample and
Spectralon standard were negligible, since diffuse

reflectance from turbid media is generally as- -

B sumed to be Lambertian [20].
Measurements of R.. were taken over a

wavelength range from 460 to 690 nm for two
different solutions; one solution consisted of 10%- -
solids Intralipid alone while the other consisted of
10%-solids Intralipid and black India ink. The -

settling of the ink in the Intralipid was negligible

- over the several minutes it took to do the mea-
“lished ‘measurements of the. interaction  coeffi-

surements. In the second solution, enough ink

was added (0.1% by volume) so that the absorp-

" tion coefficient of the mixture was dominated by
the ink (p, ;= 2.75 cm™* at 460 nm). Measure-
ments of R, exh1b1ted by the ink/Intralipid solu-
. tion were analyzed with equation 2 with the p,

" set to the spectrophotometncally measured val- |

ues for the added ink and the p,’ set to the sum of

the value for ink (4.03 cm™*). and Intralipid -

' (unknde). From this, the calculated .’ of Intra-

lipid was congidered, along with measurements of

- R.. of the Intralipid solution, in Equation 2, which

was then used to calculate the p, of Intralipid.

Calculating.fhe AnisotrOpy Factor

While it is possible to measure the phase
function of Intralipid by goniometry {18, 21] 0r
measurements -of radiance, L(z,Q) [Wem™ sr -1
[22,23], or g, from tlme-resolved or phase-modu-

- lated reflectance [24], such measurements are dif-

ficult in practice or require somewhat specialized
apparatus. We calculated the anisotropy factor of

. Intrallpld from the measured data of Mg Hto and

Ha USIDG .

!

Mg .
Pt — Ma

.-:gz.l_ .(3).

:RESULTS AND DISCUSSION -

Prewously Published Measurements at 633 nm.
Table 1 shows a list of the previously pub-

cients of 10%-solids Intralipid at 633 nm. Note

- that in two of the cases, solutions (Nutralipid [18],
- Phamacia, Quebec, and Liposyn [36], Abbot Labs,
‘Montreal) similar to Intralipid were used. The
~weighted means (each datum being weighted by

the inverse of the square of its quoted error; data
without quoted errors are ignored) and standard
deviation of the quoted values give the following



- results: p,/ =(144 + 9) cm™

514 R .
,;La_(o 027 + 0.154) -

em™! and g=(0.75 = 0.18). Note, however, that

the mean of the measured p,’; and p(1—g) caleu-~ -

lated from the means of the measured p, b, and
g, that is (90.4 = 7.9) em™!, are signiﬁc'antly dif-

ferent. The source of this dlscrepancy 1s not_ _ |

known.

While the 1ncon51stencles in the data for -
- each interaction coefficient might be due to the
- different techniques used to measure them, the -
relatively large errors in the results obtained for

" the experimentally simple to measure p,, sug-

~ gests an intersample variation probably arising
from inconsistencies in the manufacturing pro-
cess; Intralipid is not manufactured to be a stan-_,

: dard optical scattering medium.
Despite the large variation in the data it is

" apparent from Table 1 that (1) the -absorption co-
efficient of Intralipid at 633 nm is quite low (by

comparison, the abserption coefficient of water at
633 nm [17] is about 0.0028 cm™"); (2) scattering
dominates absorption by a factor of about 13,400
times, and (3) that the values for g consistently

show that Intralipid micelles will, on the average, -

gcatter a photon preferentially in the forward di-

rection. The phase function of Nutralipid® (an

intravenous nutrient purportedly identical to In-
tralipid) has been directly measured [18] and an
analytic expression consisting of a weighted sum

of a Henyey-Greenstein phase function [8] and an .

isotropic phase function is a good approx1mat1on
to it.
New Measurements

Figure 3 shows the measured total attenua-
tion coefficient as a function of wavelength for

10%-solids Intralipid. The least-squares fitted (re- |

duced chi-square=0.78) power curve (CA~233
. where C is a constant and A is the Wavelength) is
intended to make interpolation easier. The value
~of p, measured at 633 nm (i.e. 344 = 28 em™ 1) is

" . consistent with the mean of the results shown in

“Table 1 (ie., 362 = 53 ¢em™1). The continuous-
wave measurements at 595 and 633 nm are con-
sistent with the pulsed laser measurements, and

80 we can infer that the high peak. power of the"

- nitrogen/dye laser pulses do not cause any signifi-
cant non-linearities in the optical properties of

the Intralipid. The spectral behavior of the atten-

uation coefficient of Intralipid is similar to the
~ behavior of tissues [25,26] in that the attenuation
- coefficient decreases with increasing wavelength.

Since the size distribution and index of refraction -
_ qf the micelles in Intralipid is kr_mw_n__ [27], Mie =

Flock et al.
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Fig. 3. Results of the measurement of the total attenuation
coefficient, Measurements were done on samples drawn from
three different bottles of Intralipid: the points are the means
and the error bars are the standard deviation of three mea-
surements. The line, intended to ease interpolation, is a least

- squares fit of a power function; CA™*, where C is a constant, .

to the data. The fitting procedure resulted in x=2.33. The
open circles (single measurements) are the data obtained
when continuous-wave 5-mW HeNe lasers were used as the
source of irradiance.

theory [28] can be used to predict the spectral be-

‘havior of the interaction coefficients. A Mie the-
‘ory analysis of Intralipid predicts that p., should

depend on wavelength approximately as A2,

‘which is in relatively good agreement with the

measurements shown in Figure 3. Such a Mie the-
ory analysis has also been done on tissue [37] for

.the purpose of explaining the temperature in-

duced changes in the optical properties of tissues,

Figure 4 shows the diffuse reflectance of two
different media, one (A) being Intralipid alone
and the other (B) being Intralipid with 0.1% of
black India ink added. The lines, which are.
weighted least-squares linear fits to the data, are
justified because the resulis of the fits shows that
the probability that the reflectance is linearly
correlated to the wavelength is greater than 90%

-(linear correlation coefficient=0.557) and 99%

(linear correlation coefficient = —0.87 6) for Figure

'4A and B, respectively.

Figure 5 shows the p," and p., extracted from .-

“the fitted lines shown in Figure 4, Thé error bars

are calculated from the experimental errors in the
measurements of the diffuse reflectance; the
lower half of the error bars are indefinite. Intra-
lipid consists of 10.8% soybean oil, 1.8% glycerin,
and 1.2% lecithin [27]. The results of spectropho--
tometric measurements of pure samples of these
media showed that glycerin and lecithin have .
negligible absorption from 450 to 820 nm, but soy-
bean oil (I'ig. 6), scaled to an effective 10% con-

‘centration, exhibits an absorption coefficient of -
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Fig. 4. The diffuse reflectance of (A) stock 0% Intralipid and -

(B) 10% Intralipid with 0.1% black India ink added. The data
points are the means, and the error bars are standard devia-
- tions, of measurements done on three samples, each drawn
from a different bottle of Intralipid. The straight lines are
weighted least squares linear fits to the data. The graph inset
in Figure 4B is the spectral absorption coefficient of the ink
measured in a standard spectrophotometer. '

ébout 0.2 em™! at 450 nm decreasing" to about

- 0.04 cm? at 550 nm and is approximately constant .

out to 800 nm. The absorption coefficient of soy-

bean oil is consistent with the values of the mea-. - =

sured absorption coefficient of Intrahpld It has
been stated [27,29] that water is the primary ab-
sorber of light in Intralipid. We have found that in
the red region of the spectrum, both water and
- soybean oil contribute to the absorption while in
the blue region, the absorption is due prlmanly to
soybean oil. We are currently trying to 1mprove

and extend the measurements of ., and w,’ using
a different experimental arrangement involving

. ~measurements . of diffuse . reflectance and total
.. transmittance of collimated light (450-1100 nm)
- through a sample of Intralipid positioned at the

port of an integrating sphere. The details of this
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Fig. 5. 'The reduced scatte'ring'and absorption coefficients of

" Intralipid obtained using equation 2 and the linear fits to the : -

measurements of R., shown in Figure 4. The error bars are
calculated from the errors in the measurements R,.. The bot-

. tom half of the error bars could not be calculated from the

experimental data-and so these data represent an upper -

“bound to the absorption coefficient.
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Fig. 6. The absorption coefficient of soybean oil, measured

with a standard spectrophotometer, Intralipid (see Figure 5),
and water [17]. The absorption coefficient of water below 570
nm is less than 0.001 cm™! and so does not appear on the
graph. The abscrption coefficient of soybean oil was divided

- by 10 in order to be able to compare it to the Intralipid used - '

in these experiments, which was a 10% solids suspension.

experlmental techmque can be seen . elsewhere
38
The absorptlon coefficient (from F1g 5) and
‘the scattering coefficient (from Fig. 3, with p,

" subtracted) are plotted in Figure 7, along with

measurements done by others at discrete wave-
lengths (shown as open circles). The fitted curve

" for p, was extended out beyond the N&-YAG

wavelength of 1,064 nm; this extrapolation is jus- 5
tified since the p,: between 500 and 890 nm is .
described well by the fit of CA723% and because
the ‘., of water contributes insignificantly to p,
‘over this range (the maximum abosorption of wa-
ter between 500 and 890 nm is 0.45 cm ™! at 970
nm {17]. The curve for p, was not extended be-
yond it’s measured range since it predicted unre- -
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Fig. 7. The (A) absorption ceefficient (B) scattering coeffi-

cient and (C) anisotropy parameter of stock 10% Intralipid.

The solid lines are the data obtained in this study, and in the
case of B and C are extrapolated out to 1100 nm from data
spanning 500 to 890 and 460 to 690 nm, respectively. The
open circles are the data from Table 1, while the values at
458, 514, and 1064 nm are after van Staveren et al. [27].

alistically low values in the infrared where it is
_ well known that water has absorption bands. The
_anisotropy factor of Intralipid, shown in Figure
7C, was calculated using equation 3 (assuming p,
to be negligible) and the data in Figures 3 and 5,
the curve was also extrapolated out to 1,100 nm.

. 'This result for g is consistent with Mie theory,

which predicts a linear decrease in g with increas-
ing wavelength over this range of wavelengths
Because Mie theory predicts a decrease in the

scattering coefficient with .increasing wave- .
. that'if we add absorber (Fig. 8) to the Intrahpld to
‘bring the absorption coefficient up to 2.742 cm
from the mean in Table 1 of ,=0.027 cm™?, the
‘similarity relation will hold. We will use the ex-
“ample of black India ink as the pure absorber,

length, one might expect the reflectance of Intral-
ipid to decrease with wavelength. As shown in

Figure 4A, this is not the case; this is probably a -
result of the decreasing absorption coefficient and.

~  anisotropy factor with increasing wavelength.

" optically. simulate bovine muscle with  pg=
em™ Y, p,=05 cm™! and g=0.95 [18]. Using

Flock et al
_ Demgmng a Tlssue Equivalent Phantom _ '

Consisting of Intralipid and a

. Non-Scattering Absorber

‘Having established estimates of the optical
interaction coefficients of Intralipid, it remains to

. show how one can make use of this medium in an

experiment requiring a tissue-simulating phan-
tom. We will make use of the similarity relations

112,20,39,40], which can be formulated to show

that two media (labelled with subscripts 1-.and 2) -

| - will exhibit “_similar” diffuse reflectance if

e (L gy) _ bsz(1—g9)
- Mea,1 Moz

4

Asan _exatﬁple, these relations predict that a me-’
dium with g=0, p,=1 mm™! and p,=9.5 mm™*

 will exhibit a similar reflectance to a medium

with g=0.5, p,=0.5 mm?, and p,=9.56 mm~'.

We can see from Van de Hulst’s [203 exact solu-
tions. to the radiative transfer problem, that the
diffuse reflectance for semi-infinite media (ig-

noring effects of the surface interface) is 0.478

and 0.486 for each of these media respectively,
while diffusion theory (Eq. 2, with n_,;=1) gives
0.434. For Equation 4 to be valid, it is necessary

 that p(1—g)>>p,, for both media; this limitation
" is because in the derivation of equation 4, it is

assumed that the radiance within the medium is

linearly anisotropic [12]. We will now make use of

Equation 4 to show how it is possible to make a
tissue-like optical phantom medium consisting of
Intralipid and a purely absorbing medium.:

' In the red to infrared region of the spectrum

'(6.50 -1,100 nm), the scattering coefficients of tis-

sue have been shown to be on the order of 200-

1,000 cm ™%, the absorption coefficients are on the

order of 0.01-1 em™%, and the scattering is for-

- ward peaked with asymmetry parameters on the

order of 0.7-0.95 [26]. To make a tissue-like phan-
tom out of Intralipid and a non-scattering absorb-

. ing medium, consider the following example: let
" us take the p, and g of 10% Intralipid at 633 nm

to be the weighted mean of those shown in Table
1, p,=362 cm™ ! and g=0.75, and say we want to
330

Equation 4, and assuming n,, =1.33, we can see

-1
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§ = 362cm'

. 5 A
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S D= 0.0361 em|
+ : R, =0.482
‘2243mb. -
Water
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;330 cm — _=66.0¢r.
M, f 05cm' " prgm 050 ol
g = 0.95 g=075 :
Deff=0.198cm De”=0.198 cm
R, =0.482 R = 0.482

Fig. 8. A diagrammatic representation of the deéign of a
phantom using 10% Intralipid and black India ink that will

exhibit a diffuse reflectance, R,, and effective penetration -

depth, D, like that of bovine muscle at 638 nm. For the
calculations done to be valid, the phantom must be effectively
infinite in size; that is, the walls of the phantom should ex-
tend at least 12 effective penetration depths beyond the edges

of the incident beam and the depth of the phantom should’

extend at least 12 effective penetration depths from the sur-
face of the medium.

“although a non-scattering medium such as a mo-:
“lecular dye would be better. We can see from the
insert in Figure 4B that by adding 0.136% by vol-

ume -of the black India ink we used in these ex-
periments to 10% Intralipid, the final absorption

coefficient will be 2.742 cm™'. The resulting’
phantom medium will exhibit a dlffuse reflec- :

tance gimilar to bovine muscle.

‘From diffusion theory {12], it cah be shown -

that the (effective) penetration depth, D g, that is

 the depth over which the energy fluence rate in a .
medium falls by a factor of e (i.e., 2.718), is [10]:

1

\/3¥La[lba + .P“s(l -_‘g)]

This equation is valid when g >>p,a and the vol~_
ume being considered is far from sources and

" India Ink : p a=2ooo'cm" _

boundaries. In the phantom descrlbed above D

-would be on the order of 0.036 cm. For the phan-

tom to be effectively. “infinite” in size (i.e., insig- -
nificant light leakage out the sides or bottom of

" the phantom), it is necessary that the medium
. extend unperturbed at least 12 penetration
- depths in thickness and in distance away from the
edges of the incident beam [41]. If, for example, -
- we wish to construct the phantom to have the
" same effective penetration depth as bovine mus-
cle, the phantom can. be diluted with water. A
‘dilution factor, x (x=[initial volume + volume of
. water added}/initial volume) will scale ., and p,
down by a factor x, resulting in an increase in D -
_ by a factor x (see Flg 8). The total diffuse reflec-
. tance will be unaffected as long as the container
. holding the phantom is effectively infinite in size.

Note, however, that the diluted medium may ap-
pear darker to the eye than the undiluted me-

" dium: This is because the source of diffusely re-
~ flected photons, ‘
_ Infralipid, is to a large degree near the surface of

in the case of pure 10%

the medium where the incident beam impinges
while the source of diffusely reflected photons be-
comes more extended throughout the volume of

‘the phantom when the phantom becomes more
dilute, and thus appears less intense.

CONCLUSIONS

Intralipid consists of water and an emulsion

“of fatty micelles, polydisperse in size. Purportedly
- because of inconsistencies in the manufacturing
_ process, the optical interaction coefficients of a

particular sample of Intralipid can not be pre-
cisely known without being measured, but the

- values plotted in Figure 7 are useful for providing
-the best currently available estimates. At 633

nm, the mean of the independently measured val-

" ues for the interaction coefficients show that

ne'=(144 = 9 em™!, u,=(0.027 = 0.154) cm™?!
and g=(0.75 = 0.18). Intralipid at 633 nm, like

tissue, is highly scattering, weakly absorbing,
‘and scatters preferentially in the forward direc-

tion. Both the scattering and absorption coeffi-

‘cients, as well as the anisotropy parameter, de-
crease with increasing wavelength in the visible

region of the spectrum, as predicted by Mie the-

_ory: The scattering properties of Intralipid are
manifested by the particulate nature of the me-
- dium while the absorption is hypothesized to be

due to both water and soybean oil. .
~ With knowledge of the optical interaction co-
efficients of Intralipid and a non-scatiering ab-
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- sorber, one can use the s1m11ar1ty relation to de-

sign a phantom out of these materials that will

" exhibit a tissue-like diffuse reflectance. The effec- -
‘tive penetration depth of the phantom can be .
made tissue-like. by dllutmg the phantom Wlth-

water.

If the interaction coeﬁiments of a phantom'

medium need fo be known with more precision,

polystyrene microspheres [18], while relatively

- expensive, would likely prove to be a superior
.scattering component. Recent evidence. [13}
showed that black India ink particles mixed in

Intrahpld aggregate to particles about 1 pm-in

size and consequently scatter 633 nm light to a

significant degree. Lipophobic molecular dyes:
might prove to be simpler to use when building

optical phantoms consisting of Intra11p1d and an
added absorber.
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