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Light scattering in Intralipid-10% in the wavelength

range of 400-1100 nm

Hugo J. van Staveren, Christian J. M. Moes, Jan van Marle, Scott A. Prahl,

and Martin J. C. van Gemert

The absorption, scattering, and anisotropy coefficients of the fat emulsion Intralipid-10% have been
measured at 457.9, 514.5, 632.8, and 1064 nm. The size and shape distributions of the scattering particles
in Intralipid-10% were determined by transmission electron microscopy. Mie theory calculations
performed by using the particle size distribution yielded values for the scattering and anisotropy
coefficients from 400 to 1100 nm. The agreement with experimental values is better than 6%.

I. Introduction

Intralipid-10% is a fat emulsion that is used clinically
as an intravenously administered nutrient. Some-
times, as in the research described in this paper, it is
used for providing the scattering component in a
tissue phantom to investigate propagation of light in
tissue. The optical parameters of Intralipid-10%,
namely, the absorption coefficient p, the scattering
coefficient p, and the anisotropy coefficient g (the
mean cosine of the scattering angle), have previously
been investigated near the 630-nm wavelength.'?
This wavelength is used in photodynamic therapy,
with haematoporphyrin derivative as a photosensi-
tizer, as a treatment for cancer. The use of green light
instead of red light for photodynamic therapy has
been proposed, because green light is more effective
for exciting haematoporphyrin.® Therefore further
investigations into methods used in tissue optics will
need well-characterized phantom materials for the
entire optical wavelength range. The purpose of the
present study is to obtain experimental values for p,,
1, and g for Intralipid-10% (Kabivitrum, Stockholm)
at various wavelengths and to compare these values
with those predicted by Mie theory and with data of
other investigations."**
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Values for p, were obtained by measuring the
collimated transmittance with a small numerical
aperture detector as a function of diluted Intralipid-
10% suspensions. Values of an effective attenuation
coefficient (w.) were obtained by measuring the
fluence rate of an isotropic light source immersed in
an infinite suspension of Intralipid-10% by using an
added-absorber method.' Values for p, and g were
then calculated based on (approximate) solutions to
the transport equation in the P1 approximation
(diffusion approximation) or the more accurate P3
approximation. The experiments used an Ar* laser
for the 457.9- and 514.5-nm wavelengths, a He—Ne
laser for the 632.8-nm wavelength, and a Nd:YAG
laser for the 1064-nm wavelength. Mie theory calcula-
tions require precise knowledge of the particle size
distribution of Intralipid-10%, which was determined
by electron microscopy. The shape of the particles
was approximately spherical, indicating that Mie
theory is appropriate for calculating w, and g. These
calculations were performed for 400—1100-nm wave-
lengths.

Il. Methods and Materials

A. Experimental Procedures

1. Collimated Transmission Measurements

To determine the scattering coefficient of Intralipid-
10%, we measured the collimated, transmitted, un-
scattered light in aqueous suspensions that were
prepared by volumetrically diluting Intralipid-10%
with distilled water (Fig. 1). Light from the Ar* laser
(Spectra-Physics Model 2030) and the Nd:YAG laser
(SLT-CL60) was delivered by optical fibers (600 wm).
The He—Ne aiming beam of the Nd:YAG laser was
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Fig. 1. Experimental setup for collimated transmission measure-
ments to determine the scattering coefficient [w,(\)] of a scattering,
nonabsorbing medium.

chopper -16.9 mml

I |
L

!
w

separated from the 1064-nm beam with a prism. The
Ar® laser beam was collimated with a ball lens
(f=1.64 mm). The Ar* (or a separate He—Ne or
Nd:YAG) laser beam was then chopped (2 kHz) and
expanded (=15 mm for the Ar* and Nd:YAG laser
beams, =9 mm for the He—Ne laser beam) before
passing perpendicularly through a sample holder
[with glass windows and sample thicknessd = 3.35(5)
mm, with the He—Ne laser d = 3.50(5) mm] filled
with one of the Intralipid-10% suspensions. (Num-
bers in parentheses are the standard deviation uncer-
tainties in the last digit of each quoted value.) Inside
the beam expander a pinhole (100 pm), placed at the
foci of the lenses, ensured that deviating beams
introduced by the optical fibers were blocked. This
arrangement reduced the beam divergence of the Ar*
and Nd:YAG lasers to <5 mrad and the He—Ne laser
near the diffraction-limited divergence of <75 prad.
The collimated transmittance was detected by a pho-
todiode (BPW 34, sensitive for wavelengths from 400
to 1100 nm) placed 2.87(1) m from the sample. Two
pinholes, one placed immediately behind the sample
holder [1.50(5) mm] and one placed in front of the
photodiode [0.50(5) mm], provided a small angular
aperture [3.8(3) X 107" sr]. In this way only the
fraction of the incident beam that was neither scat-
tered nor absorbed was detected by the photodiode.
The signal of the photodiode was fed into a lock-in
amplifier (EG&G/PARC Model 5209), which tracked
the frequency of the chopper (EG&G/PARC Model
196). The collimated irradiance (E, in watts per
square meter) detected by the photodiode is given by

E. =E, exp[—(p, + p,cd], (1)

with E, the irradiance when the sample holder is
filled with distilled water, ¢ the concentration of the
Intralipid-10% suspension, and d the geometrical
path length in the sample holder. [Concentration is
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defined as the ratio between volume (in milliliters) of
the stock solution (Intralipid-10%) and total volume
(in liters) of stock solution plus solvent (water). It is
also quoted as the volume percentage of the stock
solution.] If absorption is negligible relative to scatter-
ing (n, > p,), then the slope of a plot of In(E_ /E))
versus (cd) determines p. This condition is demon-
strated by using the added-absorber technique de-
scribed in Subsection II.A.2. Because all measure-
ments have been normalized to E,, additional
absorption (or scattering) by water has virtually no
influence on the value of the experimental scattering
coefficient.

2. Fluence Rate Measurements

The light distribution in an absorbing and scattering
medium is described by the radiative transfer equa-
tion.” For a point source in an infinite medium an
analytic solution of this integrodifferential equation
can be obtained. In the P1 approximation (=the
diffusion approximation),’ scattering of light is approx-
imated by the sum of an isotropic part and a small
anisotropic part, and the radiation inside the medium
is assumed to be (nearly) diffuse. This approximation
is expected to yield reasonably accurate results for the
fluence rate distribution in regions far from sources
and boundaries provided that the reduced albedo a’ is
closetol[a’ = w,'/(p, + 1), where p,' = pn (1 — g)],
which implies that p,' > p,. If these conditions are ill
satisfied, the P3 approximation® will be expected to
yield more accurate results. As a' decreases with
increasing wavelength for Intralipid-10% suspen-
sions, the P1 approximation should eventually break
down. The results for p, and g of both approxima-
tions are compared with each other: thus the wave-
length limit can be assessed where the P1 approxima-
tion starts to be of limited accuracy.

To determine the absorption and the anisotropy
coefficients of Intralipid-10%, we measured the light-
energy fluence rate of an isotropic light source im-
mersed in an aqueous suspension of Intralipid-10%
with and without Evans Blue (a purely absorbing
medium) as a function of the distance from the light
source (Fig. 2). The Ar* (or He—Ne or Nd:YAG) laser
beam was chopped (2 kHz) and coupled into a fiber
(600 wm). A sphere of highly scattering material
(sphere diameter 3 mm) was attached to the distal
end of this fiber, thereby producing an isotropic
output.”” This fiber tip was positioned accurately in a
vertical direction. To measure the fluence rate, we
used another fiber (200 wm) with a sphere of scatter-
ing material (sphere diameter, 1 mm) attached to the
fiber end. This fiber tip was positioned in the x, y, and
z directions with an accuracy of better than 0.1 mm.
Isotropicity of both scattering spheres was checked by
measuring the angular-light distribution (deviations
from the mean intensity of =20% for the light source
and +15% for the detector). Light received by the
detecting fiber was detected by a photodiode (BPW
34), and the signal was fed into the lock-in amplifier,
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Fig. 2. Experimental setup for fluence rate measurements of an
isotropic light source in an infinite medium to determine the
absorption [w,(A\)] and the anisotropy [g(A)] coefficients of the
medium by using an added absorber.

which tracked the frequency of the chopper. Both
fibers were placed in a Perspex tank (20 cm X 20 cm x
16 cm) filled with 5.5 L of an Intralipid-10% suspen-
sion. Wall effects were determined to be negligible by
changing the reflectivity of the walls. Measurements
were performed in an aqueous suspension of 3%
Intralipid-10% and in an aqueous suspension of 3%
Intralipid-10% containing 5.15 mg/L Evans Blue.
Fluorescence from Intralipid-10% or Evans Blue is
believed to be negligible but was not clearly ruled out.
The two suspensions have different scattering and
absorption coefficients at the four investigated wave-
lengths. For the 1064-nm wavelength a suitable
absorbing medium was not found to be available, so
fluence rates are measured only in the pure 3%
suspension of Intralipid-10% at this wavelength. (Ink
is often used as an absorber for the Nd:YAG laser
wavelength. However, it was noted that ink has
significant scattering at 1064 nm. Other absorptive
dyes at this wavelength could not be dissolved in
water.) As a consequence, p, and g could not be
determined directly for this wavelength.

The fluence rate (¥, in watts per square meter) at a
distance (r) from the point source in these infinite
turbid media is given by®

B
Y(r) = - exp(— g, (2)

where

_ 3P0[“'a + p's(l - g)]’

B 16m*

with p; the effective attenuation coefficient defined
below [Egs. (3) and (4)], P, the power of the point
source, and p, as the total absorption coefficient of
Intralipid-10% (u.,;) and added Evans Blue (p,gg).
The slope of a plot of In(r¥/B) versus r gives the

effective attenuation coefficient p ;. Measuring the
fluence rate in the Intralipid-10% suspensions with
and without the added absorber gives p. and p g,
respectively. In the P1 approximation, the following
set of equations must then be solved for p; and g
(Ref. 5):

P’ = Spear Lo + (e — a1 = @)1,

Mei” = S(Mor + Hapn)[Mar + Happ + (e — Kar)(1 — &)1 (3)

Values for the extinction coefficients ., = W, + Wy,
are obtained from the collimated transmission mea-
surements. Values for p g are determined similarly
at 514.5- and 632.8-nm wavelengths and at the
457.9-nm wavelength with a spectrometer. In the P3
approximation, w4 [Eq. (2)]is given by®

et = (97071 + 4¥0Ys + V2¥s

= [Ovoy1 + 4vovs + 'Y2'Ys)2 - 3670717273]1/2}/18» (4)

where v, to v, follow from

Y. = @n + Dp, + n(1 —g"], n=0,123,

with p, = p, + M. The values of p,; and g were
then found by solving Eqgs. (3) and (4) numerically.

B. Determination of the Particle Size and Shape
Distribution

Electron microscopy permits determination of both
the size and the shape of the scattering particles in
Intralipid-10%. Freeze fracture was used to make
Intralipid-10% accessible for electron microscopy.®
Intralipid-10% samples were cryoprotected (prevented
from forming ice crystals) with 2-3 M of sucrose,
fractured at 170 K in a vacuum chamber at 107 Pa,
replicated with platinum at 45°, and strengthened
with carbon. The platinum replicas of the fracture
planes were studied at a magnification of 18,000 at
100 kV in a Philips EM 420 electron-microscopy
device. From each of the 10 Intralipid-10% prepara-
tions that were made, 10-15 transmission electron
microscope photographs were taken and magnified at
6x. From these photographs 1436 particle sections
were measured (10-14 particles per photograph) by
tracing them with a digitizer [MOP videoplan (Kon-
tron), spatial resolution 0.9 nm]. The (numerous)
particle sections below =20-nm diameter were disre-
garded. A histogram of the number of particle sec-
tions within a diameter interval versus the median
diameter of that interval (d,) gives the particle (sec-
tion) size distribution. Although the measured parti-
cle sections actually belong to particles with a greater
diameter [if the probability of splitting is homoge-
neously distributed along a particle’s radius, the
expected section diameter (e,) is €, = 1/2D\/§ with a
standard deviation [o(d)] of o(d) = D/6, where D is
the particle diameter|, correction for the splitting of
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the scattering particles was omitted (Section IV). All
measured particle sections were classified into 14
particle diameters to ensure that most classes con-
tained at least a few particle sections and to reduce
calculations. A form factor [perimeter eccentricity
(PE)] was computed for the particle sections by using
the digitizer data. This form factor for an area A with
perimeter s is defined as® "

4TA
PE = peal 5)

The closer the form factor is to 1 (for any nonspheri-
cal shape PE < 1), the closer the particles are to a
spherical shape. A plot of the form factor versus the
particle diameter (Fig. 8 below) delineates the extent
to which Mie theory is applicable for calculating the
scattering parameters of Intralipid-10%.

C. Mie Theory Simulations

The constituents of 500 mL of Intralipid-10%, accord-
ing to the manufacturer, are 11.25 g of glycerin, 6 g of
lecithin, 50 g of soybean oil, and 430.5 g of water
[respectively, 8.92, 5.82, 53.94, and 431.33 mL (Refs.
10 and 11)]. The glycerin is dissolved into individual
molecules in the water and does not scatter light. The
difference in the refractive index of this water—
glycerin solution from that of pure water has no
measurable influence on the scattering parameters.
The scattering particles consist of soybean oil encap-
sulated within a monolayer membrane of lecithin
with a thickness of approximately 2.5-5 nm [Fig.
3(a)].”” This explains the name intralipid (meaning
inside the lipid). In Intralipid-10%, approximately
half of the amount of lecithin is used for encapsulat-
ing the soybean oil, and the excess of lecithin forms
small bilayer vesicles [Fig. 3(b)]. A concentric-spheres
model has not been included in the Mie calculations
because of the unknown refractive index of lecithin.'®
Therefore we assumed that lecithin has the same
refractive index as soybean oil. If lecithin does not

monolayer

soybean oll

bilayer membrane

aqueous

\ compartmen

(b)

Fig. 3. (a) Model of an Intralipid-10% particle after sonification of
a solution of soybean oil, lecithin, glycerin, and water. (b) Model of
a lipid vesicle in water."
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absorb light at the investigated wavelengths, the
influence of this shell on scattering should be negligi-
ble. In the calculations of the scattering parameters
p, and g, the volume occupied by lecithin in a particle
is included. Despite the fact that only part of the
lecithin is encapsulating the soybean oil, we had to
make the assumption that all the lecithin is used for
encapsulating the soybean oil.

Mie theory provides an exact solution for the
scattering and the anisotropy coefficients of perfect
spheres of arbitrary size."*'* To compare experimen-
tal results with Mie theory, we used a computer
program to calculate Mie scattering parameters. [The
rigorous Mie formulas are evaluated by a computer
program of J. R. Zijp (State University Groningen,
Groningen, The Netherlands).] This program re-
quires the parameters

2nrn., n,
x = )\—t . m= b ) (6)

where r is the radius of the sphere, A, is the
wavelength in vacuum, n, is the real part of the
refractive index of the sphere, and n_,, is the refractive
index of the (nonabsorbing) external medium (the
suspending medium). Values for the radii of the
spheres were found from electron microscopy. The
refractive indices for the various wavelengths were
calculated with the following dispersion formula
(Cauchy™):

n\) =1+ J/\ + K/N, (7
where I, = 1.451, I, = 1.311,J = 1.154 x 10¢,
K = -1.132 x 10° and the wavelength (\) is in

nanometers. All constants in Eq. (7) are determined
for both media by solving the equation using known
refractive indices at three wavelengths. From values
for x and m the computer program generated effi-
ciency factors for scattering @_.(r, \), defined as the
ratio between the scattering cross section with the
geometrical cross section and the anisotropy factors
g(r, ). The cross section for scattering o, (r, \) of a
particle is given by

Ouealry N) = T*Ques(r, V), (8)

where 7’ is the geometrical cross section. The total
cross section for scattering per unit volume [p (\)]
and the anisotropy coefficient [ g(\)] for a suspension
of particles with different (discrete) radii are then
calculated by

(N = N, 2; Opalris N £ (1), 9)

2 &y N) Gualry M) f ()
gl == . (10)

2 Oualry N f ()
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Fig. 4. Plot of data from collimated transmission measurements
of diluted Intralipid-10% suspensions at the four investigated
wavelengths. The slopes of the fitted lines give the extinction
coefficients (p ., = p, + R ).

where f (r,) is the fraction of particles with radius r,
and

n

Sfry=1

1=1

and with the particle density N, given by

v

N, ’ (11

34 e
l=13'ﬂ'rl r;

where v is the volume of soybean oil plus the volume
of lecithin per unit volume of suspension. The values

of f(r,) are found from electron microscopy. The
resulting values for p (\) and g(\) are valid only if the
mean particle spacing is at least 3—-5 particle diame-
ters, which implies no shadowing of the particles."
The experimental conditions were chosen to obey this
condition (concentration of Intralipid-10% less than
=17-=4% for the wavelength range of 400-1100
nm; see Section III). Calculations for u, and g were
performed between 400 and 1100 nm. Outside this
wavelength region, the refractive index of soybean oil
was unknown, and, in addition, the suspending me-
dium for the particles (water) cannot be regarded any
more as a nonabsorbing medium (., of water below
4 x 1072 mm™ from 200 to 1000 nm),'® which is a
requirement for using Mie theory.

Ill. Results

Results from the collimated transmission experi-
ments are shown in Fig. 4. Plotted on the logarithmic
ordinate is the relative collimated irradiance (E,/E,)
versus the product of volumetric dilution and sample
thickness (cd). The data for each wavelength have
been fitted to a line passing through the origin [the
point (0, 1)]. The slopes of these lines yield p (M), as
explained in Subsection II.A.1 (more precisely, the
extinction coefficient p, + p,; see Table I).

Figure 5 shows the results of the fluence rate
measurements of the Intralipid-10% suspensions with
and without added absorber. Plotted, on the logarith-
mic ordinates, is the relative product of distance to
the point source and fluence rate (#¥/B) versus
distance to the point source (r). The slopes of the lines
give the effective attenuation coeflicients p gq(N\)
[2.66(2) x 1072 1.97(2) x 1072 2.11(2) x 107% and

Table l. Survey of Experimental and Mie Theory Values of the Scattering [i,(A)], Anisotropy [g()\)], and Absorption [u,(A)] Coefficients for
Intralipid-10% Compared with Experimental Values of Other Investigations
My X 105
g Value (mL?*Lmm™)
pe (mML!' L mm™?)
Experimental Experimental
Experimental
This Mie P1 P3 Mie P1 P3
Work N (nm) po, = by + W, TR Theory Approximation Approximation Theory Approximation Approximation Comments
4579 0.109(2) 0.109(2) 0.104 0.872 (6) 0.871 (6) 0.829 1.88 (9) 1.87(9) P3values have the
514.5 0.077(1) 0.077(1) 0.0813 0.812(7) 0.807 (7) 0.799 0.99 (4) 0.96 (4)  calculated relative
632.8 0.0476 (9) 0.0476 (9) 0.0498  0.796 (6) 0.768 (6) 0.731 1.69 (5) 1.49 (4) standard devia-
1064 0.0136 (3) 0.0131 (3) 0.0134 0.480 47 (9) 48 (9) tions of P1 values.
For the 1064-nm
wavelength, Mie
values at 1060 nm.
W, at 1064-nm
wavelength, calcu-
lated with Mie
value of g.
Moes
etal.! 632.8 0.0386 (4) 0.0386 (4) 0.71 (3) 6 (1)
Star
etal.? 630  0.055 0.055 0.83 0.95
Flock
etal.* 515 0.054 (8) 0.054 (8) 0.85 0.14
632.8 0.034 (3) 0.034 (3) 0.825 0.018
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Fig. 5. Plot of data from the fluence rate measurements in an
infinite suspension of 3% Intralipid-10% with and without added
absorber at the four investigated wavelengths. The slopes of the
fitted lines give the effective attenuation coefficients: (a) without
added absorber, (b) with added absorber (Evans Blue).

9.6(1) X 107> mm™' at, respectively, 457.9-, 514.5-,
632.8-, and 1064-nm wavelengths; Fig. 5(a)] and
Rs(N) [1.13(2) x 107, 1.99(2) x 107", and 3.09(2) X
107" mm ™ at, respectively, 457.9-, 514.5-, and 632.8-nm
wavelengths; Fig. 5(b)]. As we mentioned in Subsec-
tion I1.A.2, for the 1064-nm wavelength the effective
attenuation coefficient was determined only for the
Intralipid-10% suspension without added absorber.
With known p,(\) from the collimated transmission
experiments and p(\) [9.3(3) x 107°, 2.82(6) x
1072, and 8.4(1) X 1072 mm™ for the Evans Blue
solution at, respectively, 457.9-, 514.5-, and 632.8-nm
wavelengths], ., (A) and g(\) can be calculated [Egs.
(3)and (4)].

The experimental results and a comparison with
the calculated results from Subsection II.C are sum-
marized in Table I. In addition, a comparison was
made with other investigations of Intralipid-10%."**
The absorption coefficient p, at 1064 nm could be
calculated by using the Mie value of g, so the reli-
ability of this result depends on the accuracy of the
calculations. As all p, are low compared with p, the
collimated transmission experiments yielded the scat-
tering coefficients directly. Absorption measurements
at 632.8 nm of purely obtained soybean oil, lecithin,
glycerin, and water (according to the constituents’
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mixture of the Intralipid-10% manufacturer) resulted
for Intralipid-10% in u, = 1.75 X 10° mL™' L mm™.
This value deviates 17% from the value calculated by
the P3 approximation but <4% from that of the P1
approximation.

Figure 6 shows a typical electron-microscope photo-
graph of an Intralipid-10% preparation. This shows
the size differences in Intralipid-10% particles and
their generally spherical shape. A shell structure is
not apparent (otherwise the fracture planes would
have been less smooth), which proves that a sharp
boundary (in the case of a bilayer membrane) be-
tween lecithin and soybean oil is absent. Hence it
follows that the layer of lecithin is a monolayer.

The histogram in Fig. 7 illustrates the particle
(section) size distribution of Intralipid-10%. The num-
ber of particle sections within a diameter interval of
50 nm is plotted versus the median diameter of that
interval (d,). That there were no 625-nm diameter
particles is not considered significant, because the
last interval contains only one particle. The mean
particle diameter of this distribution is 97(3) nm.

Figure 8 gives information on the particle shapes.
Plotted on the ordinate is the form factor (PE) versus
the mean diameter of that particle (d). The smallest
particles show the largest deviation from a spherical
shape. This is most likely due in part to inaccuracy in
tracing these particles and to digitizing errors (spatial
resolution 0.9 nm). The smallest particles are Ray-
leigh scatterers for the wavelengths of interest (verti-
cal lines, d < 40 nm for 400-nm and d < 120 nm for
1100-nm wavelengths). Consequently the shape of

Fig. 6. Typical electron-microscope photograph from an Intralipid-
10% preparation, containing the replica of fracture planes of lipid
droplets from Intralipid-10%. The shaded areas are remainders of
Intralipid-10% and chlorine, with which the platinum sheet was
cleaned. The black spots are due to etching of the platinum by the
chlorine.
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these particles is not important and does not affect
the results of the scattering calculations. A form
factor of 0.97 (horizontal line) implies, in case of
ellipses, an axis ratio of 0.8. Up to this deviation from
the spherical shape, the accuracy of Mie scattering
calculations is not significantly influenced.™* There-
fore this particle shape distribution shows that Mie
theory is applicable for calculating the scattering
parameters of Intralipid-10%.

Figures 9 and 10 compare the Mie theory values of
1, (M) and g(\) for Intralipid-10% with the experimen-
tal values obtained above. In both figures the maxi-
mum deviation of the experimental values (P3 approx-
imations) from the calculated values is <6%
(457.9-nm data points). The plots of In p () versus
In X (Fig. 9) and of g()) versus \ (Fig. 10) suggest a
linear relation, which permits approximation of both
i (M) and g(M). A least-squares fit of the Mie theory
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Fig. 8. Plot of data from the form factor calculations for the 1436
measured intralipid particles (sections). The closer the form factor
(PE) is to 1, the closer the particles are to a spherical shape (for any
nonspherical shape PE < 1). The horizontal line (PE = 0.97)
implies, in case of ellipses, an axis ratio of 0.8 and marks the lower
boundary to where the accuracy of the Mie scattering calculations
is not significantly influenced. The vertical lines mark the Ray-
leigh scattering boundaries for the 400-nm (d = 40 nm) and
1100-nm (d = 120 nm) wavelengths.
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Fig. 9. Calculated scattering coefficient curve (solid line) com-
pared with experimental values (crosses) of Intralipid-10%.
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T
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Fig. 10. Calculated anisotropy coefficient (solid line) compared
with experimental values (crosses, P3 approximation) of Intralipid-
10%.

data yields the equations

k(N = 0.016A2*  (+6%), 12)

gN) =11-058\  (£5%), (13)

for 0.4 < A < 1.1, where \ is in micrometers and p,, is
in units of mL™' L mm™". The uncertainties quoted in
Egs. (12) and (13) indicate the maximum deviations
from the experimental results (for p, at 1064-nm and
for g at 632.8-nm wavelengths).

The Mie calculations show that the 150- and 250-nm
diameter particles, for, respectively, the 400- and
1100-nm wavelengths, contribute most to u, and g.
In connection with the particle density [3.97 x 10"
m " for Intralipid-10%, Eq. (11)] this implies that the
calculated values hold for concentrations up to ~17%
Intralipid-10% for the 400-nm wavelength and 4%
Intralipid-10% for the 1100-nm wavelength, where
these most effective scatterers have a particle spacing
of approximately 3—4 particle diameters.

IV. Discussion

From the results of Table I there appears to be good
agreement between the experimental data and the
Mie theory results for the scattering and the anisot-
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ropy coefficients (differences <6%, P3 approxima-
tion). Above 514.5 nm the P1 approximation for g
and p, starts to become less applicable. Differences
between our results and the results reported by Moes
et al.,' Star et al.,”> and Flock et al.* are attributed at
least in part to a difference in Intralipid-10% composi-
tion. The differences in different preparations of
Intralipid-10% may be a disadvantage for choosing it
as a tissue phantom.

The mean particle diameter [97(3) nm] found from
the particle size distribution determined by electron
microscopy (Fig. 7) is a factor of 10 smaller than that
found with a Coulter counter measurement by Moes
et al. [1.0(1) wm].! A correction of the electron-
microscopy distribution for the splitting of the parti-
cles will only slightly displace the distribution to
higher sizes [the mean will still be =100(10) nm).
This distribution thus proves that the Coulter counter
technique is inadequate.

However, a correction for this distribution was
omitted for various reasons:

(a) The larger particle sections are already over-
represented in this distribution, because the (numer-
ous) particle sections below =20-nm diameter have
been disregarded on the electron-microscopy photo-
graphs and the particle sections have been classified
in only 14 particle sizes. Thus this distribution is at
least partly compensated (or even overcompensated)
for the absence of a correction.

(b) The chance of particle splitting is believed to be
nonhomogeneously distributed along a particle’s ra-
dius, which makes a correction difficult, if not impos-
sible.

(¢) As the particles are not perfect spheres (Fig. 8),
this complicates such a correction.

When the distribution would have been corrected
for the splitting of the particles, this would have
resulted in 10-15% higher values for the calculated
scattering and anisotropy coefficients. Also, the data
of the particle size histogram could not be reliably
fitted to a continuous distribution (negative exponen-
tial y and Deirmendjian distributions were consid-
ered).

V. Conclusions

The experimental values for the scattering parame-
ters of Intralipid-10% were found to be within 6% of
the Mie theory values and their approximations:

wN) = 0.016A2%,  g(\) = 1.1 — 0.58\

for 0.4 < A < 1.1, where \ is in micrometers and p, is
in units of mL™' L mm™. The calculated values will
hold for a maximum concentration range from ~ 17%
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to ~4% Intralipid-10% for the wavelength range of
400-1100 nm.
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