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Abstract

Optical phantoms are widely used for evaluating peeformance of biomedical optical modalities, amghce,
absorbing and scattering materials are requirethfoconstruction of optical phantoms. Towards tat, new readily
available and inexpensive black Ink (Parker) asraulsiting absorber as well as Intralipid 20% asausating scatterer
are thoroughly investigated. Broadband Transmittanad Diffuse reflectance spectroscopic measurememete
performed in the visible range 400 — 700 nm. Optcaperties of the phantom materials are deterchidaalytical
expressions for absorption and scattering coefftaielated to the concentrations and wavelengtiheParker ink and
Intralipid are also presented and discussed. Tédtseshow nonlinear trend in the absorption cokfit of Parker ink
over the examined visible spectral range. Furtheemimtralipid scattering coefficient variation ass the mentioned
spectral range shows a tissue-like scattering tréite findings demonstrate the capability of thealoiband
transmission and diffuse reflectance for charaziggitissue-like phantom materials in the examisggelctral range.
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Introduction India ink, food dyes, and blood were used as comptsnof
phantom to mimic absorption coefficient of tissu8].|
However, previous studies on India ink have showat fit
could not be considered as an absolute absorbetséieet al
[9] investigated several batches of India ink saspfrom
different brands and demonstrated that an Indiahark small
scattering component besides its absorption comypne
Nevertheless, all studies revealed that scattexffegt of ink is
very small compared with absorbing effect.

For scattering simulating materials, the most camm
scattering media used in tissue phantom manufacfuare fat
emulsions (Intralipid, Nutralipid, Liposyn) [10,11]These
products contain soybean oil, egg phospholipidd, gigcerol
and are the suspensions of roughly spherical fapldts
dispersed in water and whose optical propertiesldcdne
predicted by Mie theory. Since these emulsionspaogluced
for medical application and not as optical standartheir
properties may vary with different batches and tineasured
optical properties may vary from one research grtougnother
[12,13]. All prior research works, aimed to caltaléhe optical
properties of fat emulsion, showed the variatioritefalbedo
value, indicating they have an absorption effect.

The purpose of this study is to characterize tipécal
properties of new absorbing material, i.e. Parkat and
Intralipid 20% as a scattering constituent in lgjyghantoms
over a broadband wavelength range 400 — 650 nrer Bilised

Recently, there has been enormous interest inaptiethods
and their medical applications since they have stirdit
advantage of being inherently non-invasive [1]. sU&
simulating phantoms that mimic the optical promertiof
human and animal tissues are needed for the develupof
optical diagnostic systems and physical therapeutic
interventions [2].

They can be utilized for testing and validatione th
performance of optical system designs. Since bicéddissue
is a turbid medium, optical phantom must have sdaty and
absorbing components [3].

Accordingly, understanding light-tissue interanticequires
in-depth knowledge of optical coefficients, in peutar
absorption coefficientu,, scattering coefficientys, and
anisotropy factor g. These coefficients mainly depen the
composition of tissue, and properties of incidéghtl In order
to measure these coefficients, there are two gieste direct
and indirect methods. Indirect method calculatians based
on measurement from reflectance, and transmittapeetra to
deduce the optical coefficients [4].

On the other hand, different materials have besed Uor
simulating absorption and scattering processesidfogdical
tissues. However, liquid phantoms are among thetmos
commonly used phantoms in biophotonic studies [3-iuid
optical phantoms construction is simple and strtéogivard.
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spectrophotometric  transmittance set wup, and diffus
reflectance spectroscopy for estimating the abgorpand
scattering coefficients of India ink and Intrali26%
respectively are presented.

Materials and methods

Sample preparation

Parker ink (Parker, Quink, England), was used aabsorbing
medium and Intralipid 20% (1141, Sigma Aldrich, Gemny) as
a scattering medium. Both Parker ink and Intralipigre
diluted in distilled water to obtain concentratidnsm 0.01 to
0.1% for ink and from 0.01 to 0.07% for Intrali@8% for
transmittance measurement. The dilution processintasded
to avoid the influence of multiple events i.e. smang in
Intralipid and absorption in Parker ink.

All samples were kept in a plastic cuvette theg hal mm
thickness 1 cm path length. For diffuse reflectanteasure-
ment, samples of Intralipid were kept in a 500 fakg beakers
with concentrations of 0.04, 0.06, 0.08, 0.1, 0.42d 0.2%.
The sample volume was enlarged to avoid the leakfrigght
from the sides of beaker and to validate the appraton of
semi-infinite medium.

Spectrophotometric transmission spectr oscopy

A broad band, fiber based spectrophotometric trésson
setup was arrangedrigure 1 shows a schematic drawing of
the experimental set up. It consists of broadbaabbdgen-
tungsten light source (HL-2000-HP-FHSA, Ocean Gptitc.
FL), a fiber coupled cuvette holder with two coltiting lenses
(CUV-ATT-DA, Avantes Inc., Netherlands), and a USB
portable spectrometer (USB4000 FL, Ocean Optic9).Ifite
attenuation coefficient of Parker ink and Intraligaimples can
be measured within a broad wavelength range fro® 40
700 nm.

With this collimated transmission setup, the aitdion
coefficient of a sample can be measured. The samate
illuminated with a collimated white light sourcehds, the
transmission intensity may be approximated by Besnbert
Law (Equations 1-2).

L,(A) = 1o(2) - e He®7e

L) _
Io(D)

Wherel (1) is the intensity of light passed through the mdd

Eq. 1
Eqg. 2

sample,lo(2) is the reference intensity, z is the optical path

length (thickness of cuvette), and c is the conegion. The
distance between the sample and the detector wae mas
large as possible in order to detect only non-soedt photons.
Then, the measured attenuation coefficient of hicittering
samplesu (1) equals the scattering coefficieny(1) and this
may apply to Intralipid samples. For absorbing dasipthe
measured attenuation coefficient equals the alisorpt
coefficientuy(4).
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Diffuse r eflectance spectr oscopy

A schematic description of the diffuse reflectampectroscopy
setup is shown irFigure?2. Light from a tungsten halogen
lamp (Ocean Optics Inc., Dunedin, Florida, USA, RBQO0O-
HPFHSA) was delivered to the sample of interesbugh a
central optical fiber of a two-leg fiber optic pe{R600-7-
VIS-125F, Ocean Optics Inc., Dunedin, Florida, US#i)h a
core diameter of 600m and a numerical aperture of 0.22.

Spectrometer

Light source

Cuvette holder with

Computer collimating optics

Figurel. Experimental measurement setup for transmission
spectr oscopy.

Spectrometer

e

Fiber coupler

Fiber

Probe
| .

Light source

Figure 2. Schematic drawing of the setup arrangement for fiber
based diffuse reflectance spectr oscopy.
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A back-scattered light emanated from the samplguisled
through the second leg of the optical fiber probé eoupled to
a miniature fiber optic spectrometer (Ocean Optios.,
Dunedin, Florida, USA). The fiber optic spectromets
connected to a computer for data acquisition andhéu
analysis. The spectrometer has a 600-lines/mm, 20Glit,
500-nm blazed grating for operation in the 345 @3nm
wavelength range.

The USB-based spectrometer is equipped with a -3648
element linear silicon CCD array detector. The spetc was
acquired in the 400 to 650 nm spectral ranges thithhelp of
the SpectraSuite software (Ocean Optics Inc., UB&sion
2011). Dark current and background measurements ta&en
at the same setting before each recording.

Diffuse reflection spectrum was measured in a safimite
medium and post processed in order to estimateetieced
scattering coefficient'y() based ortquation 3.

Hs) =us(D)-(1-9)
Whereug(2) is the scattering coefficient and g is the amigoy
factor. In this way, the diffuse reflectance of themple was
measured by diffuse reflectance spectroscopy. Thhaa,
measured diffuse reflectance was used to estirhateeduced
scattering coefficient of Intralipid using the fmiing formula:

Eq. 3

al

- 1+2:K(1—-a')+ (1+¥ ).\/3-(1—a’)

Where R is the measured diffuse reflectance, ads the
reduced albedo expressed as follows:

Eq. 4

Eqg. 5
Eq. 6

a =u /W + 1)
K=(1+r)/(1-y1)

Where r is the internal diffuse reflectance that ba calculated
from the following expression:

r=-144n:2+0.71n;}4 + 0.668 + 0.0636 n,; Eq. 7
and the relative index of refraction is given by:
Nyer = nintralipid/nai‘r Eq. 8

This equation is more accurate for samples witlh lsicattering
component compared to the absorption componenteftire

this method may be used for absolute scatteringiumedn
order to estimate the albedo value for Intralip@®®samples
over broadband range. Therefore, white light frorhadogen
light source was used to illuminate perpendiculénly surface

of liquid sample by means of bifurcated fiber praseshown

in Figure 2. The distance between the tip of the probe and the
surface of aqueous solution was set to nearly SCotiéction
angle to minimize the undesired specular reflection
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Results and discussion

Figure 3a shows the absorption coefficient of Parker inkaas
function of wavelength. It can be seen from theifigthat the
variation of absorption coefficient is nonlinear thvi
wavelength.

Equation 9 was found to provide the fit to the absorption
coefficient measurements {R 0.977) as shown iRigure 3b,
with fitting coefficients values listed ifable 1. Curve fitting
procedure was carried out using Curve fitting toalisoftware
in Matlab 2016 (Mathworks Inc., USA)

ta(D) = 4, e<_(lzfl)> + A226<_(AESZ)> Eq. 9

To the best of our knowledge, Parker ink has notnbe
investigated for optical phantom development. Wekpect to
Parker ink spectrophotometric measurements, it feasd,
contrary to expectations, a significant differenbetween
Parker ink absorption spectrum and the absorppectsum of
India Ink reported in the literature. However, tlhiference
might be attributed to the different chemical cosipon of
Parker ink. However, absorption spectrum Parker imkhe
visible range of wavelengths might be divided istd regions
where the trend is linear with wavelength.

Also, the results observed from the current expenial
work reveals that there has been a steep declinghen
absorption coefficient of Parker ink from around060(n
upwards similar to the behavior of India ink.

The relationship between absorption coefficier®Pafker ink
and its concentration C has also been experimgraaiimined.
Figure3c shows the variation in absorption coefficient of
Parker ink with increased concentration. These nreasents,
taken at 600 nm, were fitted linearly with? Rf 0.994
according tcEquation 10.

pa(A) = 195.9C + 0.02 Eqg. 10

For Intralipid 20% material, transmittance spectod
Intralipid 20% are shown ifrigure4a. The transmittance of
Intralipid 20% was found to be directly proportibrta the
increased wavelength. Diffuse reflectance speabtmsenakes
it possible to estimate the reduced scatteringficosft. As a
result, the scattering coefficient for given valugsanisotropy
factor can be determined. Therefore, the valueanigotropy
factor were taken from the literature [10], andntlseattering
coefficient values of Intralipid 20% and their agsponding
albedo values at some specific wavelengths 4055#8,nm,
625 nm, 632 nm, and 800 nm were calculated.

Our measurements showed that Intralipid 20% can
considered as an ideal scattering medium at 405o@Tause
the value of albedo at this wavelength 405 nm veasd to
equal one.
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Figure 3. Spectrophotometric measurement of Parker ink &) the absorption coefficient of Parker ink as a function of wavelength for a
variety of concentrations. b) fitted model for absor ption coefficient of Parker ink as a function of wavelength. c) fitted model for absorption

coefficient of Parker ink as a function of concentration at 600 nm.

Table 1. Fitting coefficients for absor ption coefficient of Parker ink as a function of wavelength.

Fitting coefficient Aq B: Cy Az

Bz CZ

Value 149 1.095 0.7148 186.3

-0.7851 1.829

124



Shanin: Tissue-like phantom optical properties

Pol J Med Phys Eng 2017;23(4):121-126

n
8

@
8

*  Intralipid scatiering coefficent
—— Fitied scattering coefficient

N
8

g

a) b)
100 -
3
0 1
2
&
2
-
= 5
2
g -
§
§4
s
0
40 450 500 550 800 650 i)
Wavelength [nm]
0) d)
099
E
0%~ - z
i
K
0 - - E
T 8
Sy
4 i
[
095~ B 1 3
-]
&
P
094 - ] 2
g
[
093 »
00 450 500 50 600 650 JiL]
Wavelegth [om)]

s°

450 500 550 600 850 700
Wavelength [nm]
20
residuals
10 —— Zero Line
o
10
20
-30
-0
450 500 550 600 650 700
Wavelength [nm]
30
300+ Scattering coefficient i
Total attenuation eoeflicieat
280~
20~ 1
50— 4
00— -
50
400 450 500 550 600 650 700
Wavelength [nm)

Figure4. a) Transmittance spectra of Intralipid 20% within the visible range. b) Fitted modd for the scattering coefficient of Intralipid
20%. c) Intralipid 20% albedo as function of wavelength. d) Total attenuation and scattering coefficients of Intralipid as a function of

wavelength.

In addition, the results observed from diffuse eefance
spectroscopy measurements were found to be imlithethose
of prior studies. That is, the estimated of scattgroefficient
of Intralipid 20% showed declined trend with incsed
wavelength as can be observed frbigure 4b. Consequently,
a fitted analytical model (R=0.97) for the scattering
coefficient as a function of wavelength was attdiae follows:

1s(A) = 4.679¢* /(A — 277.7) Eq. 11

The decline of Intralipid 20% scattering was fouta be
inversely proportional to the wavelength. Thisnisonsistence
with scattering of biological tissue based on Miedry [15].

Additionally, the calculated albedo of Intralipi0% is
plotted inFigure 4c. Figure 4d compares the total attenuation
coefficient from transmission spectroscopy measargnand
the estimated scattering coefficient of IntraligiaPs.

Nonetheless, diffuse reflectance spectroscopysisple and
rapid, indirect method to quantify the scatterimgfeicient of
Intralipid 20%. It is noteworthy to say that theoabmentioned
estimation of scattering coefficient of Intralipidoes not
require the value of absorption coefficient unlipeevious
works on Intralipid scattering measurements pravide the
literature.
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Conclusion

In summary, the results given in this paper wasigempt to
investigate the optical properties of Parker inkaasabsorbing
material. It can be concluded that Parker ink cauged as an
absorbing constituent in optical phantom. Yet, sheuld take
into account the nonlinear relation between abgmmpt
coefficient of Parker ink and wavelength unlikeilnahk.
Another important conclusion is that scatteringftioient of
Intralipid 20% can be assessed by diffuse refledan
spectroscopy. The optical characterization of thesain
phantom materials provide a guiding approach when
constructing liquid optical phantoms for validatititeoretical
and experimental biophotonic instrumentation. BGiffu
reflectance spectroscopy, which is already coneitiesis a
diagnostic tool in medicine [16], can also be méti as a
testing method to estimate the scattering coefficief the
Intralipid 20%. As a result, this may well provide course
tuning of the optical properties and concentratiofisthese
materials when constructing tissue-like liquid ptaams.
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