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Abstract.  Optical phantoms mimicking optical properties of real 
biotissues in the visible and IR spectral regions are developed 
based on measurements of the spectral characteristics of ex vivo 
samples of laboratory mouse biotissues. The phantoms are com-
posed of aqueous solutions of Lipofundin, Indian ink and red ink 
with different spectral characteristics. The deviations of the mea-
sured absorption and scattering coefficients of phantoms in the 
wavelength range 480 – 580 nm from the corresponding values for 
real biotissues do not exceed 25 % and 2 %, respectively. For 
phantoms in the wavelength region 580 – 880 nm, the deviations of 
the absorption coefficient do not exceed 40 % and the deviations 
of the scattering coefficient do not exceed 25 %. These values, in 
general, fall within the range of variations for different individual 
mice of one strain.

Keywords: mouse biotissues, scattering coefficient, absorption 
coefficient, optical phantom, Lipofundin.

1. Introduction

In recent decades, optical methods have become widely used 
in biomedical diagnostics due to the ability of visible and IR 
light to non-destructively penetrate into a tissue to a depth of 
several centimetres, as well as to be scattered or absorbed by 
the tissue components.

To develop new methods of biomedical diagnostics, one 
needs to solve such applied problems as approbation of meth-
ods, calibration of optical devices and control of their opera-
tion, and comparison of the efficiencies of different systems 
[1]. To solve these problems, use is made of optical phantoms 
(biotissue equivalent materials), i.e., calibrated media with 
optical properties close to those of biological tissues and, 
therefore, with a similar light scattering behaviour. The pos-
sibility of designing phantoms with desired optical properties 
allows one to use them, for example, in fluorescence diffuse 
tomography [2] and diffuse optical spectroscopy [3]. These 
methods are applied, in particular, to monitor the develop-
ment of tumour diseases of laboratory mice, to determine the 
oxygen status of tumours of different localisations of both 

laboratory animals and patients, and to test the efficiency of 
antitumour pharmaceutical products.

These investigations need calibration of optical spectros-
copy and tomography systems, which require phantoms with 
known optical characteristics. Phantoms are also used for fill-
ing cells with small laboratory animals to level the strong 
jumps of optical characteristics at the boundary of objects 
with complex geometry [4, 5]. This simplifies the problem of 
three-dimensional reconstruction of the distribution of opti-
cal properties inside an object. Thus, the design of phantoms 
with the same spectral characteristics as those of real mouse 
biotissues is an important problem.

Most previously developed optical water-based phantoms 
contain Intralipid and black Indian ink in their composition 
(see, for example, [1, 3, 6, 7]). In [8], it was proposed to use 
Intralipid as a standard for diffusion media in the visible and 
IR regions. Investigations of several samples of different 
series showed that their optical diffusion properties differ 
only slightly and are stable for a long time. In [9], these results 
were generalised to other fat emulsions, in particular, to 
Lipofundin, which is the European analogue of Intralipid. 
The difference in the size of the main component of Lipofundin 
and Intralipid – soybean oil droplets – leads to a difference in 
the scattering coefficients, which, nevertheless, does not 
exceed 9 % [9].

Absorption in fat emulsions is mainly caused by absorp-
tion by water, which is insignificant in the most part of the 
visible region. To achieve an absorption coefficient corre-
sponding to real biotissues, it is necessary to introduce addi-
tional absorbing components. Since the development of 
phantoms is aimed at the reconstruction of the properties of 
real biotissues, it is natural to choose biological absorbing 
components (such as erythrocytes, haemoglobin, or whole 
blood) or non-biological but more stable substances (dyes, 
Indian ink, ink).

Black Indian ink is a suspension of insoluble carbon par-
ticles in water. It is a chemically stable nontoxic material. 
According to [10], the optical properties of Indian ink sam-
ples of different trademarks and batches are stable for a long 
time and linearly depend on the concentration of carbon par-
ticles but are considerably different, although the ratio of spe-
cific (normalised to the volume concentration) absorption 
and scattering coefficients do not change from sample to sam-
ple. When mixed with fat emulsions, Indian ink does not 
chemically react with them.

Royston et al. [11] describe optical phantoms mimicking 
the optical properties of biotissues in the near-IR region, 
including a wavelength of 1064 nm. Intralipid with addition 
of polystyrene microspheres (0.804 mm in diameter) was cho-
sen as a scattering component, and black Indian ink was used 
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as an absorbing component of the phantom. The absorption 
and scattering coefficients of Indium ink were estimated to be 
35.99 ± 4.27 and 4.64 ± 2.07 cm–1/ %, respectively, and the 
Intralipid scattering coefficient was 1.300 ± 0.047 cm–1/ %.

An example of a phantom based on Lipofundin MCT/
LCT 10 % and black Indian ink is presented in [3]. The devel-
oped phantoms modelled the properties of biotissues of inter-
nal organs of mice at wavelength of 810 and 900 nm. The 
Lipofundin MCT/LCT 10 % scattering coefficient within the 
wavelength range 700 – 1100 nm varied from 12 to 6 cm–1/ %, 
and the absorption coefficient of Indian ink varied from 32 to 
20 cm–1/ %. The volume concentrations of Lipofundin and 
Indian ink were 0.89 % and 0.024 % for modelling optical 
properties of mouse muscles at a wavelength of 810 nm and 
1 % and 0.03 % for a wavelength of 900 nm. The authors noted 
that phantoms mimicking the optical properties of biotissues 
in a wide spectral range cannot be developed using the pro-
posed materials due to strongly different spectral dependences 
of the optical properties of the biotissue and the phantom 
components.

Spinelli et al. [6] present the results of determination of 
specific absorption coefficients of Indian ink and specific 
scattering coefficients of Intralipid, which can be used as ref-
erence data for designing phantoms based on these compo-
nents for three wavelengths, namely, 633, 750, and 830 nm.

The aim of the present work was to measure the optical 
properties of mouse biotissues in the visible and IR regions 
and to develop optical phantoms mimicking the optical prop-
erties of biotissues in a wide range. Taking into account the 
available results, we decided, in addition to traditionally used 
Lipofundin and black Indian ink, to include red ink as a 
phantom component. The spectral characteristics of red ink 
considerably differ from the characteristics of Indian ink, 
which ensures more accurate modelling of the optical proper-
ties of biotissues and can extend the spectral range of phan-
tom application.

2. Materials and methods

Samples of biotissues and phantom components. As objects of 
the study, we chose ex vivo samples of laboratory mouse brain 
and muscles. Immediately after euthanising and preparation 
of mice, we performed homogenisation of biotissues in order 
to obtain homogeneous specimens, which were placed in 
1-mm-thick plane-parallel quartz cells for subsequent spec-
trophotometric measurements. The spectral dependences of 
the transmittance and reflectance of one sample of each bio-
tissue type were measured during 4 h after euthanisation of an 
animal. The small number of specimens is caused by a limited 
number of available laboratory animals. The measured opti-
cal characteristics can be considered as typical rather than 
average for mouse biotissues. However, this is sufficient for 
developing liquid phantoms, because the variation of these 
values for different individuals of one strain is larger than the 
expected difference between the biotissue and phantom. 
Experiments were performed according to the regulations of 
the use of experimental animals outlined by the Ministry of 
Health and Social Development of the Russian Federation in 
‘Approval of laboratory practice rules’ No. 708-n dated 
23.08.2010 and to the International Guide for the Care and 
Use of Laboratory Animals.

The optical phantom of mouse biotissues was prepared 
based on an aqueous solution of Lipofundin MCT/LCT 20 %, 
Indian ink, and red ink.

Lipofundin MCT/LCT 20 % 1000 mL in volume consists 
of 100 g of soybean oil, 100 g of medium-chain triglycerides, 
25 g of glycerol, 12 g of egg lecithin, 0.2 g of a-tocopherol, 
and the rest volume of water for injection [12]. Hereinafter, 
Lipofundin means Lipofundin MCT/LCT 20 %, and percent-
age of Lipofundin means percentage of this solution.

As absorbents, we used black Indian ink and red ink 
(OOO ‘Kompaniya RDK’, Russia, TU 2389-002-7046-4994-
2004).

Spectrophotometric measurements. The spectral depen-
dences of collimated transmittance Tc(l), diffuse transmit-
tance Td(l), and diffuse reflectance Rd(l) were measured 
within the range 400 – 1100 nm using an Analytikjena Specord 
250 plus spectrophotometer equipped with an integrating 
sphere. The samples 1 mm thick were placed into a plane-
parallel quartz cell. The refractive index of the cell walls used 
for reconstruction of the optical characteristics of specimens 
corresponded to the index determined in [13]. The Fresnel 
reflection was taken into account at the air – quartz interface, 
where the jump in the refractive index was maximal.

Method of determination of optical properties. The optical 
properties of objects are characterised by the following set of 
parameters: absorption coefficient µa(l), scattering coefficient 
µs(l), anisotropy factor g, and refractive index n. In the gen-
eral case, the first three parameters are reconstructed by spec-
trophotometric data, namely, by the wavelength dependences 
of collimated Tc(l) and diffuse Td(l) transmittance, as well of 
diffuse reflectance Rd(l). There exist different theoretical for-
mulas (see, for example, [13]) and numerical methods (e.g., 
[14 – 16]) for determining the relation of µa(l), µs(l), and g 
with the measured values. In the present work, we use the 
low-order backward scattering approximation, which allows 
us to derive approximate analytical formulas for subsequent 
reconstruction of the optical characteristics of media without 
using numerical methods.

In the low-order backward scattering approximation [17], 
we proposed a method that allows one to reconstruct the opti-
cal properties of a suspension of particles from spectrophoto-
metric measurements [17]. The relations used in this method 
have a semi-empirical character and are based on the modi-
fied Bouguer – Lambert – Beer (BLB) law. This method is 
applicable for samples with a thickness smaller than or of the 
order of the transport length or for samples whose absorption 
coefficient is comparable with the backscattering scattering 
coefficient mbs (scattering to the backward hemisphere).

Let us here once again derive the main equations relating 
spectrophotometric data with optical characteristics accord-
ing to the procedure used in [17]. The collimated transmit-
tance for a layer with a thickness d is calculated according to 
the BLB law as

[ ( ) ]expT T dc F s a
2 m m= - + ,	 (1)

where TF is the Fresnel power transmittance for the normal 
incidence of radiation on the medium boundary. 

The total scattering coefficient can be represented as a 
sum of the coefficient of scattering to the forward hemisphere 
mfs and the coefficient of scattering to the backward hemi-
sphere mbs, ms = mfs + mbs. The light passed through the layer is 
attenuated as a result of absorption in the medium and back-
scattering. Neglecting multiple backscattering, we can write 
the total transmittance T by analogy with the BLB law as

[ ( ) ]expT T dF bs a
2 m m= - + .	 (2)
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The diffuse reflection coefficient Rd is also calculated in 
the single backscattering approximation. On the assumption 
of negligibly small losses at the integrating sphere opening, we 
have

Rd = TF
2 – T –A,	 (3)

where A = TF
2 [1 – exp(–mad )] characterises the absorption in 

the medium. Based on these considerations, we obtained in 
[17] the following final formulas for the optical characteristics 
of a medium:

ln
d R T

T1
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d
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2

m =
+
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d T

R1 1bs
dm = +c m
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T1
fs

c
m = c m,      ln

d T
R T1
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c
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(4)

The analytical model chosen to reconstruct the optical 
properties of a medium makes it possible to reconstruct three 
parameters ( ma, mbs and mfs) by three measured photometric 
characteristics (Tc,T and Rd). Two latter parameters ( mbs, mfs) 
are related to the basic optical scattering parameters, i.e., the 
scattering coefficient ms and the anisotropy factor g. However, 
the particular form of the relation between mbs, mfs, and g 
depends on the choice of the phase function model because, in 
fact, mbs and mfs include the probabilities of single scattering to 
the forward and backward hemispheres, respectively. The 
simplest relation is obtained in the case of the so-called trans-
port model of the phase function [18], which is characterised 
by a sharp peak of forward scattering and isotropic scattering 
in the other directions. For this approximation, the mbs and mfs 
characteristics are related with the scattering coefficient ms 
and the factor g by the simple formulas

mfs = ms(1 + g)/2,  mbs = ms(1 – g)/2 = ms'/2,

where ms' is the transport scattering coefficient. The anisot-
ropy factor within this model can be calculated by the follow-
ing formula (which is absent in [17]):

g
fs bs

fs bs

m m
m m

=
+
- .	 (5)

However, it should be noted that the transport model of 
the phase function differs from the real phase functions of 
biotissues and model media, because of which the values 
determined by formula (5) are approximate.

In the method of [17] based on numerical simulation of 
spectrophotometric data by the Monte-Carlo method, the 
systematic error of calculations using relations (4) was esti-
mated for a large set of scattering and absorption coefficients 
in order to compare the reconstructed data with initial. For a 
1-mm-thick cell at g = 0.4 – 0.6, the relative reconstruction 
error varies from 10 % to 30 % for ms within the range 
2 – 5  mm–1 and from 7 % to 15 % for ma within the range 
0.2 – 2 mm–1.

3. Results and discussion

Using the method from paper [17], the spectral dependences 
of the optical properties of mouse brain and muscle biotissues 
ex vivo were determined from the measured spectral charac-
teristics  Tc(l), Td(l), and Rd(l) (see Fig. 1). These results were 
compared with independent measurements performed in [14, 
15]. Paper [14] presents the absorption coefficient and the 

transport scattering coefficient of a native specimen of a rat 
brain biotissue. The differences in the values of ma lie within 
the error related to the variations in the properties of biotis-
sues of different individuals of one strain, which reaches 30 % 
(according to the results of [14]). The estimated ms' turned out 
to be lower than the result for rats in [14] but was in agree-
ment with the results obtained in [15] for native samples of 
mouse brain [15]. It should be noted that the method of prep-
aration of biotissue samples used in [14, 15] was different 
from ours. According to [16], the difference in the absorption 
coefficients of cryogenically homogenised and native samples 
on average does not exceed 5.9 %, and the scattering coeffi-
cient decreases after cryogenic homogenisation by approxi-
mately 26 %, but this process is accompanied by cooling of the 
biotissue to 77 K. In the absence of preliminary freezing, the 
deviation of Td and А of the homogenised sample with respect 
to the native sample does not exceed 3 % [19]. Thus, the recon-
structed optical characteristics in general agree with the val-
ues from the literature and can be used as basic data for creat-
ing phantoms.

The absorption spectra of brain biotissues exhibit specific 
features typical for the absorption spectrum of haemoglobin, 
while the shape of the muscle absorption spectra is deter-
mined by the absorption spectra of haemoglobin and myoglo-
bin, which have similar characters. Oxygenated haemoglobin 
and myoglobin exhibit two characteristic peaks with maxima 
at l = 542 and 576 nm; deoxygenated haemoglobin and myo-
globin have one maximum at a wavelength of 556 nm [20 – 22]. 
Thus, the shape of the obtained spectral dependences in the 
range 540 – 580 nm is determined by the concentration ratio 
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Figure 1.  Spectral dependences of the absorption coefficient, scattering 
coefficient, anisotropy factor, and transport scattering coefficient of 
mouse (a) brain and (b) muscle biotissues ex vivo.
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of oxygenated and deoxygenated haemoglobin in blood, as 
well as of oxygenated and deoxygenated haemoglobin and 
myoglobin in muscle tissue.

Separately, we studied the spectral characteristics of 
model media chosen as phantom components. The optical 
properties of black Indian ink were reconstructed in the low-
order backscattering approximation because the absorption 
coefficient for the considered concentrations significantly 
exceeded not only the backscattering coefficient but even the 
total scattering coefficient. Since the diffuse reflectance and 
the difference between the collimated and diffuse transmit-
tances for red ink did not exceed the measurement error, the 
optical characteristics were determined on the assumption 
that the scattering coefficient of red ink is negligibly small and 
the collimated beam is attenuated only due to absorption. 
The optical characteristics of Indian ink and red ink were 
measured using their aqueous solutions with a volume con-
centration of 0.1 %.

However, according to data from [11], the Lipofundin 
absorption is considerably weaker than scattering, and the 
Lipofundin parameters were reconstructed using another 
analytical model, which is based on the diffusion approxima-
tion of the radiation transfer theory. This model, which was 
proposed in [3], makes it possible to reconstruct the absorp-
tion coefficient and the transport scattering coefficient and is 
applicable for weakly absorbing objects with a thickness 
larger than the transport length. In the experiment, the vol-
ume concentration of Lipofundin in a cell was chosen to be 
5 % to satisfy the latter condition.

Figure 2 shows the spectra of specific scattering and 
absorption coefficients of aqueous solutions of Lipofundin 
MCT/LCT 20 % and absorbing components. It should be 
noted that the absorption spectra in Fig. 2a are plotted with 
preliminary subtraction of the water absorption spectra, 
which explains the absence of the characteristic water absorp-
tion peak in the region 970 – 980 nm [23].

Lipofundin possesses pronounced scattering properties 
with its transport scattering coefficient ms' varying from 0.1 to 
0.3 mm–1/ %, which well agrees with the results of [3, 11], while 
the absorption coefficient is as low as ~0.008 mm–1/ %. The 
absorption coefficient of black Indian ink monotonically 
decreases from 4.7 to 2 mm–1/ % within the range 400 – 
1100 nm.

The absorption spectrum of red ink has two peaks at 
wavelengths of 520 and 560 nm. The spectra of oxyhaemoglo-
bin and oxymyoglobin have typical bands peaking at 542 and 
576 nm, while deoxyhaemoglobin and deoxymyoglobin 
exhibit a peak at 556 nm [20 – 22]. From the viewpoint of the 
development of phantoms, these differences are insignificant, 
because of which these features can be used for modelling the 
spectral characteristics of haemoglobin. However, in addition 
to absorption, these model media are also characterised by 
scattering, which must be taken into account when develop-
ing phantoms.

On the assumption of linear concentration dependences of 
the spectral characteristics of model media [3, 8, 9], based on 
the plotted spectra of absorption and scattering coefficients, 
we determined the concentrations of oil emulsion, black 
Indian ink, and red ink such that the optical properties of 
their combination were close to the properties of modelled 
biotissues. Due to a strong wavelength dependence of the 
absorption coefficient of mouse brain, we decided to develop 
two phantoms mimicking the properties of biotissues in the 
spectral ranges 480 – 580 and 580 – 880 nm. The volume con-

centrations of the components for each phantom are given in 
Table 1. The spectral characteristics of the developed phan-
toms and the optical characteristic of mouse brain biotissue 
are presented in Fig. 3.

The deviation of the absorption coefficient of the phan-
tom in the range 480 – 580 nm from the absorption coefficient 
of real biotissues varies from 0 to 25 %; the corresponding 
deviation of the scattering coefficient does not exceed 2 %. 
For the phantom in the wavelength range 580 – 880 nm, the 
deviations of the absorption and scattering coefficients do not 
exceed 40 % and 25 %, respectively. For clarity, the spectral 
dependence of the modulus of the relative deviation of the 
optical characteristics of the developed phantoms from the 
characteristics of the biotissue is presented in Fig. 4.

We studied the optical stability of the developed phan-
toms, i.e., their ability to retain the optical properties in time. 
The samples of phantoms were stored at a temperature of 
+4 °С. The optical characteristics of the samples were mea-
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Figure 2.  Specific (normalised to the volume concentration in percent-
age) spectral dependences of (a) the absorption coefficients of ( 1 ) black 
Indian ink, ( 2 ) red ink, and ( 3 ) Lipofundin, as well as of (b) the scatter-
ing coefficient of black Indian ink and the transport scattering coeffi-
cient of Lipofundin.

Table  1.  Volume concentration of the components of phantoms for 
different spectral ranges.

Component
Phantom for 
480 – 580 nm

Phantom for 
580 – 880 nm

Lipofundin MCT/LCT 20 % 12.23 % 16.59 %

Red ink 0.35 % 0.41 %

Indian ink 0.03 % 0.04 %

Water 87.39 % 82.96 %
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sured on the first, second, and seventh day after their prepara-
tion before and after exposure to ultrasound in an ultrasonic 
cleaning bath (CT-400 °С, CT Brand) with a power of 60 W 
for 20 min. Potentially, a long storage of samples may lead to 
sedimentation of Indian ink particles and aggregation of 
Lipofundin vesicles, which, in turn, may cause a change in the 
optical properties, while the action of ultrasound allows one 
to eliminate these effects. Comparison of the optical proper-
ties measured immediately after phantom preparation and 
after chosen time intervals showed that these properties differ 
by no more than 5 %, which characterises phantoms as stable 
optical media.

4. Conclusions

The spectral characteristics of laboratory mouse biotissues 
(brain and muscles) are measured in the visible and near-IR 
ranges (480 – 1100 nm). The absorption coefficients of mouse 
brain and muscles vary from 0.38 to 1.21 mm–1 and from 0.6 
to 1.6 mm–1, respectively; the spectra have typical maxima 
belonging to the absorption by haemoglobin; the scattering 
coefficients of brain and muscle vary from 2.4 to 3.8 mm–1and 
from 2.3 to 3.7 mm–1, respectively. Using the obtained data, 
water-based optical phantoms of mouse brain for the wave-
length ranges 480 – 580 and 580 – 880 nm are developed. The 
first phantom contains Lipofundin (12.23 %), black Indian 
ink (0.03 %), and red ink (0.35 %). The phantom for the sec-
ond wavelength range contains 16.59 % of Lipofundin, 0.04 % 
of black Indian ink, and 0.4 % of red ink. The difference 
between the optical properties of phantoms and biotissue 
samples in the larger part of the considered spectral range 
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does not exceed 20 %. Comparison of the spectral characteris-
tics of the brain biotissue of four mice in work [14] showed 
that the variation in the coefficients for different individuals 
can reach 30 %. Thus, we reconstructed the optical properties 
with an error no larger than the variations of optical proper-
ties from object to object. The presented phantoms are opti-
cally stable and can be used as both calibration objects and 
immersion media in the development and application of opti-
cal (including spectral) methods of biomedical diagnostics. 
Since the methods of diffuse optical tomography most fre-
quently use the wavelength range 650 – 1100 nm [24] (in [25], 
the measurements were performed in the wavelength range 
661 – 849 nm, while the spectral range from 650 to 930 nm was 
considered in [26]), the imitation of the optical properties of a 
biotissue in this wavelength range by a phantom makes it pos-
sible, in particular, to use it in diffuse optical tomography sys-
tems.
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