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Abstract.  An approach to fabricating agar phantoms mimicking 
spectral optical properties of biological tissues with fluorescent 
inclusions is proposed, which allows one to imitate the problem of 
optical visualisation of superficial biological tissues after the 
administration of a chlorin-based photosensitiser. The different 
arrangement of a fluorescent layer within a phantom makes it pos-
sible to simulate biological tissue in the cases of both topical appli-
cation and intravenous injection of a photosensitiser. It is shown 
that absorption and scattering spectra of phantoms are in good 
agreement with the spectra of real biological tissues in the wave-
length range of 500 – 800 nm. Changes in spectra of absorption and 
scattering coefficients of phantoms, as well as in their fluorescent 
properties induced by the addition of a fluorescent marker (chlorin-
based photosensitiser) are demonstrated.

Keywords: optical properties of biotissues, spectroscopy, fluores-
cence imaging, biotissue phantoms, inverse Monte Carlo technique, 
photodynamic therapy, chlorin-based photosensitisers.

1. Introduction

Fluorescence  imaging  techniques  are  a  promising  area  of 
modern optical  imaging due  to  the high  contrast of  images 
provided  by  spectral  selection  of  signals  from  fluorescent 
markers, whose emission peaks are located outside the spec-
tral range of biotissue autofluorescence. Primary applications 
of  fluorescence  imaging  techniques  in modern clinical prac-
tice include mapping of biotissue vasculature [1], detection of 
sentinel lymph nodes [2], and monitoring of the local concen-
tration of a photosensitiser (PS) during photodynamic ther-
apy (PDT) [3]. Improvement of modern fluorescence imaging 
methods and transition from qualitative to quantitative imag-
ing require the development of inexpensive and easily repro-
ducible standards for calibration and validation of the devel-
oped techniques. In this regard, a necessary stage consists in 
fabrication  of  phantoms  that  imitate  optical  properties  of 
basic biotissue in a wide spectral range and its properties after 
the administration of a fluorescent marker, as well as preserve 

the  specified  optical  and  structural  properties  for  a  certain 
time.

Fat  emulsions,  such as  intralipid  [4 – 6]  or  its  close  ana-
logue – lipofundin [7, 8], are traditionally employed as a stan-
dard for fabrication of biological tissue phantoms in the visi-
ble and near-IR ranges. Intralipid and lipofundin are charac-
terised  by  different  sizes  of  soybean  oil  droplets  in  their 
composition; however, the difference in their scattering coef-
ficient does not exceed 9 % [9]. The optical properties of fat 
emulsions remain stable over time, in contrast, for example, 
to milk, which was previously widely employed as a calibra-
tion medium [10].

The absorption coefficient of fat emulsions is small  [11], 
since it is primarily determined by absorption of water, which 
is insignificant in the visible range. In this regard, for develop-
ment of the phantoms that mimic absorbing properties of real 
biological  tissues,  the  use  of  additional  chromophores  is 
required. The most accessible and spectrally stable absorbers 
are India ink [12, 13] and inks of various colours. For exam-
ple, red  ink  imitates spectral characteristics of haemoglobin 
[14].  In  paper  [15],  the  values  of  scattering  and  absorption 
coefficients per volume concentration of intralipid and ink at 
wavelengths of 633 nm, 750 nm, and 830 nm were determined. 
These values can be chosen as reference values when develop-
ing phantoms based on intralipid and ink. It should be noted 
that phantoms based on fat emulsions are traditionally liquid, 
which imposes a number of limitations on the fabrication of 
phantoms with a predefined  shape and/or  containing  inclu-
sions.

For manufacturing semi-solid phantoms of a predefined 
shape, water with addition of agar [16, 17] is employed, which 
allows  forming  stable  matrices,  to  which  scattering  and 
absorbing components can be added. The use of agar powder 
also makes it possible to control optical properties of manu-
factured biotissue phantoms [18]. In paper [19], an approach 
to the fabrication of elastic fluorescent phantoms of human 
skin based on polyacrylamide is proposed, and strict follow-
ing  the manufacturing  protocol  to  preserve  the  fluorescent 
properties  of  the  embedded  fluorophore  is  emphasised.  It 
should be noted that typical values of absorption coefficient 
of the phantoms developed in [19] are significantly lower than 
those for biotissues in visible spectral range.

In this work, we propose an approach to fabricating agar 
phantoms  that  mimic  real  biotissues,  as  well  as  biotissues 
after administration of chlorin-based PS’s widely employed in 
PDT [20 – 23]. Spectral properties of human skin of various 
localisations measured  in vivo  [24] were  chosen as  reference 
parameters in the development of the phantoms. The corre-
spondence of scattering and absorption spectra was ensured 
by  adding  lipofundin  suspension  and  red  ink  as  a  scatterer 
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and an absorber, respectively. Fabrication of PS-containing 
elements was based on the addition of a PS during the liquid 
phase of the mixture of components. Absorption and scatter-
ing  spectra  of  phantoms  were  demonstrated  to  be  in  good 
agreement with  literature data for biological  tissues,  in par-
ticular, for human skin in the range of 500 – 800 nm [24]; how-
ever,  they were  not  in  agreement with  the  superposition  of 
partial spectra of components contained  in  the phantom. It 
was also shown that fluorescent properties of the fabricated 
phantoms  are  determined  by  the  addition  of  a  fluorescent 
marker, and not by their intrinsic autofluorescence. The sta-
bility  (within  10 %  deviation)  of  optical  properties  of  the 
phantoms in the studied wavelength range during long-term 
storage (1 month) was demonstrated. The proposed approach 
allows one, in particular, to perform model experiments in the 
area of PDT planning and monitoring.

2. Materials and methods

2.1. Fabrication of agar phantoms of biotissue

An aqueous solution of agar powder with a mass fraction of 
1.25 % was used as a base matrix. The solution was heated in 
a microwave oven until a visually observed boiling process 
(up  to  a  temperature  of ~85 °C).  Thereafter,  the  solution 
was  cooled  at  room  conditions with  occasional  stirring  in 
order to dissolve all the agar powder granules. Lipofundin 
20 % MCT/LST  (Braun, Germany) was mixed with  red  ink 
(Koh-i-Noor, Czech Republic) previously subjected to ultra-
sonication. The use of red ink as the main chromophore of a 
phantom helps mimic absorption spectrum of biological tis-
sues, which  is  primarily  determined  by  haemoglobin  in  the 
considered wavelength range [14]. The resulting mixture was 
added  to  the  agar  solution  cooled  to  a  temperature  below 
42 °C (protein denaturation temperature). Preliminary experi-
ments have  shown  that adherence  to  the  specified  tempera-
ture regime is critical for obtaining a homogeneous phantom. 
Since it was determined in the experiment that due to the pro-
cesses  occurring  in  the  course  of  the  phantom  fabrication, 
optical properties of the phantom cannot be calculated as a 
superposition  of  optical  properties  of  its  components,  the 
ratio  of  the  components  in  the  phantom  was  determined 
empirically. Volume concentrations of lipofundin and red ink 
in  the resulting solution were 23 % and 0.19 %, respectively. 
Resulting solution was then poured into two equal volumes 
prior  to  solidification,  and  a  gel-photosensitiser  Revixan-
Derma (Revixan Ltd., Russia) based on chlorin e6 was added 
into one of them. The volume concentration of photosensitis-
ers  in  the  resulting  fluorescent  phantom  was  0.1%.  The 
absorption and emission spectra of the PS [25] are shown in 
Figure 1.

This approach was employed for preparation of solutions 
for phantoms of basic biotissue and biotissue with adminis-
tered fluorescent agent, and the differences in optical proper-
ties of phantoms were due only to the presence or absence of 
a PS, which is an additional chromophore according to Fig. 1. 
Before the solutions solidified, they were poured into cylindri-
cal cells with a diameter of 45 mm with a controlled depth, as 
well as into rectangular quartz cuvettes with the thickness of 
2 mm, aimed for spectrophotometric measurements.

The  fabricated  phantoms  had  a  cylindrical  shape.  The 
thicknesses of  the phantoms corresponded  to  the  set of cell 
depths and equalled 0.51, 0.68, 1.00, and 2.00 mm. The choice 

of thickness was determined by the typical thicknesses of skin 
layers and estimations of the depth of chlorin-based PS local-
isation after different  types of administration prior  to PDT 
procedure  [25]. In addition, phantoms with the thickness of 
30 mm were produced,  imitating  thick  samples of biotissue 
and also having a cylindrical shape. All fabricated phantoms 
were packed in an airtight film, placed in a fridge, and then 
cooled to a temperature of 4 °C to ensure their longer stability 
during measurements.

The  produced  set  of  phantoms  allowed  one  to  imitate 
not only single-layer, but also multilayer biotissues, separate 
layers of which may contain a fluorophore. The location of 
the  fluorescent  layer  above  the  base  phantom  layer  simu-
lates the situation of topical application of fluorophore onto 
skin (Fig. 2a), while the location of fluorescent layer under 
the  base  layer  simulates  subsurface  accumulation  of  PS’s 
(due to blood microcirculation) after  intravenous  injection 
(Fig. 2b).

In this work, fluorescent properties were studied for two-
layer  phantom  types  corresponding  to  the  configurations 
shown in Figs 2a and 2b; a 30-mm-thick phantom was chosen 
as the lower layer, and one of the phantoms with a thickness 
of 0.51 – 2.00 mm was chosen as the upper layer. Correspon-
ding single-layer phantoms with the thickness of 30 mm were 
considered  as  the  marginal  cases  of  zero  thickness  of  the 
upper layer. Thus, total thickness of the two-layer phantoms 
varied in the range of 30 – 32 mm.
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Figure 1. (Colour online) Normalised ( 1 ) absorption and ( 2 ) emission 
spectra of a chlorin-based PS [25].
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Figure 2. (Colour online) Schematic of two-layer agar phantoms of bi-
otissue, which imitate (a) topical and (b) intravenous administration of 
a photosensitiser.
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2.2. Spectrophotometry measurements

In order to determine optical properties of the fabricated agar 
phantoms, measurements of collimated and diffuse transmis-
sion  spectra,  as well  as  diffuse  reflection  in  the wavelength 
range of 370 – 1000 nm were performed using a Specord 250 
Plus spectrophotometer (Analytik Jena, Germany) equipped 
with  an  integrating  sphere.  Samples  of  phantoms  and  their 
components were placed in quartz cuvettes with a thickness of 
2 mm for measurements. The spectra of the absorption coef-
ficient ma and the reduced scattering coefficient m's were recon-
structed  from  the  results  of  spectrophotometric  measure-
ments  of  diffuse  transmission  and  reflection  spectra  by  the 
inverse Monte  Carlo  technique  [26].  Absorption  spectra  of 
ink and water were determined from their collimated trans-
mission spectra.

2.3. Fluorescence imaging

Fluorescence images of the fabricated agar phantoms of bio-
tissue were acquired with a device for monitoring PS accumu-
lation (IAP RAS, Russia) [8, 22, 27] equipped with two LED 
sources at wavelengths 405 ± 10 nm and 660 ± 10 nm syn-
chronised with a CCD camera. Intensities of probing radia-
tion on the surface of studied object were I ( )660

0   = 0.83 W cm–2 
and  I ( )405

0  = 0.61 W cm–2 for wavelengths of 660 and 405 nm, 
respectively. No optical filters were used during fluorescence 
excitation with the blue LED, since its emission spectrum is 
far  from  the  PS  fluorescence  emission  spectrum.  Probing 
radiation  of  the  red  LED  passes  through  a  641/75  filter 
(Semrock, USA). In order to exclude the effect of red probing 
radiation on the detected fluorescence signal, a 772/140 filter 
(Semrock, USA) was used in the registration system.

3. Results and discussion

The appearance of the produced agar biotissue phantoms is 
shown  in  Fig.  3.  Fluorescent  biotissue  phantoms  have  a 
slightly greenish tint due to the presence of PS’s in their com-
position.  It  should be noted  that  visually  phantoms have  a 
more intense colour as compared to human skin, since visu-
ally  the  skin  colour  is  due  to  the  optical  properties  of  the 
superficial  stratum corneum, which does not  contain blood 
vessels, while macroscopic optical properties of skin are deter-
mined by the underlying layers containing blood vessels.

Absorption  and  scattering  spectra  of  all  components  of 
the phantom (agar gel, red ink, lipofundin, and water) recon-
structed  from  spectrophotometric measurements  are  shown 
in Fig. 4a. The concentrations of the substances used for mea-
surements of individual spectra of phantom components cor-
respond to those in the final phantom. Ink solution and water 
do not exhibit significant scattering, while absorption coeffi-
cient  of  lipofundin  is  determined  primarily  by  water.  The 
reconstructed reduced scattering coefficient of agar was found 
to be insignificant and is not shown in Fig. 4a. It should be 
noted that in accordance with obtained dependences, one can 
expect that scattering in the fabricated phantom will be gov-
erned  by  the  presence  of  lipofundin,  while  absorption  in 
wavelength range of 400 – 900 nm will be mainly due to red 
ink, and agar will provide a small contribution to the absorp-
tion in the blue spectral range. Prior to fabrication, a predic-
tion of optical properties was made for the  ‘expected phan-
tom’ by  summing  scattering  spectra of  lipofundin and agar 
and, separately, partial absorption spectra of red ink solution 

and  agar  taken  in  relative  concentrations  corresponding  to 
their content in the phantom. Figure 4b shows spectral depen-
dences  of  optical  properties  of  three  compositions:  (1) 

1 mm 2 mm
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0.51 mm 0.68 mm

Figure 3. (Colour online) Agar phantoms of basic biotissue of various 
thicknesses (top view; the phantom thickness is shown in the figure).
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Figure 4. (Colour  online)  Spectral  dependences  of  absorption  coeffi-
cient and reduced scattering coefficient  for phantom components  (a); 
for agar phantom, liquid phantom consisting of lipofundin, red ink and 
water, and expected values calculated as the sum of the partial spectra 
of the individual components (‘expected phantom’) (b).
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expected phantom; (2) liquid phantom consisting of lipofun-
din, red ink, and water (these main components are responsi-
ble  for mimicking optical  properties of biological  tissues  in 
the phantom); and (3) fabricated agar phantom. The spectra 
of the liquid phantom and the expected phantom differ both 
in  amplitude  and  in  characteristic  shape  (this  concerns  a 
sharper decrease in the absorption coefficient around 600 nm 
for a liquid phantom compared to the expected one), which is 
due to the interaction of ink and lipofundin. Presumably, ink 
nanoparticles stick to the droplets of soybean oil with a typi-
cal micron size when ink is added to lipofundin, which leads 
to  a  reduced  content  of  ink particles  in water  and,  accord-
ingly, to lower absorption relative to the expected one. At the 
same time, droplets of soybean oil in a shell of ink nanopar-
ticles also change their properties, which leads to a change in 
their scattering cross-section. Absorption in agar phantom is 
also lower than the expected one; however, it exceeds that for 
the liquid phantom, while scattering is close to expected val-
ues, which suggests that the effect of interaction between lipo-
fundin and ink is lower in the agar phantom than that in the 
liquid phantom.

Figure  5  shows  optical  properties  of  phantoms of  basic 
biotissue and biotissue with an added PS, reconstructed from 
the  spectrophotometric  measurements,  in  comparison  with 
spectra of human skin in vivo averaged over different localisa-
tions [24]. Since in [24] the spectra of the scattering coefficient 
are presented, we used the value of anisotropy factor g = 0.67, 
which corresponds to the phase function used in this work, to 
calculate  the  reduced  scattering  coefficient.  The  presented 
data  demonstrate  that  the  fabricated  phantoms  provide 
good agreement with the optical properties of human skin in 
spectral range from 500 to 800 nm; however, in the range of 
350 – 500 nm absorption of  the resulting phantom is signifi-
cantly lower than the values typical for real biotissues due to 
absorption of melanin and beta-carotene [28, 29]. Despite this 
discrepancy, it should be noted that absorption in this range 
significantly  exceeds  absorption  in  the  red  and  near-IR 
ranges, which qualitatively repeats observed trends in biotis-
sues, and such phantoms can be used for the testing of dual-
wavelength  fluorescence  imaging  techniques,  which  are 
based on significant difference in optical properties of bio-
tissues  in  different  spectral  ranges  [8,  22,  25,  30 – 32].  The 
deviation in the values of optical properties after the re-pro-
duction of phantoms following the same protocol does not 
exceed 15 %.

As can be seen from Fig. 5a, the addition of the PS practi-
cally does not affect  the  spectrum of  the  reduced scattering 
coefficient,  while  peaks  around  wavelengths  of  405  and 
660 nm are clearly visible in the absorption spectrum of the 
PS-containing  phantom,  which  correspond  to  the  peaks  in 
absorption  spectrum  of  the  chlorin-based  PS  (Fig.  1). 
Absorption  coefficients  of  basic  and  fluorescent  phantoms 
coincide in the rest of the considered spectral range.

One of the important parameters of a phantom is its sta-
bility, which is the preservation of its optical properties over 
time. In order to test the stability of the produced phantom, 
we stored it for a month in a dry, dark place at a temperature 
of 4 °C wrapped in an airtight film. Figure 5c shows the results 
of the calculation of relative changes in optical properties of 
the phantom one month after production:
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where  subscript 1 corresponds  to  the phantom  immediately 
after production, and subscript 2 corresponds to the phantom 
after 1 month. The results demonstrate insignificant (within 
25 %)  increase  in  reduced  scattering  coefficient  and absorp-
tion coefficient (and the deviation do not exceed 10 % in the 
wavelength range of 500 – 700 nm), which is associated with a 
slight evaporation of water from the phantom during storage.

Figure  6  shows  fluorescence  images of  produced  single-
layer phantoms of biotissue with the thickness of 30 mm upon 
fluorescence excitation at wavelengths of 405 nm and 660 nm, 
corresponding to absorption peaks of the chlorin-based PS, 
while the registration of fluorescence emission was performed 
in the vicinity of the wavelength of 760 nm. The images are 
presented in the form of maps of fluorescence intensities I405 
and I660 registered by the CCD-camera in bit units (the sub-
script corresponds to the excitation wavelength). The intensi-
ties  are  normalised  to  corresponding  values  of  the  probing 
intensities  I ( )405

0  and  I ( )660
0 .

Fluorescence  images of phantoms of basic biotissue and 
biotissue with the added PS are shown in the same colourmap 
for  both  fluorescence  excitation  wavelengths.  Thus,  Fig.  6 
clearly demonstrates that the fluorescence of phantoms is due 
to the addition of the PS, rather than to the autofluorescence 
of  components  included  both  to  the  basic  and  fluorescent 
phantoms.

Figure 7 shows the dependences of averaged fluorescence 
signals from two-layer phantoms, which imitate the cases of 
topical  application  and  intravenous  injection  of  the  PS 
(Fig. 2), on the thickness of the upper fluorescent layer df or 
the  upper  basic  layer  db.  The  region  of  fluorescence  signal 
averaging  is  shown  in  Fig.  6  as  a  solid  line.  A monotonic 
increase in fluorescence signal in the case of simulating topical 
application (Fig. 7a) is caused by an increase in the thickness 
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Figure 5. (Colour online) Reconstructed spectra of (a) the absorption 
coefficient and (b) reduced scattering coefficient of agar phantoms of 
basic biotissue (agar phantom) and biotissue with chlorin-based PS ad-
ministration  (agar  phantom  +  PS)  in  comparison  with  the  averaged 
spectra of human skin in vivo from [24]. Green arrows show absorption 
peaks of the PS. (c) Relative changes in the reduced scattering coeffi-
cient and absorption coefficient of the phantom after 1 month.
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of the PS-containing layer and, consequently, in total amount 
of the PS in the phantom. Asymptotic tendency of this depen-
dence to a constant level is due to the fact that with an increase 
in the thickness of fluorescent layer to the penetration depth 
of probing  radiation, a  further  increase  in  its  thickness will 
not  affect  the  value  of  the  detected  fluorescence  signal.  A 
monotonous decrease in the fluorescence signal in the case of 
simulating intravenous administration (Fig. 7b) is due to an 
increase in the attenuation of exciting radiation in the upper 
layer, which  does  not  contain  a  PS, with  an  increase  in  its 
thickness.

Quantitative  differences  in  the  dynamics  of  normalised 
fluorescence  signals  /I I ( )405 405

0   and  /I I ( )660 660
0   corresponding  to 

excitation wavelengths of 405 nm and 660 nm are determined 
by the difference in optical properties of basic biotissue phan-
tom: stronger absorption and scattering of light in blue wave-
length range leads to larger attenuation of the exciting radia-
tion at 405 nm compared to 660 nm, and, as a result, the fluo-
rescence signal for excitation in the red wavelength range  is 
larger than that at 405 nm for large thicknesses of the upper 
layer. On the other hand, for small thicknesses of the upper 
fluorescent layer df, attenuation at the wavelength of 405 nm 
is compensated by higher intrinsic absorption of the PS com-
pared to absorption at the wavelength of 660 nm (see Fig. 1). 
As a result, the fluorescence signal upon excitation at 405 nm 
is larger than that at 660 nm. The effect of biotissue optical 
properties on the registered fluorescence signals is discussed 
in detail elsewhere [25, 32].

Previously in [25], we proposed an analytical model of sig-
nal  formation  in dual-wavelength  fluorescence  imaging and 
demonstrated  that  the  ratio of normalised  fluorescence  sig-
nals at two excitation wavelengths

/

/
R

I I

I I
( )

( )

405 405
0

660 660
0

=l

allows  the  fluorophore  localisation  depth  to  be  estimated. 
Figure  8  shows  measured  ratios Rl  of  fluorescence  signals 
corresponding to excitation wavelengths of 660 and 405 nm, 
for the fabricated two-layer phantoms, as well as correspond-
ing  analytical  dependences  derived  from  analytical  models 
developed  in  [25]  for  the  cases  of  fluorophore  presence  in 
upper  or  lower  layers  for  the  biotissue  optical  properties 
shown  in  Fig.  5.  The  ratio Rl  obtained  from  experimental 
data was additionally normalised to the ratio of fluorophore 
absorption peaks obtained by the registration of fluorescence 
images of a test object represented by a thin layer of a dried 
PS deposited on a black substrate. The asymptotic saturation 
of the considered Rl value for the case which imitates topical 
application of the PS (Fig. 8a), similar to the dependences for 
the signals (Fig. 7a), is explained by the limited probing depth 
of the fluorescence imaging technique, when variation in the 
fluorophore content at large depths does not affect the mea-
sured value of the fluorescence signal. An exponential increase 
in the value of Rl for the case imitating intravenous injection 
of  the PS  (Fig. 8b)  is  explained by an exponential decay of 
exciting  radiation at both wavelengths,  and  for  the 405-nm 
wavelength the attenuation coefficient is significantly higher. 
All  observed  dependences  qualitatively  repeat  the  depen-
dences obtained  in  [25]  for other values of phantom optical 
properties.

4. Conclusions

The paper proposes a simple and cost-effective approach to 
fabrication of agar phantoms that mimic optical properties of 
biotissue  before  and  after  chlorin-based  PS  administration. 
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Figure 6. (Colour online) Fluorescence images of phantoms of (a, c) the 
basic biotissue (boundaries of phantom are indicated by dashed lines) 
and  (b,  d)  biotissue  with  chlorin-based  PS  administration  obtained 
upon  fluorescence  excitation  at  wavelengths  of  (a,  b)  405  and  (c,  d) 
660 nm. Solid lines show the averaging area for the calculation of fluo-
rescence signals from phantoms.
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Figure 7. Experimental  dependences  of  fluorescence  signals  /I I
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0

  
and  /I I

( )
405 405

0
  corresponding  to  excitation  wavelengths  of  660  and 

405 nm and normalised to the corresponding intensities of probing ra-
diation  on  the  thickness  of  upper  layer  obtained  for  two-layer  agar 
phantoms of biotissue which imitate (a) topical and (b) intravenous ad-
ministration of a photosensitiser.
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Fluorescent  properties  of  the  phantoms  and  differences  in 
absorption spectrum are determined exclusively by the pres-
ence of a PS, rather than by the autofluorescence of individ-
ual components of the phantom. The effect of the PS on the 
spectrum of the reduced scattering coefficient is demonstrated 
to be insignificant. In order to maintain stability, phantoms 
should  be  stored  under  conditions  that  prevent  drying  (for 
example, in an airtight film in a fridge).

The  proposed  approach  allows  fabricating  multilayer 
phantoms of biotissue that imitate various ways of PS admin-
istration, which is important for model experiments on fluo-
rescence imaging for planning and monitoring of PDT with 
the chlorin-based PS.
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Figure 8. (Colour online) Experimental dependences of ratio Rl of fluo-
rescence signals corresponding to the excitation wavelengths of 660 nm 
and 405 nm on the thickness of upper layer obtained for two-layer agar 
phantoms of biotissue imitating topical (a) and intravenous (b) admin-
istration of a photosensitiser, and corresponding analytical dependen-
cies obtained using the analytical model presented in [25].


