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1 Introduction

Abstract. In-vivo optical spectroscopy and the determination of tissue
absorption and scattering properties have a central role in the devel-
opment of novel optical diagnostic and therapeutic modalities in
medicine. A number of techniques are available for the optical char-
acterization of tissue in the visible near-IR region of the spectrum. An
important consideration for many of these techniques is the reliability
of the absorption spectrum of the various constituents of tissue. The
availability of accurate absorption spectra in the range 600 to 1100
nm may allow for the determination of the concentration of key tissue
constituents such as oxy- and deoxy-hemoglobin, water, and lipids.
The objective of the current study is the determination of a reliable
absorption spectrum of lipid(s) that can be used for component analy-
sis of in-vivo spectra. We report the absorption spectrum of a clear
purified oil obtained from pig lard. In the liquid phase above 36°C,
the oil is transparent and thus suitable for collimated transmission
measurements. At room temperature, the oil is a solid grease that is
highly scattering. The absorption and scattering properties in this solid
phase are measured using time- and spatially resolved diffuse reflec-
tance spectroscopy. Using these three independent measurement
techniques, we have determined an accurate estimate for the absorp-

tion spectrum of mammalian fat. © 2005 Society of Photo-Optical Instrumentation
Engineers. [DOI: 10.1117/1.2085149]
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obtained from these techniques are assumed/thought to be a
linear combination of the absorption spectra of the chro-

Near-infrared (NIR) spectroscopic imaging is a relatively
new, noninvasive medical diagnostic technique, which may
provide several advantages over other diagnostic methods. At
present, several groups are investigating different
tomoglraphic,l‘2 multispectral  transillumination  optical
imaging“%’4 or spectroscopic techniques.5 These measurements
are performed either by continuous wave, or by time/
frequency resolved methods. Contrast between diseased and
normal tissues resulting from differences in tissue optical
properties, e.g., reduced scattering and absorption coeffi-
cients, may be caused by differences (extra or intra) cellular
refractive index distributions, variations in blood saturation,
and variations in blood, water, or lipid content. Recent work
on NIR optical mammography suggests that malignant and
benign tissue structures can be discriminated from normal tis-
sue by their water lipid ratios or due to differences in total
hemoglobin content and oxygenation. Tumors are associated
with an increase in blood volume and a decrease in oxygen-
ation due to tumor proliferation.(”8 The absorption spectra
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mophores present in the tissue. Spectral decomposition of the
measured absorption spectra into its components can be used
to quantify absolute tissue chromophore concentrations. Fur-
thermore, tissue oxygenation and total hemoglobin content
can be calculated from these quantities. It is therefore essen-
tial to have detailed knowledge of the intrinsic absorption
spectra of these four components. Oxy, deoxy-hemoglobin,’
and water'® are well quantified and routinely applied. A rep-
resentative tissue fat spectrum, however, has yet to be deter-
mined. The fat spectra used for spectral decomposition vary
between investigators. Heusmann, Kolzer, and Mitic'' employ
a nonspecified vegetable oil for the component analysis of the
female breast tissue, whereas others have used olive oil,12 raw
pig lard,” sunflower oil,"* or soybean 0il."> Other investiga-
tors even assume a negligible absorption due to fat. These
spectra are significantly different from each other in respect to
their spectral shape and the magnitude of the main absorption
peaks. This makes an absolute comparison and interpretation
of the results of each technique difficult. The reason for the
absence of a definitive fat spectrum in the literature is that
mammalian fat is not available as a pure clear liquid. We
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Fig. 1 Schematic outlay of the transmission setup: (a) collimating op-
tics, (b) quartz cuvettes with lengths of 10, 20 or 50 mm, and (c)
integrating sphere plus detection fiber. The dotted line indicates the
oven used for constant temperatures.

report the absorption spectrum of clear oil obtained from
mammalian pig lard. At room temperature, this oil is a solid
grease that displays strong scattering properties. Absorption
and scattering properties of this solid grease were measured
using time- and spatially resolved diffuse reflectance spec-
troscopy. At temperatures above 36°C, it is a clear liquid with
minimal scattering properties. Hence, an independent mea-
surement of the absorption spectrum can be made using col-
limated transmission measurements.

2 Materials and Methods
2.1 Lipid Purification

5 kg of muscle and skin-free pig chest plate lard was divided
in pieces of 1 cm? and placed in water maintained at a tem-
perature of 90°C. A thin layer of oil formed on the surface of
the mixture and was removed and placed in a separate con-
tainer. This process was continued for a period of 6 h until the
oil separation process had stopped. The oil still contained wa-
ter and other visible tissue structures. The container was then
placed in an oven at 50°C to homogenize the fluid, and then
was placed in a refrigerator at 5°C. After one hour, the oil had
solidified into a pure white solid lipid above a multilayered
mixture of water and gelatinous substance. The lipid could
then be separated manually from the mixture below. The solid
oil was then heated once more to 80°C and passed twice
through filter paper (standard grade 91, 10 xm, Whatman In-
ternational Limited, England) while it remained in its liquid
state. The filtered oil was heated again to 80°C and poured
onto a filter containing sodium sulphate (Na,SO,4 Anhydrous
J.T. Baker BV, The Netherlands) to remove any remaining
water. Finally, the oil was placed in a test tube and centrifuged
(Gyro Vap) for 30 min at 1000 rpm at a constant temperature
of 70°C. Pure oil was removed using a pipette, leaving some
sediment at the base of the test tube. At the end of this pro-
cess, 250 ml of oil was obtained that was visually clear at
temperatures above 36°C.

2.2 Collimated Transmission Measurement

The setup used is shown schematically in Fig. 1. Light from a
100-W quartz tungsten halogen lamp is coupled into an opti-
cal fiber leading to a cuvette holder (Avantes, Eerbeek, The
Netherlands) and collimated to a beam of approximately
2 mm diam. Three different quartz cuvettes (Anadis, Malden,
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The Netherlands) with path lengths of 10, 20, and 50 mm
were used. Transmitted light was collected using an integrat-
ing sphere with a collection port much larger than the beam
diameter (Oriel Instruments, Stratford, Connecticut). In this
way, divergence of the light beam within cuvettes of different
path length did not affect the total amount of light collected.
The detection fiber was positioned inside the integrating
sphere behind a baffle and directed the collected light to the
entrance slit position of an imaging spectrograph (Oriel,
MS257). It was spectrally projected onto a 16-bit 256 to 1024
pixel CCD camera cooled to —30°C (Andor DU420-OE, Bel-
fast, Northern Ireland). The 150-lines/mm grating in the
spectrograph allows us to cover a wavelength range from 440
to 1100 nm with a spectral resolution of 0.65 nm. The cuvette
holder and integrating sphere were placed in an oven, and
optical fibers were passed between the rubber fitting of the
oven door to the spectrograph. Measurements were performed
at constant temperatures of 37, 60, and 80 °C. To avoid pos-
sible temperature gradient effects, the setup was allowed to
settle for at least 20 min at each temperature setting. For each
cuvette path length, three sequential transmission and back-
ground measurements were performed.

The transmission data were averaged over the three se-
quential measurements and the background was subtracted.
The absorption coefficients were calculated for three path
length differences (50 to 10, 50 to 20, and 20 to 10 mm)
according to Eq. (1).

Ma.meas(N)
{ [LN(IM)/ISO)] . [LN(Izo/Iso) ] . [LN(Iw/Izo) ] }
_ dso—d dso—dy dy —dy
3 ,
(1)

where /120, and 50 1S the measured transmission intensity in
CCD counts for the three cuvettes path lengths
ds50.40, and 10 mm- The use of this method makes reference mea-
surements, i.e., empty cuvette or water, obsolete, thus the ab-
sorption information originates solely from the transmission
differences between the three path lengths and excludes all
cuvette / oil boundary reflection effects. Second, the use of
small path lengths and longer path lengths, e.g., 10 and
40 mm, provides accurate spectral information in regions of
low and high absorption coefficients, respectively. Absorption
coefficients were calculated for all three temperatures (37, 60,
and 80 °C) to investigate the possible influence of temperature
on the absorption coefficient.

2.3 Spatially Resolved Diffuse Reflectance
Spectroscopy

The measurement technique is based on a theoretical analysis
developed by Farell, Patterson, and Wilson.'® The illumina-
tion of the solid fat and the collection of the diffuse re-emitted
light were performed by a multifiber probe. This black
Perspex probe consists of 10 low OH medical grade fibers
(400-um core, length of about 4 m, CeramOptec GmbH,
Bonn, Germany, in which the fibers are positioned at an av-
erage interfiber distance of 2 mm. The white light from a
100-W quartz tungsten halogen lamp is coupled into the illu-
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mination fiber of the probe. The nine detection fibers in the
probe direct the light to the entrance slit position of an imag-
ing spectrograph (Oriel, MS257). The 150-lines/mm grating
in the spectrograph allows us to cover a wavelength range
from 600 to 1100 nm with a spectral resolution of 0.65 nm. A
16-bit 256 to 1024 pixel CCD camera cooled to 30°C (Andor
DU420-OE, Belfast Northern Ireland) detects the nine spectra
originating at different distances from the illumination fiber.
The solid fat was placed in a container, and the sample di-
mensions were 8 X 8 X 5 cm. Three measurements were taken
at room temperature at three different positions on the sample.

Data processing and analyses of the data files were per-
formed using Matlab software (Matlab, Mathworks Incorpo-
rated, Natick, Massachusetts). Absorption and scattering spec-
tra were obtained by fitting the diffusion equation and
assuming Lorentz-Mie scattering according to Eq. (2) for all
wavelengths.

w=a-\"?, 2

where b is a constant and is related to the size of the scattering
particles. Further details on the fit method can be found in
Refs. 14 and 17.

2.4 Time-Resolved Diffuse Reflectance Spectroscopy

The measurement setup consists in a fully automated system
for time-resolved reflectance spectroscopy continuously tun-
able in the 610 to 1050 nm range.13 A synchronously pumped
mode-locked dye (DCM) laser was used as the excitation
source from 610 to 700 nm, while an actively mode-locked
titanium:sapphire laser provided light in the wavelength range
of 705 to 1050 nm. A couple of 1-mm plastic glass fibers
(PCS1000W, Quartz et Silice, France) delivered light into the
sample and collected the reflected photons at a relative dis-
tance of 1.5 cm. A double microchannel plate photomultiplier
(R1564U with S1 photochathode, Hamamatsu, Japan) and a
PC board for time-correlated single-photon counting
(SPC134, Becker and Hickl, Germany) were used for detec-
tion. A small fraction of the incident beam was coupled to a
1-mm fiber (PCS1000W, Quartz et Silice, France) and fed
directly to the photomultiplier to account for on-line recording
of the instrumental response function (IRF). Overall, the IRF
was <120 and <180 ps FWHM in the red and near-infrared,
respectively. Time-resolved reflectance curves were collected
every 5 nm with an acquisition time of 4 s for each
wavelength.

The reduced scattering and absorption spectra were con-
structed by plotting, versus wavelength, the values of u, and
Mg, as obtained from fitting the experimental data with a stan-
dard solution of the diffusion approximation to the transport
equation for a semi-infinite homogeneous medium'® using the
extrapolated boundary condition.” The diffusion coefficient
D was taken to be independent of the absorption properties of
the medium [i.e., D=1/(3u,)], in agreement with Furutsu
and Yamada.”® The theoretical curve was convoluted with the
IRF and normalized to the area of the experimental curve. The
fitting range included all points with a number of counts
higher than 80% of the peak value on the rising edge of the
curve and 1% on the tail. The best fit was reached with a
Levenberg-Marquardt algorithm®' by varying both w, and w,
to minimize the reduced 2.
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Fig. 2 Example of absorption coefficients plus scattering contribution
versus wavelength of liquid pig oil at 60°C, calculated according to
Eq. (1). Error bars represent the standard deviation over the average of
the three different path lengths (10, 20, and 50 mm).

The exact temporal position of the IRF (z,) was obtained
fitting the experimental curves in the region of low absorption
with the three free parameters ., u,, and 1,2 The average
value of f; was then applied as a fixed parameter to all
wavelengths.

In the range of measured values of the optical coefficients,
with our setup and the theoretical model we use, the accuracy
in the absolute estimate of both u, and w, is usually better
than 10%.%

3 Results

Figure 2 shows the results of the transmission measurements
at 60°C calculated according to Eq. (1). The results for 37°C
were similar. Although the oil sample was visually clear, some
scattering could be observed as the light beam was visible
from the side of the cuvette, indicating the presence of some
remaining scattering particles. As seen in Fig. 2, the absorp-
tion spectrum appears to be superimposed on Mie-like scat-
tering. An initial analysis revealed six major absorption peaks.
Five peaks consisted of two nearly coinciding absorption
bonds. The result at 80°C clearly shows a much lower scat-
tering contribution. To eliminate the Mie-like scattering con-
tribution from the absorption coefficient, we fitted 11
Gaussian-shaped absorption peaks plus a Mie-like scattering
function through the transmission result, as shown in Eq. (3),
for all three temperatures separately.

A
Ma modelZA : CXp|:—B ' LN(;)]
A

_ 2
+2Ci.exp[(()\ia )) ], (3)

where in the first term, the scattering contribution is defined
by A and B, respectively related to scatter size and density,
and A, is the central fit wavelength. In the second term, the
summation of the 11 absorption Gaussians is where C; repre-
sents the absorption magnitude, \; the center peak wave-
length, and o; the bandwidth of each absorption band, indi-
cated with i. Fit constraints were non-negative fit parameters
and absorption coefficient results. The scattering spectrum re-
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Fig. 3 Absorption coefficient after correction for scattering contribu-
tion versus wavelength. The error bars represent the standard devia-
tion over the three temperatures, i.e., 37, 60, and 80 °C.

sulting from the fit was then subtracted from the original ab-
sorption spectrum results to obtain the absolute absorption
coefficients. The average absorption coefficients at 37, 60, and
80 °C are shown in Fig. 3. Absorption spectra of all three
temperatures coincide from 600 up to 980 nm. Above 980 nm
and higher, the absorption coefficients of the measurement at
80°C become up to 25% smaller compared to 37 and 60 °C.
The relative error for each temperature, between the model
and measurement, was within 5% over the entire wavelength
interval (600 up to 1100 nm). Values found for the scatter
slope (—=b) ranged from 1.7 up to 2.6, indicating Lorentz-Mie
scattering.

Figure 4 shows the absorption (w,) spectrum of the solidi-
fied lipid sample obtained after averaging three relocated se-
quential spatially resolved diffuse reflectence spectroscopy
(DRS) measurements performed at 15°C. The main absorp-
tion peak is located at 930 nm (15.7 m™') with an overtone at
760 nm (1.47 m~"). Reduced scattering properties decreased
as function of wavelength (/=654 m~! at 600 nm down to
370 m™! at 1087 nm).

Figure 5 shows the absorption (u,) spectrum of the puri-
fied lipid sample obtained averaging three consecutive spec-
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Fig. 4 Absorption coefficient versus wavelength of pig oil at 15°C in
solid state resulting from the spatially resolved measurements with a
0.65-nm resolution. The error bars represent the standard deviation
over the three sequential measurements after repositioning.
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Fig. 5 Absorption coefficient versus wavelength of pig oil at 15°C in
solid state resulting from the time-resolved measurements with a 5-nm
resolution. The error bars represent the standard deviation over the
three sequential measurements after repositioning.

tral time-resolved DRS acquisitions performed at 15°C. The
absorption spectrum shows two major peaks at 930 nm
(12.8 m™!), and at 760 nm (1.73 m™"), while the peak around
1044 nm is beyond the tuning range of the instrumentation.
The reduced scattering coefficient is a decreasing function of
wavelength with values in the range 700 to 450 m~!. As for
the DRS, on increasing the sample temperature from O to
25°C, as expected we observed a progressive decrease of u!
(data not shown). The data presented in Fig. 5 correspond to
the highest temperature at which the scattering coefficient is
high enough to provide fully reliable results.”> Up to this tem-
perature, no significant variations were observed in the ab-
sorption spectrum (data not shown).

In Fig. 6, the spectra of all three techniques are shown in
log scale to illustrate spectral features at low absorption. Table
1 gives an overview on the main spectral absorption features
as measured by all three techniques, plus the average of all
three methods.

4 Discussion and Conclusions

We present the absorption spectrum of mammalian fat mea-
sured by three independent methods. Direct measurement on
pig lard to obtain optical properties of mammalian fat was not
feasible, because this adipose tissue still contains blood and
water. Transmission measurement of visually clear lard oil
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Fig. 6 Absorption coefficient versus wavelength of mammalian fat in

solid and liquid state, resulting from the time/spatially resolved and
transmittance measurements.
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Table 1 Main absorption peaks characteristics between 600 up to 1100 nm of mammalian fat for all
three techniques. The average of all three techniques is given in the last column.

Nnm] Transmittance SD DRS SD TR SD Average
670.4 0.45 0.15 0.34 0.20 0.25 0.26 0.35
760.2 1.28 0.21 1.50 0.25 1.70 0.10 1.49
830.7 0.80 0.17 0.80 0.17 0.95 0.07 0.85
929 13.10 0.26 15.69 1.42 12.7 0.36 13.80
1040 7.02 0.13 8.62 0.75 7.74 0.04 7.78

still contained some scattering. The result at 80°C clearly
shows a much lower scattering contribution, suggesting that
the scattering observed is related to microscopic traces of so-
lidification at the lower temperatures or changes in shape/
mixture of fat partitions in the liquid fat rather than impuri-
ties. A maximal amount of Mie-like scattering was subtracted
from the attenuation data, as seen in Figs. 2 and 3, due to the
employed fit constraints. Despite the good fit results, some
uncertainty still remains regarding the absolute amount of
scattering subtracted. The absorption coefficients determined
at 80°C become smaller at wavelengths higher than 980 nm
and may reflect temperature dependence of the absorption.
The results of the time- and spatially resolved measure-
ment reveal less spectral information at lower wavelengths.
For DRS, this may indicate insufficient capacity to uncouple
scattering from absorption, especially for low absorption.
Concerning the time-resolved spectroscopy (TRS) data, the
measurement performed to very low absorption (i.e.,
<700 nm), is possibly affected by the problem of pile-up of
time-resolved photon distributions due to the long decay time
associated with low u,. The data presented were obtained
applying background subtraction at the experimental curves
that can result in a slight overestimation of the absorption
coefficient. To demonstrate the differences in absorbing prop-
erties between the several types of oil, we have measured the
absorption of cod liver, mineral, and soy oil. Measurements
were performed using a standard transmission method. The
results are depicted in Fig. 7. All three spectra show a mod-

100
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Fig. 7 Absorption coefficient versus wavelength of pig lard oil (solid

line), soya oil (filled circle), mineral oil (filled squares), and cod liver
oil (filled triangles).
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erate scattering slope from approximately 600 up to 700 nm
and small differences in spectral shape, and may contain chlo-
rophyll. Furthermore, differences in absorption are observed.
Using one of these spectra in a component analysis of absorp-
tion spectra may therefore result in differences in absolute
chromophore concentration. In summary, we determine the
absorption spectrum of mammalian oil validated using three
independent techniques. Incorporation of standard intrinsic
absorption spectra enables a more reliable comparison be-
tween techniques and methods used in NIR spectroscopy for
the analysis of absolute tissue chromophore content.
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