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ABSTRACT
Optical phantoms have been developed to simulate the distribution of visible light in tissue. These phantoms
can then be used to evaluate the performance of optical fiber delivery and/or radiometric detecting systems.
This paper describes the development of an optical phantom for the neodymiun/yttrium-aluminum-garnet
(Nd:YAG) laser wavelength of 1064 nm and the absorption coefficient, scattering coefficient, and anisotropy of
the media used in its development.
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1 INTRODUCTION

Optical phantoms have been developed to simulate
the distribution of light in tissue.1–3 These phan-
toms have been primarily designed in the red (630
nm) portion of the spectrum for use relevant to
photodynamic therapy. Other phantoms have been
designed for determining fluorescence quantum
yields in the wavelength band extending from 300
to 650 nm. The phantoms consist of a scattering me-
dium, an absorbing medium, a diluent, and in some
cases fluorophores. Some common scattering media
are Intralipid, Nutralipid, or Liposyn. The mention
of commercial products or their use in connection
with material reported here is not to be construed
as either an actual or implied endorsement of such
products by the U.S. Food and Drug Administra-
tion. These intravenously administered nutrients
are fat emulsions that contain soybean oil, egg
phospholipids, and glycerol. In addition to these fat
emulsions, polystyrene microspheres have been
used. These microspheres exhibit low fluorescence,
and some of their optical properties can be calcu-
lated from Mie theory.4 Absorbing media include
some biological stains, such as trypan blue, Evans
blue, and indocyanine green, as well as India ink.
The diluent is usually deionized water although
isotonic phosphate-buffered saline has been used.
The optical properties of Intralipid5 and India ink6

have been previously studied at visible wave-
lengths. We have been interested in developing an
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optical phantom suitable for applications in the
largely unexamined near-infrared range, particu-
larly 1064 nm, the primary neodymium/yttrium-
aluminum-garnet (Nd:YAG) laser wavelength.
An optical phantom is developed by mixing the

correct proportions of the scattering and absorbing
media in the diluent, so that the resulting suspen-
sion has the desired intrinsic optical properties of
the simulated tissue. These intrinsic optical proper-
ties include the absorption coefficient (ma), the scat-
tering coefficient (ms), and the anisotropy factor (g).
For soft tissues, typical optical properties are ma
=0.5 to 5.0 cm−1, ms=100 cm

−1, and g=0.9 for near-
infrared wavelengths.7

The Nd:YAG laser operating at the 1064-nm
wavelength has been used clinically for some time.8

One major physical advantage of this wavelength is
that it can be delivered to target tissue through an
optical fiber. This allows the laser light to be deliv-
ered to any surgical site that can be viewed with an
endoscope. The absorption of visible and near-
infrared radiation is primarily due to the presence
of chromophores such as hemoglobin, flavins, cyto-
chromes, and carotenoids. However, there is no
known biologic chromophore that preferentially ab-
sorbs the 1064-nm wavelength of the Nd:YAG laser.
Since this wavelength penetrates tissue more easily
than visible wavelengths, it can produce excellent
hemostasis. When it is used with either sapphire or
sculpted silica scalpels, it can also be used for he-
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mostatic tissue dissection. Current clinical and labo-
ratory research is focused upon using the 1064-nm
laser wavelength to treat specific diseases such as
benign prostatic hyperplasia9 and cancer.10–13

The optical properties of a phantom need not be
identical to those of the tissue, but they may be re-
lated by having the same tissue diffusion coeffi-
cient, D (D5 ma /meff

2 where meff
2 is the effective at-

tenuation coefficient, and meff
2 5 3ma@ma 1 ms(1

2 g)#). This allows the construction of phantoms
that scatter and absorb light in the same manner as
tissue, but over larger volumes.14 Detecting fibers
may then be conveniently placed in the phantom to
record fluence levels. The ideal phantom combines
a nonabsorbing scattering medium and a nonscat-
tering absorbing medium. In practice, molecular ab-
sorbers can be found that contribute little or no
scattering in the UV and visible wavelength range.
However, India ink, the absorption medium used in
some phantoms, is a water-insoluble pigment and
has been shown to produce significant scattering
with visible light.6 Conversely, some scattering me-
dia, e.g., Intralipid suspensions, have been shown
to have some (<0.01 cm−1/%) absorption for visible
wavelengths.5,15

In developing tissue optical phantoms for use at
1064 nm, we selected India ink as the primary ab-
sorber. It is readily available and has been charac-
terized in phantoms used with other optical wave-
lengths. In addition, there does not appear to be a
water-soluble, nontoxic molecular absorber for this
wavelength. Our chosen scattering medium, In-
tralipid, has been employed in other phantom in-
vestigations, but has not been completely character-
ized at 1064 nm. Its ingredients are controlled and
uniform, and it appears to have a long shelf life (for
nonmedical purposes). It is also easy to prepare ac-
curate dilutions that remain in suspension for hours
at a time. This contrasts with polystyrene spheres
that, depending upon diameter, may not remain in
suspension without repeated agitation and require
additional transmission measurements and Mie cal-
culations in order to prepare accurate concentra-
tions. However, for those phantoms that require an
independent means of estimating their optical
properties, polystyrene spheres with diameters less
than 1 micron may be the appropriate choice.
Thus, a study was undertaken to determine the

optical properties (ma , ms , g) of each medium and
construct two tissue phantoms with predicted opti-
cal properties. Finally, the measured optical proper-
ties of the phantoms were compared with the pre-
dicted ones.

2 METHODS AND MATERIALS

Diffuse reflectance and transmission measurements
of varying concentrations of either India ink (Peli-
kan, Germany) or Intralipid-10% (KabiVitrum,
Clayton, NC) were made with a single integrating
sphere. The physical properties (composition and
J

particle size) of Intralipid are discussed in Refer-
ence 5. Collimated transmission measurements of
these suspensions were made with a narrow field of
view radiometer. These measurements and the
properties of the sphere were used with the inverse
adding-doubling (IAD) algorithm16 to determine
the optical properties of each suspension. This
method repeatedly solves the radiative transport
equation until the solution and the measured val-
ues of reflection and transmission are the same. All
measurements were performed with a Nd:YAG la-
ser (Holobeam) operating at the 1064-nm wave-
length. The power level used was a nominal 300
mW and the 1/e2 beam diameter was 2 mm. The
laser power was stable to within 610%. The sus-
pensions were contained in a 50.8-mm diameter cell
with a 5-mm path length. This cell-to-beam diam-
eter was chosen to reduce the possibility of overes-
timating the absorption.17 The cell windows were
made of borosilica crown (BK-7) glass. The integrat-
ing sphere (Labsphere) had a diameter of 508 mm
with an exit port diameter of 127 mm. The sphere’s
rotational axis was centered on the laser beam with
the sphere mounted on a thrust bearing. The sphere
could be rotated 180 degrees so that the sample port
could be used to measure either the diffuse reflec-
tion or diffuse transmission. The collimated trans-
mission was measured with an attachment to the
exit port of the sphere. This allowed the radiometer
to be placed 813 mm from the sample that was lo-
cated at the entrance port of the sphere. The attach-
ment had internal apertures of 3 mm diameter to
stop the introduction of diffuse light to the colli-
mated signal. This also provided the detector with
an acceptance angle of 1.8 mrad. A schematic of the
sphere measurement system is shown in Figure 1.
The sphere measurements were corrected for spec-
tral reflectance with a calibrated reflectance plate
from Labsphere. The sphere and collimated trans-
mission measurements were made with the Photo-
dyne Model 66 XL radiometer.
To serve as a control for the integrating sphere

measurements and the IAD program calculations,
the optical properties of two polystyrene sphere
(0.804-mm diameter) suspensions were measured.
The results of these measurements were compared
with those obtained by calculations based on Mie
theory.18

The procedure and Mie theory equations that
were used to determine the optical properties of the
polystyrene sphere suspensions are as follows. The
actual Mie calculations were performed using the
algorithms of David Hahn, Sandia National Labo-
ratories, Livermore, CA. The number density of the
monodisperse suspensions of polystrene spheres
was determined by measuring the collimated trans-
mission of an HeNe laser beam (633 nm) that
passed through the suspension, and calculating the
extinction cross-section for the spheres. The follow-
ing equations were used.
111OURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1
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Fig. 1 Schematic illustration of the optical apparatus used to measure the phantom’s diffuse reflection and transmission, and collimated
transmission.
t5It /I05exp~2N•Cext•L !, (1)

where

Cext5Cscat1Cabs , (2)

t =collimated transmission, N=particle number
density (particles/cm3), Cabs=absorption cross-
section (cm2)=0.0 for polystyrene, Cscat=scattering
cross-section (cm2), Cext=extinction cross-section
(cm2), L=optical path length (cm), and
It /I0=collimated transmission ratio.
From Mie scattering theory for a single particle,

the scattering cross-section can be determined from
the following equation.19

Cscat5@l2/~2•p•n0
2!#•(

n50

`

~2n11 !•~ uanu21ubnu2!,

(3)

where

an5
Cn~a!Cn8~ma!2mCn~ma!Cn8~a!

j~a!Cn8~ma!2mCn~ma!jn8~a!
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bn5
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mCn8~ma!jn~a!2Cn~ma!jn8~a!

m5
sphere index
medium index

5
n
n0

5
1.59
1.33

a5
2pan0

l
,

a=radius of polystyrene sphere (cm), l=laser wave-
length in air (cm), and Cn , jn , Cn8 , jn8
=Ricatti-Bessel functions of the first or second kind.
Using Eqs. (1) and (3) and performing the trans-

mission measurement, the suspension’s scattering
coefficient at 633 nm could be determined from

N•Cext5ss5
21
L

ln~t!, (4)

where ss=scattering coefficient (cm−1). Using Eqs.
(3) and (4) allows the calculation of the particle
number density (N). This value is independent of
wavelength. Using this value for N and recalculat-
ing Eq. (3) at 1064 nm allows for the determination
of the scattering coefficient of the suspension at
1
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1064 nm. For the polystyrene spheres, the index of
refraction was assumed to be the same at 1064 nm
as it is in the visible (n̄=1.59+0.00i).
The anisotropy or g [referred to as the asymmetry

factor (cosu) in Ref. 19] was calculated from the fol-
lowing equation:

g5cosu5
l2

pn0
2Cscat

H (
n51

` 2n11
n~n11 !

Re~anbn
0!

1 (
n51

` n~n12 !

n11
Re~anan11

0 1bnbn11
0 !J ,

(5)

where an asterisk indicates that the complex conju-
gate is to be taken.
Dilutions of either India ink or Intralipid-10%

were made with deionized water. The ink concen-
trations ranged from 0.05 to 0.5% by volume (vol-
ume of ink divided by the sum of the volume of ink
and water). The Intralipid concentrations ranged
from 1.0 to 4.0% by volume. Each suspension was
placed into the cell and five readings of collimated
and diffuse transmission and diffuse reflection were
made. These values were averaged. This process
was repeated five times for each concentration.
Measurement computations were performed in a
manner similar to those outlined by Prahl16 and
Pickering.20 Average values and standard devia-
tions for these data were determined. A linear curve
fit was applied to all the Intralipid and India ink
data. The zero concentration intercept value of the
fitted equation gives an indication of how well the
data are represented, while the slope value can be
compared with historical values.5

After the optical properties of the ink and the In-
tralipid were determined, two optical phantoms
were made, one with ink and Intralipid and one
with Intralipid only. The design optical properties
of the first phantom were ma 5 0.37 cm−1, and ms
5 8.2 cm−1, while those of the second phantom
were assumed to be ma 5 0.00 cm−1 and ms
5 8.2 cm−1. These optical properties are similar to
those reported in Reference 21 for canine prostate.
The optical properties of these phantoms were then
measured in a manner similar to that for the diluted
Intralipid or ink suspensions. The phantoms were
constructed based upon the Intralipid scattering
data (ms /%), and the India ink absorption data
(ma /%). The slope of these lines determined the
amount of ink and Intralipid to mix with 200 ml of
deionized water to obtain the design optical prop-
erties. These phantoms were constructed under the
assumption that neither Intralipid nor water ab-
sorbed light, and India ink didn’t scatter light. This
was done in order to simplify their construction as
well as duplicate current first-order construction
procedures.
3 RESULTS
The two 804-nm diameter polystyrene sphere and
water suspensions produced a Mie theory-
predicted scattering coefficient of 2.23 cm−1 and 2.96
cm−1. The Mie theory calculation of the anisotropy
for these solutions was 0.807. The average of four
trial measurements for the first solution gave
ma=0.2860.02 cm−1, ms=1.9960.12 cm−1, and
g=0.77560.04. The average of two trials for the sec-
ond solution gave ma=0.2560.01 cm−1, ms=3.15
60.01 cm−1, and g=0.81160.004. These absorption
coefficients have not been corrected for water ab-
sorption.
The optical properties (ma , ms , g) resulting from

the IAD calculations for different concentrations of
India ink and Intralipid-10% are shown in Figures 2
and 3. (In all figures the error bar length is two
standard deviations, and R is the linear correlation
coefficient.) Figure 2 shows the average absorption
and scattering coefficients as a function of India ink
or Intralipid concentrations. The average optical

Fig. 2 The absorption and scattering coefficients at 1064 nm for
varying concentrations of water suspensions of (a) India ink and (b)
Intralipid-10%.
113JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1
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properties from all the data are shown in Table 1.
(Note: The absorption per concentration value of
Intralipid has been corrected for water absorption.)
Figure 3 shows the average anisotropy factor as a
function of India ink or Intralipid concentration.
Since absorption dominates the light distribution

in India ink, the total average attenuation coeffi-
cient (m t 5 ma 1 ms) is shown in Figure 4(a). How-

Fig. 3 The anisotropy at 1064 nm for varying concentrations of
water suspensions of (a) India ink and (b) Intralipid-10%. The Mie
theory value is taken from Ref. 5.

Table 1 Average optical property concentrations of India ink, In-
tralipid, and water at 1064 nm. The water absorption is taken from
Ref. 23. The absorption results of Intralipid are corrected for water
absorption. These data are the average values of all data points.

Scattering
media

ms /%
(cm−1/%)

ma /%
(cm−1/%) g

India ink 4.6462.07 35.9964.28 0.3060.18

Intralipid 1.3060.047 0.05460.02 0.5060.02

Water — 0.0018 —
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ever, since scattering dominates the light distribu-
tion in Intralipid,22 the effective attenuation coef-
ficients were determined from the Intralipid data
presented in Figures 2 and 3. These data are shown
in Figure 4(b).
The ink and Intralipid phantoms were con-

structed based upon the fitted straight-line slopes of
26.83 cm−1/% and 1.31 cm−1/% for ink and In-
tralipid respectively. For a phantom with ma=0.32
cm−1 and ms 5 8.82 cm−1, these slopes indicated a
phantom composed of 0.01% ink, 6.69% Intralipid,
and 93.30% water. The phantom without any ink
(assuming that ma 5 0.00 cm−1) contained 6.70% In-
tralipid. A comparison of the predicted, measured,
and calculated optical properties of the two phan-
toms is shown in Table 2.

Fig. 4 The attenuation coefficients at 1064 nm for varying concen-
trations of water suspensions of (a) India ink and (b) Intralipid-10%.
The total attenuation coefficient is plotted for the India ink’s highly
absorbing suspensions. The effective attenuation coefficient is plot-
ted for Intralipid’s highly scattering suspensions. The dotted plot in
(b) is taken from data in Ref. 5.
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4 DISCUSSION

For the polystyrene sphere suspensions, the agree-
ment between the Mie calculations and the integrat-
ing sphere measurements and IAD calculations for
the scattering coefficient was good (2.23 versus 1.99
and 2.96 versus 3.15). For anisotropy, the agreement
was also good (0.807 versus 0.775 and 0.811). These
solutions had an average albedo, a (a 5 ms /m t) of
0.8860.03 and 0.9360.00 and optical depths, b (b
5 (ma 1 ms)·cell solution thickness) of 1.1360.03 and
1.7060.00. These values are within the recom-
mended ranges for highest accuracy when using
the IAD algorithm.16 These recommended ranges
are albedos of 0.4 to 0.95 and optical depths of 1 to
10.
While the ink’s albedo (0.25 to 0.08) was always

outside the IAD’s recommended range of 0.4 to
0.95, the linearity of the absorption coefficient with
concentration was very good [Figure 2(a)]. The scat-
tering coefficient for Intralipid is also linear with
concentration [Figure 2(b)]. The value for the slope
of this fitted line, 1.31 cm−1/%, is the same as the
value presented in Reference 5. The zero concentra-
tion intercept values for the straight-line equations
are shown in Figure 2. Ideal zero concentration val-
ues would be equal to the absorption or scattering
coefficient for water (0.182, or 0.118 cm−1 for ab-
sorption from References 23 and 24, and an as-
sumed scattering value of 0.00 cm−1). The Intralip-
id’s zero concentration intercept values (0.08 and
−0.03) are closest to those of water, while ink’s val-
ues are more divergent (−0.8 and 1.3).
The anisotropy of the ink and Intralipid solutions

should not change with concentration. This is the
case for the Intralipid data, but fails for the ink
data, as shown in Figure 3. Two reasons may con-
tribute to the nonlinear behavior of the ink solu-
tions’s anisotropy.

Table 2 Predicted and measured optical properties of phantoms.
The predicted values for phantoms 1 and 2 assume that Intralipid
and water do not absorb and that ink does not scatter 1064-nm
light. The calculated values were determined from the concentra-
tion values found in Table 1.

Phantoms ms(cm−1) ma(cm−1) g

Phantom 1 (IL and ink)

Predicted 8.82 0.32 0.48 [5]

Measured 9.6960.22 0.7660.01 0.5660.00

Calculated 8.75 0.89 0.50

Phantom 2 (IL only)

Predicted 8.82 0.00 0.48

Measured 8.8460.03 0.3360.01 0.5160.00

Calculated 8.70 0.53 0.50
The first reason is that the particle size distribu-
tion of the ink solution changes with higher concen-
trations. Ink is made up of a collection of small (0.1
mm) and large particles (1.0 mm).6 The small par-
ticles have a low anisotropy value while the larger
ones have a much higher value. As the concentra-
tion of the larger particles increases, the albedo of
the ink also increases. Figure 2(a) shows that the
ink’s scattering coefficient increases with increasing
concentration. At the higher concentrations of ink
(0.3, 0.4, and 0.5), the ink’s larger particles may be
strongly influencing the solution’s albedo and an-
isotropy. At the higher concentrations there may
also be a tendency for the ink particles to coalesce.
A surfactant is commonly added to a solution of
rhodamine dye (powder form) and water to pre-
vent particle coalescence. Adding a similar surfac-
tant to ink solutions may also play a role in reduc-
ing any ink particle coalescence.
The second reason for this nonlinear anisotropy

behavior may be computational. The lack of suffi-
cient diffuse transmission signal strength for ink
concentrations greater than 0.2% may not allow the
IAD algorithm to arrive at an accurate solution for
the anisotropy value.
The average ink albedo was 0.1260.06. This is

lower than the previously measured ink albedo for
visible light (>0.3).6 Thus, the scattering of India ink
is lower at 1064 nm than that reported at 594 nm.
This seems reasonable since the scattering coeffi-
cient is proportional to the inverse of the wave-
length raised to a power between 1 and 2 for
tissue.25 For India ink, with a nearly linear absorp-
tion coefficient and relatively small scattering coef-
ficient [Figure 2(a)], the total attenuation coefficient
follows the absorption coefficient’s linearity [Figure
4(a)]. The value of the fitted slope, 35.91 cm−1/%, is
very close to the average optical property concen-
tration value of 35.99 cm−1/% (Table 1). The scatter-
ing coefficient of the ink increases as the concentra-
tion of ink increases (possibly due to more large ink
particles), but this does not seem to affect the lin-
earity of the total attenuation coefficient.
The effective attenuation coefficients for In-

tralipid suspensions show an almost linear re-
sponse with concentration [Figure 4(b)]. This is
similar to results obtained by Driver et al. for
630-nm laser light.15 Using different methodology,
they showed a loss in linearity of Intralipid’s effec-
tive attenuation coefficient for low concentrations.
They attributed this loss to the absorption of water
at the low concentrations. The effective attenuation
coefficients plotted in Figure 4(b) have been cor-
rected for water absorption. The effective attenua-
tion coefficient of Intralipid suspensions can also be
calculated from the values for Intralipid’s optical
properties at 1064 nm that are reported in Reference
5. These are plotted and also shown in Figure 4(b).
Since the scattering concentration slopes are identi-
cal, the difference in the two curves can be attrib-
115JOURNAL OF BIOMEDICAL OPTICS d JANUARY 1996 d VOL. 1 NO. 1
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uted to the difference in their absorption concentra-
tion slopes: 0.054 and 0.048 cm−1/%.
If the values listed in Table 1 are used to deter-

mine the optical properties of the first phantom by
including the ink scattering and the Intralipid and
water absorption, then the calculated optical prop-
erties become ma 5 0.89 cm−1 and ms 5 8.75 cm−1.
Comparing these calculated values with the mea-
sured values in Table 2 shows that the measured
absorption (0.76 cm−1) is lower and the scattering
coefficient (9.69 cm−1) is higher. These calculated
values depend upon the average of all the data
points, and may be influenced by the lack of ink
anisotropy linearity and an apparent discrepancy
for the value of the water absorption coefficient at
1064 nm. Two references23,24 give differing values,
0.182 cm−1 and 0.118 cm−1, for a water absorption
coefficient at 1064 nm.
By knowing the dependence of scattering and ab-

sorption of the ink and Intralipid, a phantom with
predicted optical properties can be constructed.
However, the constructed phantom’s final optical
properties should be measured for an accurate de-
termination of the phantom’s optical properties.

5 CONCLUSIONS
The optical properties of Intralipid and India ink
suspensions at 1064 nm were determined by mak-
ing three optical measurements and using the IAD
algorithm along with the optical constants of the
integrating sphere. Both the absorption of Intralipid
suspensions and the scattering of India ink suspen-
sions are small at the Nd:YAG laser wavelength of
1064 nm. When phantoms with high absorption
(low albedo) are used, the IAD algorithm may fail
to accurately predict the phantom’s anisotropy.

NOTES

The mention of commercial products or their use in
connection with material reported here is not to be
construed as either an actual or implied endorse-
ment of such products by the U.S. Food and Drug
Administration.
The actual Mie calculations were performed us-

ing the algorithms of David Hahn, Sandia National
Laboratories, Livermore, CA.
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