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Optical properties of human skin in the near infrared
wavelength range of 1000 to 2200 nm
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Chandler, Arizona 85226

Abstract. In this paper we present the absorption coefficient ma and
the isotropic scattering coefficient ms8 for 22 human skin samples mea-
sured using a double integrating sphere apparatus in the wavelength
range of 1000–2200 nm. These in vitro results show that values for ma
follow 70% of the absorption coefficient of water and values for ms8
range from 3 to 16 cm−1. From the measured optical properties, it was
found that a 2% Intralipid solution provides a suitable skin tissue
phantom. © 2001 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1344191]
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1 Introduction
Medical diagnostic and therapeutic techniques using light re
quire knowledge of optical properties of tissue. In the pas
decade, significant research effort has gone into developin
noninvasive measurement of blood glucose using near
infrared light.1 While it is fairly straightforward to build cali-
brations for estimating glucose in simple systems like
glucose–water, serum, etc., calibrations for noninvasive glu
cose estimation pose considerable challenges.2–5 The difficul-
ties arise due to the light being multiply scattered, the exten
of which is dictated by the nature of the skin which varies
dynamically due to changes in hydration and long term
changes in thickness of the different layers of skin. To over-
come the difficulties, an understanding of the interaction of
light with skin is essential. In order to determine how light
interacts with skin, the optical transport properties of absorp
tion and scatter need to be determined. These properties aid
the design of a skin–instrument interface to optimally sample
the tissue so as to maximize the glucose signal. In addition
they will help define the critical parameters used in construct
ing a reasonable skin tissue phantom~for example, made from
a solution of Intralipid and water!, which can serve as a model
system for studying the problem of glucose estimation and
other similar problems. Thus, the aim of this study was to
obtain the optical properties of skin over the wavelength
range of 1000–2200 nm. By measuring different individuals
and different sites, an estimate of the mean optical propertie
and the extent of variation about this mean over the wave
length range of interest can be obtained.

Skin is a heterogeneous medium made up of several dis
tinct layers with spatially varying optical properties. Ideally,
one would measure the optical properties of each layer. Thi
task, however, is extremely complex since it would require
separating and measuring layers of microscopic thickness
The measurements presented here represent lumped para
eters for the absorption coefficientma and the isotropic scat-
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tering coefficientms8 for the stratum corneum, the epidermi
and the dermis.

Tissue optical property measurements in the near-infra
wavelengths are encumbered with difficulties owing to t
necessity of extracting the tissues. It is important to keep
mind issues of sample freshness, blood drainage, and ti
hydration. Maintaining tissue viability under measureme
conditions is also a major concern. The major assumption
this work is thatin vitro skin samples are a reasonable rep
sentation of thein vivo situation.

In this paper, we presentin vitro values for the absorption
coefficientma and the isotropic scattering coefficientms8 for
22 skin samples collected from 14 subjects. The optical
rameters measured in this study show how muchma andms8
vary within a small population. In addition, Intralipid solu
tions of different concentrations were investigated to find
concentration that will best approximate the optical charac
istics of skin in the wavelength region of 1000–2200 nm.

2 Double Integrating Sphere Measurements of
Tissue Optical Properties
A double integrating sphere system is a convenient too
measure the optical properties of skin or any material of
terest, since it measures the diffuse reflectanceRd and the
diffuse transmittanceTd simultaneously. Figure 1 illustrate
the double integrating sphere apparatus used to measure
parameters for the determination of the sample’s optical pr
erties~ma andms8!. It is not within the scope of this paper t
go into detail about integrating sphere technology, and
reader is referred elsewhere.6,7 The tissue sample is place
between two 15.2 cm diameter integrating spheres~IS-060-
IG, Labsphere, North Sutton, NH! which are coated with a
diffusely reflective material suitable for this wavelength r
gion. The entrance and exit ports on the spheres are 3.81
in diameter. Internal baffles are located between the tis
sample and the detectors to prevent measurement of dire
reflected or transmitted light.

1083-3668/2001/$15.00 © 2001 SPIE
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Fig. 1 Schematic of the double integrating sphere apparatus. The 1.9 mm InGaAs detectors collect data from 1000 to 1660 nm, and the 2.6 mm
InGaAs detectors collect data from 1660 to 2200 nm.
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Sample illumination between 1000 and 2200 nm is
achieved using a 100 W tungsten halogen light source
~OSRAM Co., Winchester, KY! coupled to a monochromator
~slit width52 mm, numerical aperture50.128, Instruments
S.A., Inc. Edison, NJ!. The bandwidth of the monochromator
was 20 nm with an average power of approximately 1 mW.
Two mirrors~f54 in., f 5406 mm,Oriel Instruments, Strat-
ford, CT! are used to reimage the exit slit from the monochro-
mator onto the sample in order to achieve a reasonable sp
size~nominal spot size was235.6 mm!. The first mirror col-
limates the light leaving the monochromator exit slit and the
second mirror focuses the light onto the sample. Each sphe
contains both a 1.9mm InGaAs detector~f54 mm, EG&G,
Montgomeryville, PA! fitted with a 1000 nm filter~Cascade
Optical Coatings, Santa Ana, CA! and a 2.6mm InGaAs de-
tector~f54 mm, EG&G, Montgomeryville, PA! fitted with a
1300 nm filter~Cascade Optical Coatings, Santa Ana, CA!.
The 1.9 and 2.6mm detectors, respectively, collect light be-
tween 1000 and 1660 nm and 1660 and 2200 nm. Standa
computer analog to digital acquisition records the detecto
signals.

From diffuse reflectance,Rd and diffuse transmittanceTd
values, the absorption and the isotropic scattering coefficient
are obtained using the inverse adding–doubling program pro
vided by Professor Scott Prahl at the Laser Research Center
St. Vincent Hospital, Portland Oregon.8 This program is a
numerical solution to the one speed radiative transport equa
tion, which describes light propagation at steady state in a
scattering medium.6 The program is an iterative process,
which estimates the reflectance and transmittance from a s
of optical parameters until the calculated reflectance an
transmittance match the measured values. Inputs that must
168 Journal of Biomedical Optics d April 2001 d Vol. 6 No. 2
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provided into the program are values for the anisotropy co
ficient g and the refractive indexn of the sample. Values forg
andn are shown in Figure 2. In tissues, light is forward sc
tering and values forg used here range from 0.8 to 0.9 an
come from data obtained by Roggan et al.9 The refractive
index is an important parameter because it describes the s
of light in tissue and it governs how the photons migrate. T
refractive indexn of skin is approximated from the refractiv
index of a 70/30 mixture of water and protein, assuming t
protein has a constant refractive index value of 1.5 over

Fig. 2 The values for the anisotropy coefficient g (see Ref. 9) (solid
line) and the refractive index n (see Refs. 10 and 11) (dashed line) of
tissue as a function of wavelength used in this study.
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Optical Properties of Human Skin
entire wavelength region. The value forn of skin can be cal-
culated using the following expression:

nskin50.7~A2Bl1Cl22Dl31El42Fl5!10.331.5,
~1!

where A51.58, B58.4531024, C51.1031026, D57.19
310210, E52.32310213, F52.98310217, and the wave-
lengthl is in nanometers. Values forA–F were obtained by
fitting values ofn for water10,11 to a fifth order polynomial.

3 Validation of the Experimental Setup
Monodisperse polystyrene suspensions in water were used
validate the optical properties obtained from the double inte
grating sphere apparatus and the inverse adding–doubling a
gorithm. Because absorption is dominated by water in this
wavelength region of 1000–2200 nm,ma was determined
from the electromagnetic properties of water~ma of polysty-
rene is negligible in this wavelength region due to its low
absorbance and small concentration!

ma5
4pk

l
fw . ~2!

In Eq. ~2!, k is the imaginary component of the refractive
index of water,10,11l is the wavelength of light, andfw is the
volume fraction of water. The isotropic scattering coefficient
ms8 was determined from the following linear relationship to
the volume fraction of microspherefm

ms85~12g!
Qscatpr 2

4/3pr 3 fm . ~3!

The values for scattering efficiencyQscat and the anisotropy
coefficientg are calculated from the microsphere radiusr and
the refractive indices of polystyrene and water using Mie
theory.12 Figure 3 shows the typical agreement between
theory and experimental measurements forma and ms8 ob-
tained from the integrating sphere apparatus. At wavelength
between approximately 1900 and 2050 nm, the inverse
adding–doubling program was not able to converge on ac
ceptable values forma and ms8 . This lack of convergence
occurred because the large absorbance due to the 1920 n
water band leads to an insufficient amount of light reaching
the detectors in either sphere. This decrease in signal can b
illustrated by comparingma of water at 1440 and 1930 nm,
wherema is 32 and 125 cm21, respectively. To examine the
impact of this difference in absorption on light transport, con-
sider the collimated transmission of light through a 1 mm
sample at two differentma values. Then,

I 2

I 1
5exp@20.1~ma22ma1!#, ~4!

where I 1 and I 2 represent the transmitted intensities at 1440
and 1930 nm, respectively. Substituting the appropriate value
for the corresponding absorption coefficients, it can be see
that the result is approximately a 4 order of magnitude de-
crease in the transmitted intensity and thus a tremendous r
duction in the number of photons reaching the detector
Therefore, no experimental data will be reported in this re-
o
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gion. The results conducted on polystyrene microsphere
water validate the experimental values for thema and ms8
measured by the apparatus from 1000 to 2200 nm.

4 Tissue Specimen
Measurements were conducted on 22 skin samples colle
from 14 subjects. Table 1 is a summary of the skin tiss
demographics. The thicknesses for the stratum corneum,
dermis, and dermis along with the comments section w
determined from histological examination. The samples w
obtained from either Phoenix Regional Medical Center~Phoe-
nix, AZ! or Scottsdale Healthcare~Scottsdale, AZ! with prior
patient consent. The tissue samples were wrapped in sa
soaked gauze, transported to Instrumentation Metrics, I
and measured within 24 h of excision. All the skin samp
were taken from tissue that would be otherwise destro
following surgery. Human subject protocol guidelines of bo
hospitals were strictly followed and all procedures we
through an Institutional Review Board approval.

After the skin samples were harvested from the patient,
subcutaneous fat was removed leaving an approximate 2-m
thick sample. All samples contained a stratum corneum, e
dermis, and dermis, which were determined from histolo
The skin sample was usually large enough to cover the en
area of the sample port~2.5 cm in diameter!. For situations in
which the sample was too small~samples 16–20!, the sample
ports were reduced to 1.3 cm in diameter. Once at Instrum
tation Metrics, Inc., the sample was placed between two g
plates and caliper measurements were taken to provide
accurate measurement of tissue sample thickness. The sa
was then heated to 37 °C at which time three measurem
on each side of the sample were taken in order to accoun
any inhomogeneities in the sample. Measurements were
ducted at body temperature conditions since it was previou
shown that differences exist in the optical properties wh
measurements are taken at different temperatures.13,14 It is
also known that water absorption is highly sensitive to te
perature in the near-infrared.15 Experimental data were col
lected at a resolution of 20 nm between 1000 and 1900
and 2040 and 2200 nm~a total of 52 wavelengths!. Samples
1–6 were investigated with the 1.9mm InGaAs detectors fit-
ted with 1100 nm longpass filters, permitting informatio
from 1100 nm onwards. The 1100 nm filter was then chan
to a 1000 nm filter in order to collect data as low as 1000
for subsequent samples.

The measured absorption coefficientsma for all 22 skin
samples are found in Figure 4~a!. Also plotted here is the
theoreticalma of 70% water since the concentration of wat
in tissue is approximately 60%–80%. Because the major c
ponent of absorption in tissue is due to water,ma of skin is
assumed to be similar to this value. Figure 4~b! is a plot of the
isotropic scattering coefficientms8 for all 22 samples along
with theoretical data. For soft tissues Jacques16 modeled the
scattering coefficient as

ms8~l!5m~l/l0!21.5. ~5!

In this equation,m is a constant ranging from23105 to 2
3106 cm21, l is the wavelength of light in nanometers, an
Journal of Biomedical Optics d April 2001 d Vol. 6 No. 2 169
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Fig. 3 The absorption coefficient ma and the isotropic scattering coefficient ms8 of polystyrene microspheres in water over the wavelength region of
1000–2200 nm. The particle diameters and volume fractions are: (a) d50.520 mm and fm50.0125; (b) d50.600 mm and fm50.0128, and (c)
d50.816 mm and fm50.0079. The solid lines represent that predicted by the electromagnetic theory (ma) or Mie scattering theory (ms8), and the
symbols are the experimentally measured values. Data were taken every 20 nm. Because the high degree of absorption between 1900 and 2050
nm causes an inability to converge on reasonable values, no experimental data are reported in this region.
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l0 is a reference wavelength of 1 nm. The experimental dat
for the skin samples show that the values forms8 stay in the
range of 3–16 cm21 over the entire wavelength region and are
better modeled using a value ofm equal to 23105 cm21.
Figure 4 nicely illustrates how the measured values of the
optical properties follow the same trends.

The mean and interpopulation standard deviations for th
170 Journal of Biomedical Optics d April 2001 d Vol. 6 No. 2
skin samples are plotted as a function of wavelength in Fig
5. All the data from the entire population studied here f
within 2.6 standard deviations forma and 2.3 standard devia
tions for ms8 . Table 2 lists the optical properties for all th
samples at four selected wavelengths of 1000, 1460, 16
and 2200 nm. These wavelengths were chosen to include
endpoints~1000 and 2200 nm!, information near the 1450 nm



Optical Properties of Human Skin
Table 1 Demographic summary of the human skin samples along with microscopic evaluation.

Subject Sample Age Gender
Sample
Location

Stratum
Corneum (mm)

Epidermis
(mm)

Dermis
(mm)

Wavelength
(nm) Comments

01 01 51 F Back of knee, left leg 40–70 40–150 300 1200–2200 Moderate inflammation in dermis

01 02 51 F Back of knee, left leg 40–70 40–140 300 1200–2200 Moderate inflammation in dermis

02 03 66 F Lower back, right side 20–50 30 200 1100–2200 Mild solar damage

02 04 66 F Lower back, right side 20–50 30 200 1100–2200 Mild solar damage

03 05 67 F Shin, right leg 20–50 30–50 200 1100–2200 Mild solar damage, chronic inflammation

03 06 67 F Shin, right leg 20–50 30–50 200 1100–2200 Mild solar damage, chronic inflammation

04 07 64 M Thigh, right leg 20–30 50–90 300 1000–2200 Mild chronic dermatitis

05 08 75 M Lower thigh, left leg 8–12 20–60 200 1000–2200 Normal skin

05 09 75 M Lower thigh, left leg 8–12 20–60 200 1000–2200 Normal skin

06 10 42 F Groin, left side 5 25–30 200 1000–2200 Mild chronic inflammation

06 11 42 F Groin, left side 5 25–30 200 1000–2200 Mild chronic inflammation

07 12 33 M Posterior thigh, right side 2–5 5–10 300 1000–2200 Mild chronic dermatitis

08 13 52 F Axillary, right side 5–7 25 100 1000–2200 Mild perivascular chronic inflammation

09 14 37 M Back of thigh, upper left 3 13 300 1000–2200 Mild chronic dermatitis

10 15 70 M Scalp 4–15 8–10 200 1000–2200 Mild chronic dermatitis w/solar elastosis

11 16a 61 M Scalp 2–4 6 300 1000–2200 Mild chronic dermatitis w/solar elastosis

12 17a 68 F Scalp/facial tissue 2 8–10 200 1000–2200 Mild solar damage, chronic inflammation,

12 18a 68 F Scalp/facial tissue 2 8–10 150 1000–2200 Sever solar damage, mild chronic inflammation

13 19a 53 F Scalp/facial tissue 4 10 200 1000–2200 Mild chronic inflammation

13 20 53 F Scalp/facial tissue 4 10 200 1000–2200 Mild solar damage

14 21 52 F abdomen 4–5 10 200 1000–2200 Mild chronic inflammation

14 22 52 F abdomen 4–5 10 200 1000–2200 Mild chronic inflammation
a Due to the small size of the sample, the 2.5 cm diameter sample ports on the experimental setup were reduced to 1.3 cm for these measurements.
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water band~large absorbance due to water! and the first over-
tone region~1600 nm!.

The availability of data from subjects of different ages
allowed investigation into aging effects on the scattering and
absorption coefficients of skin. The effect of aging on skin has
been the topic of much research in the field of cosmetics. It is
known that with age structural changes occur in skin.17–21One
would expect these changes to be manifested in the scatterin
coefficients, in which case we would see a significant corre
lation between age and the scattering coefficients. To see
these changes are indicated by the data collected, the squar
correlation coefficientr 2 was computed at each wavelength
for ma and age andms8 and age. As can be seen from Figure 6
at a 95% significance level~indicated by the dotted line!, age
has negligible correlation withma at all wavelengths and a
significant correlation withms8 at wavelengths up to about
1800 nm. This lack of correlation beyond 1800 nm could be
due to the lack of signal and higher noise in the measuremen
g

f
d

.

Further, it was also found that the scattering coefficients w
negatively correlated with age i.e.,ms8 decreased with increas
ing age. This negative correlation could be due to the red
tion in density of cells.20,21

5 Skin Phantom Model
Intralipid is a fat emulsion that is typically used as a tiss
simulating phantom in the therapeutic window~600–1000
nm! since it has optical properties similar to tissue when
concentration is diluted to 0.5% fat by volume.22,23 In this
section solutions of Intralipid were investigated in the wav
length region of 1000–2200 nm in order to determine a c
centration that has similar optical properties to skin.

As discussed above, the inverse adding–doubling prog
requires input values for the anisotropy coefficientg and the
refractive indexn. The anisotropy coefficient was determine
Journal of Biomedical Optics d April 2001 d Vol. 6 No. 2 171
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Fig. 4 (a) Plot of the experimentally measured absorption coefficient ma for 22 human skin samples (solid lines) and the theoretical absorption
coefficient ma for 70% water (dotted line). (b) Plot of the isotropic scattering coefficient ms8 for 22 human skin samples for both experimental data
(solid lines) and Eq. (3) with m equal to 23105 or 23106 (dotted lines).
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from Mie scattering theory12 where the phospholipid micelle
~particle size! was assumed to have a uniform diameter of
0.36 mm. This value is the mean diameter of the Intralipid
micelle measured by the manufacture~Fresenius Kabi Clay-
ton R&D, Inc., Clayton, NC!. The refractive index of In-
tralipid was calculated using a dispersion formula developed
by Cauchy22

n~l!511J/l21K/l4. ~6!
172 Journal of Biomedical Optics d April 2001 d Vol. 6 No. 2
In this equationI 51.451, J51.1543104, and K521.132
3109 andl is in nanometers.

Because Intralipid is typically used as a nutritional supp
ment, the solution contains a small amount of glycerol~1.78%
by volume!. Glycerol has absorbance bands that are hig
correlated to glucose absorbance bands.24 Therefore, it is de-
sirable to work with glycerol free solutions. In this study, th
optical coefficients of 2%, 5%, and 10% Intralipid solution
were measured for both glycerol and glycerol free to de
Fig. 5 The average (solid line) (a) absorption coefficient ma and (b) isotropic scattering coefficient ms8 plotted with population standard deviations
(dotted lines) of 22 human skin samples taken from 14 subjects. The data from the entire population falls within 2.6 standard deviations for ma and
2.3 standard deviations for ms8 .
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Table 2 Measured optical properties of human skin samples reported as the mean 6 the standard deviation at wavelengths of 1000, 1460, 1500,
and 2200 nm. Samples 1–6 were investigated using 1100 nm filters at the 1.9 mm InGaAs detectors, therefore no information was collected at 1000
nm. For the remaining samples, the 1100 nm filters were switched to 1000 nm filters in order to collect data over the wavelength range of
1000–2200 nm.

Subject Sample

l51000 nm l51460 nm l51600 nm l52200 nm

ma(cm21) ms8(cm−1) ma(cm−1) ms8(cm−1) ma(cm−1) ms8(cm−1) ma(cm−1) ms8(cm−1)

mean6std dev mean6std dev mean6std dev mean6std dev mean6std dev mean6std dev mean6std dev mean6std dev

01 01 —6— —6— 17.8861.12 10.7460.49 5.3560.24 8.0660.29 7.4660.56 7.1760.26

01 02 —6— —6— 18.7061.13 11.3960.65 5.4660.27 8.6260.34 8.8660.46 8.1560.26

02 03 —6— —6— 16.0160.56 9.8360.59 4.9160.10 6.7860.45 10.9460.23 9.0060.54

02 04 —6— —6— 12.6560.96 8.6160.63 3.8660.28 6.0460.29 8.5860.55 7.7460.23

03 05 —6— —6— 16.5863.26 11.6861.41 5.1560.60 8.8961.11 9.6561.17 10.3160.81

03 06 —6— —6— 18.0760.42 13.1360.63 5.6060.17 10.3460.52 11.2660.16 12.2060.88

04 07 0.6960.01 10.4560.61 16.6460.95 10.7560.81 4.9660.27 7.7260.40 13.0462.36 9.4261.57

05 08 0.8360.03 12.2561.20 19.0661.22 11.4661.09 5.7560.27 8.3160.76 11.9260.41 10.3460.76

05 09 0.8560.02 11.6660.96 18.0362.01 11.1961.51 5.6160.56 7.8760.81 11.8560.83 10.0360.90

06 10 0.8060.01 14.1760.71 20.4960.89 13.6461.44 5.8560.14 10.0560.55 12.4660.42 11.7960.69

06 11 0.7760.03 13.9561.12 20.2461.04 13.1861.72 5.7660.28 9.4860.91 12.7160.58 10.8961.20

07 12 0.8260.02 14.3560.81 19.0161.28 13.3060.91 5.8160.33 10.1460.49 11.1361.21 9.0060.33

08 13 0.9760.08 13.7060.35 21.3961.25 12.5460.72 6.1760.30 9.9460.78 12.5360.84 9.4560.84

09 14 0.8260.02 15.0060.49 23.3160.71 12.3260.51 6.6860.11 10.0160.37 15.1961.37 8.5460.52

10 15 1.0460.02 12.2660.44 15.9560.99 10.7561.20 5.0960.23 8.8360.92 12.6560.52 8.8361.94

11 16 0.7960.02 13.1160.61 16.4761.05 12.4560.56 5.1160.24 10.4360.57 13.3061.48 9.8960.79

12 17 1.0660.03 8.7961.18 12.8161.84 9.6060.57 4.2660.50 6.9360.75 11.3261.52 8.1460.81

12 18 1.3260.05 8.6361.91 12.6865.07 8.7461.26 4.3161.34 6.6060.92 11.3363.05 7.3060.24

13 19 1.5560.02 11.9660.65 16.1361.38 11.5260.64 5.3860.31 8.6560.54 13.8461.02 9.6760.65

13 20 1.5360.02 12.8960.77 16.8261.13 12.0160.81 5.5760.19 9.4760.60 13.4660.58 10.4160.71

14 21 0.8860.03 14.9661.28 18.2162.51 14.2060.71 5.7460.68 10.5860.44 11.3360.76 10.4060.47

14 22 0.9460.02 15.2660.63 18.4661.64 15.1061.01 5.7660.31 11.0560.39 13.7260.52 13.7260.42
-
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mine if glycerol affects the scattering or absorption character
istics. The experimental results show that the optical proper
ties of the two solutions~glycerol and glycerol free! are
within experimental error~Figure 7!.

In order to develop an Intralipid phantom with similar
transport characteristics to skin, the right combination ofma

and ms8 needs to be determined. Although a 1.5% Intralipid
solution matches thems8 of skin over the entire wavelength
region of 1000–2200 nm~data not shown for brevity!, ma is
too high when compared to the concentration of water in tis
sue~approximately 60%–80%!. The major component of ab-
sorption in tissue is due to water and therefore,ma of skin is
assumed to be similar to this concentration. Hence, the rati
of ma to ms8 needed to be adjusted in order to obtain simi
transport properties as skin. The similarity relations descri
by Flock et al. were used23

ms,18

ma,1
5

ms,28

ma,2
. ~7!

This equation predicts that two mediums will yield simila
values for diffuse reflectanceRd when the above equation
holds. The relationship was derived from the diffusion a
proximation~i.e., ms8@ma! and therefore is not exact in thi
wavelength region, especially around the 1450 and the 1
nm water bands. Figure 8 is a plot ofms8/ma for Intralipid
Journal of Biomedical Optics d April 2001 d Vol. 6 No. 2 173
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Fig. 6 The squared correlation coefficient r2 of: (a) absorption with age and (b) scattering with age (solid lines). Also included is the 95%
significance level (dotted lines).
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concentrations ranging from 1% to 4% along with the mini-
mum and maximum skin measurements. Experimentally mea
sured data from the 2% Intralipid solution were used to cal-
culate values for the other concentrations. At wavelengths les
than 1900 nm, a 2% Intralipid concentration will provide a
reasonable tissue-simulating phantom. At wavelengths great
than 2100 nm, an Intralipid solution between 2% and 4% will
provide a reasonable tissue-simulating phantom. If only one
concentration is practical, a 2% solution should provide the
best correlation to skin over the entire wavelength region
This result is also corroborated by Hazen et al. who repor
174 Journal of Biomedical Optics d April 2001 d Vol. 6 No. 2
-

s

r

that the diffuse reflectance measurements of a 2% Intral
solution have similar reflectance spectra to a noninvasive
man arm measurement.24

6 Discussion
We found that the deviations in optical properties for hum
skin samples studied here are fairly small. The experiment
measured optical properties for our entire population f
within 2.6 standard deviations forma and 2.3 standard devia
tions for ms8 ~Figure 5!. In the wavelength range of 1000
Fig. 7 (a) Absorption coefficient ma and (b) isotropic scattering coefficient ms8 , as a function of wavelength for a 2% (solid line), 5% (dash-dot line),
and 10% (dashed line) Intralipid solution and a 2% (solid line with symbol), 5% (dash-dot line with symbol), and 10% (dashed line with symbol)
glycerol free Intralipid solution.



Optical Properties of Human Skin
Fig. 8 Plot of ms8/ma as a function of wavelength for Intralipid concentrations varying from 1% to 4% by volume along with the minimum and
maximum skin measurements (solid lines). The inlayed graph shows a blowup of the 1600–2200 nm region.
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2200 nm, we found that values forms8 fall between 3 and 16
cm21. These results show that the range ofms8 for skin is
much smaller than previously reported values for soft tissue.16

Because soft tissue includes more than one tissue type, the
results are reasonable since only skin was investigated her
The values forma closely resemble 70% of water. It should
also be noted that the skin samples were wrapped in salin
soaked gauze, which may have affected the values forma.
From these measured optical properties, it was determine
that Intralipid could be used as a skin tissue phantom over th
wavelength range of 1000–2200 nm provided a solution o
approximately 2% is used. The results also reveal an invers
correlation betweenms8 and age from 1000 to 1800 nm pos-
sibly due to the reduction of cell density with age. Although
the data studied here come from a small population~22
samples from 14 subjects!, the results can be used for sensi-
tivity studies to aid in the developmental design of suitable
interfaces for noninvasive measurements.
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