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Abstract.  In the course of in  vitro studies of blood of laboratory 
animals with progressing Ehrlich carcinoma, we have revealed the 
change of the blood plasma optical properties in the THz range, 
which can be used for developing the express diagnostics of the 
presence of oncological diseases. An applied software package is 
elaborated that allows the phantoms of biological samples having a 
complex structure to be numerically simulated and the parameters 
of the electromagnetic wave reflected from these samples in the 
THz frequency range to be calculated. 

Keywords: THz time-domain spectroscopy (THz TDS), Ehrlich 
tumour, SHR mice line, blood plasma, finite-difference time-
domain method.

1. Introduction

The laboratory diagnostics of tumours is based on revealing 
the  tumour-related  markers,  found  in  malignant  cells  and 
associated with their growth. These markers are macromole-
cules distinguished qualitatively (tumour-specific) or quanti-
tatively (associated with tumour, but present in normal cells 
too). A fraction of tumour markers is secreted into blood so 
that their concentration can be determined in blood plasma. 
About  two  hundred  compounds  associated  with  different 
cancer  localisations  are  known,  but  only  about  two  dozen 
proteins  have  diagnostic  significance  [1,  2].  There  are  no 
tumour markers with absolute specificity (i.e., not revealed in 
healthy  persons  and  in  the  case  of  benign  neoplasms)  and 
absolute sensitivity (i.e., necessarily revealed in the presence 
of disease and at its early stages). The developments of novel 

diagnostic methods and the improvement of sensitivity in the 
detection of oncological diseases at early stages is an urgent 
problem of clinical medicine.

In recent decades the development of methods for gener-
ating and detecting THz radiation has lead to significant suc-
cess  in  the  application  of  THz  pulsed  spectroscopy  to  the 
study of medical and biological objects [3]. The method allows 
the refractive index and absorption coefficient dispersion to 
be determined in one measurement, which offers the possibil-
ity of express diagnostics development of this base. Using this 
method, one can also determine the dispersion of the complex 
permittivity of the studied sample.

The major part of THz radiation absorbed by a living tis-
sue is absorbed by water molecules [4, 5]. This is due to the 
fact  that  the  water  molecules  form  most  of  the  hydrogen 
bonds both between each other and with multiple dissolved 
and  hydrated  compounds.  As  a  result,  complex  dynamical 
chains and networks of dipoles arise, which together respond 
to the environment changes. The intermolecular vibrations of 
the macroscopic network of dipole water molecules possess 
their  own  rotational – vibrational  spectrum  in  the  THz  fre-
quency  range  [5].  Besides  that,  the  slow  relaxation  of  large 
aggregations  formed  by  water  molecules  using  hydrogen 
bonds  cause  strong  intermolecular  vibrations  with  the  fre-
quency ~1.5 THz [5]. Due to all these features, the aqueous 
medium is the most efficient chromophore for THz radiation. 

THz pulsed spectroscopy has been successfully used for 
the  diagnostics  of  oncological  pathology  in  a  number  of 
organs  and  tissues  [6 – 11].  It  was  shown  that  the  optical 
characteristics of pathological and healthy tissue are essen-
tially different in the THz frequency region. The methods of 
THz pulsed spectroscopy have been already applied to the 
study  of  blood  from  donors  [12,  13]  and  animals  [14]. 
Measurable differences in the refractive indices and absorp-
tion  coefficients  of  whole  blood  and  its  components  were 
revealed. The  effect  is most  pronounced  for  thrombocytes 
[12] and erythrocytes [13]. The linear dependence of the sam-
ple absorption coefficient on the concentration of erythro-
cytes in blood was found in Refs [13, 14]. The authors sug-
gested  using  the  method  of  THz  pulsed  spectroscopy  for 
haematocrit determination.

THz pulsed spectroscopy was shown to be applicable to 
the studies of blood plasma in the case of different patholo-
gies.  Thus,  a  negative  correlation  between  the  absorption 
coefficient of THz radiation and the number of erythrocytes 
and  triglycerides  in  the  blood  of  cardiosurgery  department 
patients was observed in Ref. [15]. It was found that the sig-
nificant change of the blood plasma composition in the case 
of experimental diabetes [16] affects the change of the blood 
plasma refractive  index and absorption coefficient, which  is 

Study of blood plasma optical properties in mice grafted with Ehrlich 
carcinoma in the frequency range 0.1 – 1.0 THz*

O.A. Smolyanskaya, O.V. Kravtsenyuk, A.V. Panchenko,  
E.L. Odlyanitskiy, J.P. Guillet, O.P. Cherkasova, M.K. Khodzitsky 

LASER MEDICINE AND BIOLOGY https://doi.org/10.1070/QEL16383

* Presented at the Fundamentals of Laser Micro- and Nanotechnologies 
(FLAMN-16) International Symposium (Pushkin, Leningrad oblast, 27 
June to 1 July 2016).

O.A. Smolyanskaya, O.V. Kravtsenyuk, E.L. Odlyanitskiy, 
M.K.  Khodzitsky ITMO University, Kronverksky prosp. 49, 197101 
Saint Petersburg, Russia; 
e-mail: smolyanskaya@corp.ifmo.ru; khodzitskiy@yandex.ru; 
A.V. Panchenko N.N. Petrov Research Institute of Oncology, Ministry 
of Healthcare of the Russian Federation, Leningradskaya ul. 68, 
poselok Pesochnyi, 197758 Saint Petersburg, Russia; 
J.P. Guillet Bordeaux University, IMS, UMR CNRS 5218, 351 Cours 
de la libération 33405 Talence, France; 
O.P. Cherkasova Institute of Laser Physics, Siberian Branch, Russian 
Academy of Sciences, prosp. Akad. Lavrentyeva 13/3, 630090 
Novosibirsk, Russia 

Received 24 March 2017; revision received 18 September 2017 
Kvantovaya Elektronika  47 (11) 1031 – 1040 (2017) 
Translated by V.L. Derbov



  O.A. Smolyanskaya, O.V. Kravtsenyuk, A.V. Panchenko, et al.1032

particularly  strong  for  the  complicated  diabetes  [17,  18]. 
Ezerskaya et al. [19] reported that the HL60 and THP1 leuco-
sis cell lines have the factor of scattering anisotropy and the 
absorption  coefficient  of THz  radiation  increased  by  a  few 
times in comparison with the normal cells.

Thus, the literature analysis shows that such blood com-
ponents as erythrocytes and thrombocytes, as well as a num-
ber of metabolites, contribute to the absorption of THz radia-
tion by blood. However, we could not  find publications on 
the application of THz pulsed  spectroscopy  to  the  study of 
blood and its components in the case of the oncological dis-
ease development. In the present paper, we report the experi-
mental studies and numerical simulations aimed at the deter-
mination of  the most  sensitive object  for  the diagnostics of 
oncological diseases in the THz frequency region.

We  experimentally  studied  the  reflection  spectra  of  the 
whole blood, the blood plasma, and the suspension of Ehrlich 
tumour cells. For these samples, the dispersion of the complex 
permittivity was determined. The measurements were carried 
out in the frequency range 0.1 – 1.0 THz in the control group 
of  SHR  line  mice  and  similar  mice  with  grafted  Ehrlich 
tumour,  which  is  a  convenient  and  well-studied  model  of 
malignant  neoplasm  [20].  The  pathomorphological  evalua-
tion  of  the  experimental  animals  was  also  performed  to 
exclude the accompanying diseases that could affect the stud-
ied parameters.

We simulated the phantom of a biological sample having 
a complex shape with subsequent modelling of the process of 
its  interaction with THz  radiation  and determination of  its 
optical characteristics.

The main  object  of  study  in  the  present  paper  was  the 
blood plasma. It is a yellowish liquid obtained after the sepa-
ration  of  blood  formed  elements  and  consisting  of  water 
(90 %)  and  dissolved  substances  (10 %),  including  proteins 
(7 % – 8 %),  in  particular,  albumins,  globulins,  coagulation 
factors,  as  well  as  organic  and  mineral  compounds  [21]. 
Besides that, the blood plasma contains the dissolved nutri-
tive  substances  (glucose,  lipids),  hormones,  vitamins, 
enzymes, intermediate and final products of metabolism and 
nonorganic substances. Depending on the method of prepa-
ration, the experimental sample of blood plasma can contain 
thrombocytes  in  different  proportion  [22],  the  extracellular 
bubbles released by cells and having a diameter from 30 nm to 
5 mm [23], and the circulating micro-RNA molecules [24]. We 
also studied a suspension of tumour cells in the 0.9 % solution 
of NaCl (saline). This suspension mainly contains the tumour 
cells having a  size  14 – 20 mm, but  a  small  amount of other 
cells (e.g., lymphocytes) can be also present. Note that the size 
of  formed  blood  elements,  blood  plasma  components,  and 
particles  of  tumour  suspension  (from 30 nm  to  20 mm)  are 
much smaller than the wavelength of the incident THz radia-
tion (from 300 mm to 3 mm).

2. Object-of-study preparation

The  study was  carried  out with  9 male  outbred  SHR mice 
(donors)  and  10  female  outbred  SHR  mice  (experimental 
group) 3 months old with the body mass 25 – 30 g (own breed-
ing,  N.N.  Petrov  Research  Institute  of  Oncology,  Saint 
Petersburg). The animals were kept in standard cages of T2 
type in the ventilated vivarium under the standard illumina-
tion regime at  the temperature 18 – 22 °C. They received the 
standard  laboratory  forage  PK120  (‘Laboratorkorm’, 
Moscow) and the tap water ad libitum.

In the work, we used the strain of the grafted Ehrlich asci-
tes  carcinoma  of  mice  (N.N.  Petrov  Research  Institute  of 
Oncology) in the form of a suspension of tumour cells from 
the abdominal cavity. The curve of the solid tumour growth 
[20] and the photograph of a mouse on the 14th day of  the 
tumour  development  are  presented  in  Fig.  1.  The  tumour 
grows in the nodal form.

First, we obtained the ascitic liquid from the donor mice 
with  the  concentration 5 ´  106  tumour  cells  per  1 mL and 
then used it to prepare the suspension of tumour cells in the 
0.9 % solution of NaCl. The suspension was used for the stud-
ies  in  the THz  range  and  for  subcutaneous  injection  to  the 
mice (0.2 mL of the tumour cells suspension in the saline, 106 
tumour cells per mouse) to develop a grafted nodal tumour 
(see Fig. 1b).

The suspension of  tumour cells was prepared by adding 
saline to the ascitic liquid in the proportion 1 : 1 with subse-
quent centrifuging during 5 minutes at 1500 revolutions per 
minute. We  resuspended  the  sediment  in  the  same  solution 
and centrifuged again, the obtained sediment was again resus-
pended, and after that, the concentration of cells was counted 
in the Goryaev chamber using the standard procedure [25].

The evaluation of the tumour growth (Fig. 1a) was per-
formed following the standard technique, namely, the length 
and  the width of  the  tumour nodes were measured and  the 
tumour volume was calculated using the ellipsoid formula

V = ab2/2,   (1)

where a is the maximal longitudinal dimension (length) and b 
is  the maximal  transverse dimension  (width) of  the  tumour 
node.
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Figure 1. (a) Growth  curve  of  subcutaneous  Ehrlich  tumour  and  (b) 
photograph of a mouse with a large tumour node.
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In the end of the experiment (on the 14-th day after the 
tumour  grafting),  we  performed  the  pathomorphological 
examination  of  the  experimental  animals with macroscopic 
evaluation  of  internals  with  the  purpose  to  eliminate  the 
accompanying  diseases  that  could  affect  the  studied  para-
meters.

In  the  studies  we  used  the  whole  blood  and  the  blood 
plasma  obtained  by  centrifuging  the  whole  blood  during 
5 minutes at 1500 revolutions per minute. The blood from the 
murine tail tips was collected in test tubes with K2EDTA. The 
general  blood  analysis  was  performed  using  a  Mindray 
2800Vet  automated  haematological  analyser  (China).  The 
time from the moment of blood sampling until the execution 
of haematological analysis amounted to one hour. Then the 
blood samples were transported in a plastic container with a 
room temperature coolant to perform the spectroscopic stud-
ies. The time interval between the sampling of blood from the 
donor mice and  the beginning of  studies using a THz spec-
trometer was about three hours, and the entire measurement 
(12 test tubes) was finished in eight hours after the blood sam-
pling. During  this  time,  the blood samples were kept  in  the 
same test tubes.

The  statistical  processing  of  the  data  was  implemented 
using  the  ‘Statistica  6’  applied  software  package  (Statsoft, 
USA). The results were evaluated using Student’s t-test. The 
probability of the zero hypothesis validity was accepted at the 
5 % significance level. The data were presented in the form M 
± m, where M is the sample mean value and m is the arithme-
tic mean deviation.

3. Setup for time-resolved THz spectrometry 

A series of experiments were performed using the setup gener-
ating  the broadband THz pulsed  radiation by  affecting  the 
undoped indium arsenide crystal [26, 27] placed in the perma-
nent magnetic field 2.4 T [28] by femtosecond pulses of a FL-1 
laser (the active medium Yb : KYW, l = 1040 nm, tpl = 46 fs, 
f = 70 MHz, P ³ 1W). The generated radiation passes through 
the  Teflon  filter  cutting  off  the  wavelengths  shorter  than 
50 mm and then is incident on the sample. The sample is fixed 
in the plane, perpendicular to the optical axis, and the THz 
radiation experiences diffraction passing through it. The elec-
trooptic detection is implemented by means of a quarter-wave 
plate, a Wollaston prism, a balance photodetector and a lock-
in amplifier [29]. The filtered and amplified signal is transmit-
ted to a computer via an ADC. The error of frequency deter-
mination in the measurements amounts to ~10 GHz for the 
transmission regime and 15 GHz for the regime of THz radia-
tion reflection [30]. The setup is PC-controlled using the NI 
LabVIEW  software  environment,  which  controls  the  time 
delay of the probe femtosecond pulse and the measurement 
process,  as  well  as  executes  the  recording  of  the  terahertz 
pulse temporal shape.

The schematic of the universal THz pulsed spectrometer is 
presented in Fig. 2 [31]. The THz radiation used in this experi-
mental  setup has  the  following parameters:  the  spectral  range 
0.1 – 2.0 THz, the mean power ~0.3 mW, and the pulse duration 
2.7 ps. The major part of the energy was distributed between 0.1  
and  0.6 THz with a maximum near 0.2 THz (Fig. 3b).

The method of measurements in the reflection regime was 
proposed in [31]. If the THz pulsed radiation is reflected from 
the silicon plate and the sample on the substrate (Fig. 4), then 
the  photodetector  will  detect  both  the  pulse  of  radiation 
reflected from the silicon plate and the delayed pulse of radia-

tion reflected from the interface between the silicon plate and 
the sample.

The THz field is recorded as a function of the probe pulse 
time delay (Fig. 3). The Fourier transform of the THz pulse 
field allows the determination of its frequency spectrum

3
( ) ( ) [ ( )]
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where  ( )E wu  is the complex amplitude of the signal; A(w) is 
the modulus of the complex amplitude of the signal; and j(w) 
is the phase of the complex amplitude of the signal. Recording 
the  THz  pulse  field  after  its  interaction  with  the  object  of 
study and then calculating the spectrum by means of Eqn (2), 
one can obtain the spectral characteristic of the object in the 
range  of  frequencies  present  in  the  spectrum  of  the  pulse. 
Since the determination of the spectrum occurs by detecting 
the field (oscillogram) of the pulse, the method is commonly 
referred  to  as  terahertz  time-domain  spectroscopy  (THz 
TDS). A THz pulse usually contains only a few field cycles so 
that its spectrum can cover more than an octave.

When the pulse passes through a liquid biological sample, 
its amplitude decreases and the temporal shape and polarisa-
tion may change. Since water is a nongyrotropic object, and 
the objects studied in the present paper contain mainly water, 
we assume below that the studied samples are nongyrotropic 
and do not  change  the polarisation  state of  the  initial THz 
pulse.

4. Technique of measuring the optical properties 
of the blood sample and its components using  
a THz pulsed spectrometer

In order to study the optical properties of the blood sample 
and  its  components  using  a  THz  pulsed  spectrometer  we 
developed the procedure of analysing a liquid sample (blood, 
blood plasma,  suspension  of  tumour  cells)  in  the  reflection 
regime. The sample of blood or blood plasma was not diluted. 
Its volume that amounted to 20 mL was measured with micro-
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Figure 2. Schematic of a THz spectrometer: 
(FL) femtosecond laser FL-1; (M) mirror; (BS) beam splitter; (DL) op-
tical delay line; (MM) mechanical modulator; (GTR) generator of THz 
radiation; (TF) Teflon filter; (PM) parabolic mirror; (L) lens made of 
TPX plastic; (EOC) electrooptic CdTe crystal; (WP) Wollaston prism; 
(BPD)  balance  photodetector;  (LIA)  lock-in  amplifier;  (ADC)  ana-
logue-to-digital convertor; (O) object of study.
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doser after careful mixing of  the blood sample during three 
minutes by overturning  the  test  tube. After  that  the  sample 
was placed between the plastic plate and the silicon one (the 
thickness 1.04 mm and nSi = 3.4)  (Fig. 5), due to which the 
sample was not dried during the measurements. The diagnos-
tics time for one sample amounted to 2 – 3 minutes.

The  covering  silicon  plate  not  subjected  to  additional 
compression was used in the experiment for the following rea-
sons.  First,  biological  samples,  especially  the  liquid  ones, 
have different thicknesses at each point of the surface, so that 

it is hard to measure the thickness, and the nonplanar outer 
surface deviates the radiation reflection angle with respect to 
the value implied by the optical scheme of the experimental 
setup. Second, the liquid object gets dried, which can essen-
tially modify its spectral properties.

To find the refractive index of the biological object placed 
under the silicon plate, one has to measure its refractive index 
nSi and the thickness dSi.

The measurement of the variations of the phase and fre-
quency of the THz pulse temporal shape allows the permittiv-
ity of the studied sample to be determined. The ratio of the 
Fourier transforms of the object signal [ ( )Es nt ] and the refer-
ence one [ ( )E r nt ] is written as

( )
( )

exp i
E
E

r
t r t

c
n d4

r

s

aSi

aSi Sisam Sia Si Sip
n
n n

=t

t t c m,  (3)

where ta Si, tSi a, ra Si, and  rSisamt  are the Fresnel coefficients for 
the transmission ( t ) and reflection ( r ) of the normally  inci-
dent radiation. The subscripts indicate the boundaries sepa-
rating air (a), silicon (Si), and sample (sam). The Fresnel coef-
ficients for the air – silicon interface are real-valued, since the 
dry air and the silicon are known not to absorb radiation. The 
exponent  determines  the  phase  shift  of  the  radiation  in  the 
course of propagation  through  the  silicon plate. At normal 
incidence  of  radiation  on  the  sample,  the  complex  Fresnel 
reflection  coefficient  at  the  silicon – sample  interface  is  pre-
sented in the form:

r
n n
n n

Sisam
Si sam

Si sam=
+
-t

t
t

,  (4)

where  /(4 )in n csam sam sam pa n= +t   is  the  complex  refractive 
index of  the  sample. Having expressed  the  reflection coeffi-
cient according to the Euler formula,  ( ),exp ir RSisam q=t  and 
solving Eqn (4), we arrive at the expressions for the unknown 
refractive indices (nsam) and absorption coefficients (asam) of 
the sample:
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cos
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R R
n R

1 2
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sam
Si
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+ +

- ,  (5)
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2
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q
q

=
+ +
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Since for the silicon plate both nSi and dSi are known, the 
amplitude R and the phase angle q can be determined from 
the  experimental  data  by  extracting  the  quantity  rSisam =t  
Rexp(iq)  from Eqn  (3). The  real  and  imaginary part  of  the 
permittivity  ie e e= +l llt   are  calculated  from  the  relation 

n2e=t t .
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Obviously, the optical constants of the samples, obtained 
from Eqns  (5)  and  (6),  possess  a  strong dependence on  the 
accuracy of the nSi and dSi measurements. Therefore, before 
each series of measurements the calibration measurement was 
carried  out  to  determine  the  characteristics  of  the  silicon 
plate.

The ratio of the Fourier transforms of the radiation pulses 
reflected from the air – silicon interface,  ( )EaSi nt , and from the 
silicon – air interface,  ( )ESia nt , permits determining the refrac-
tive  indices of  air  and  silicon, using  the  expressions,  analo-
gous to Eqn (3):

( )
( )

exp i
E
E

r
t r t

c
n d4

aSi

Sia

aSi

aSi Sia Sia Si Sip
n
n n

=t

t
c m,  (7)

where  the  real-valued  Fresnel  transmission  and  reflection 
coefficients ta Si, tSi a, ra Si, and tSi sam depend only on nSi and na 
(the refractive index of air) for the normal incidence of radia-
tion.  If  we  express  ( ) / ( )E ESia aSin nt t   as    ( ) / ( )E ESia aSin nt t   and 
make use of the fact that rSi a /ra Si = –1 = exp(ip) for the nor-
mal incidence of radiation, then the unknown refractive index 
nSi can be calculated from the phase part of Eqn (7):

4
( )

n
d

c
Si

Si

Sia

p
p
n

q
=

- ;  (8)

while the amplitude part of Eqn (7) will yield

1n R
R R n2 2

Si
Sia

Sia Sia
a=

- + - .  (9)

Thus, we arrive  at  two  equations,  (8)  and  (9), with  two 
unknowns, nSi  and dSi, which allows  their  calculation using 
only one measurement.

5. Experimental results and discussion

In our paper [32] it was shown that the THz reflection spectra 
of whole blood in outbred male and female albino SHR mice 
are  coincident.  In  the haematological  study,  in  female mice 
the  observed  relative  and  absolute  content  of  granulocytes 
was smaller, and the content of lymphocytes was somewhat 
higher; however,  these differences of haematological  indica-
tors of white blood cells (leucocytes) did not affect the spec-
tral characteristics of whole blood. In Ref. [32] we also stud-
ied  the  influence  of  different  stages  of  cancer  development 
and chronical inflammation on the spectral characteristics of 
whole  blood.  It  was  shown  that  in  the  range  from  0.1  to 
1.0 THz there are no significant differences in the absorption 
coefficients and refractive indices of the whole blood samples 
between the animals from the control group and the animals 
with  the  studied  pathologies.  In  the  present  paper, we  per-
formed the comparative analysis of reflection spectra of the 
whole blood, the blood plasma, and the suspension of Ehrlich 
carcinoma cells. Figure 6 presents the dispersion of the refrac-
tive index and the absorption coefficient, as well as the disper-
sion  of  the  real  and  imaginary  parts  of  permittivity  of  the 
whole blood and the blood plasma for the control group of 
animals and the animals with Ehrlich carcinoma (oncological 
group) in 14 days after the grafting of the tumour.

In the frequency range 0.5 – 0.6 THz, the refractive index 
of  the whole blood amounts  to ~2.09  in the animals of  the 
control group, and to 2.00 in the animals of the oncological 
group. For the blood plasma, this indicator is equal to 2.20 in 

the  animals  of  the  control  group  and  2.10  in  those  of  the 
oncological  group  in  the  range  of  high  frequencies  (0.7 – 
0.8 THz). In the frequency range 0.6 – 0.8 THz, the absorption 
coefficient of the blood plasma in a mouse of control group 
exceeds this indicator of the blood plasma in an animal with 
Ehrlich carcinoma by 17 % – 23 % on average. The increase in 
the absorption index of the animals’ blood plasma in the fre-
quency range 0.7 – 0.8 THz can be due to the absorption by 
water at  the frequency 0.75 THz, reported  in Ref.  [33]. The 
comparison  of  e'  values  in  the whole  blood  of  the  animals 
from  the  control  and  the  oncological  group  (Fig.  6c)  has 
shown  that  the  maximal  difference  exists  in  the  frequency 
range 0.5 – 0.7 THz. For example, at the frequency 0.6 THz 
the value of e'  for  the whole blood of  the animals  from the 
control  group  amounts  to ~3.20,  and  for  the  oncological 
group it equals ~2.45. The difference in the values of e' for the 
blood plasma of the animals from the control group and the 
oncological one  is maximal  in  the range 0.55 – 0.75 THz. In 
this range of  frequencies  the real part of  the permittivity of 
blood plasma of an animal with Ehrlich carcinoma exceeds e' 
of a mouse from the control group by 17 % – 39 %. The values 
of  the  imaginary  part  of  the  permittivity  e''  for  the  whole 
blood of both groups are sufficiently close to each other. At 
the same time, the comparison of e'' for the blood plasma 
of the animals shows a difference in the ranges 0.3 – 0.4 and 
0.6 – 0.8  THz.  For  example,  at  the  frequency  0.7  THz  the 
value of e'' for the blood plasma of the animals from the con-
trol group amounts to 6.60, while for the oncological group it 
equals ~5.35.

In Ref. [34] using the method of dynamic light scattering 
in  diluted  preparations  of  blood  plasma  of  laboratory  ani-
mals, described in the present paper, the size distribution of 
the components was estimated. In this case, the difference in 
the characteristic size of plasma components was observed. In 
the animals  from  the  control  group,  a majority of particles 
had the diameter from 7 to 40 nm, while in the animals with 
Ehrlich  carcinoma  it  was  from  40  to  90  nm, which  signifi-
cantly exceeds the size of the plasma components in the ani-
mals  from  the  control  group. Based  on  these  observations, 
one can suppose that the significant difference in absorption 
coefficients  of  blood  plasma  between  the  animals  from  the 
control  group  and  the  oncological  one  in  the THz  spectral 
range  can  be  explained  by  a  significant  enlargement  of  the 
blood plasma particles with tumour development, giving rise 
to the reduction of the volume content of water in plasma.

From the above considerations one can draw a conclusion 
that in the studied THz range of frequencies the absorption 
by both water and erythrocytes of the whole blood of labora-
tory animals dominates and does not allow one to get reliable 
information on the changes in the composition of other blood 
components. The blood plasma of the animals appeared to be 
a more representative object for the study using THz radia-
tion. 

Figure 7 presents the optical characteristics of the suspen-
sion of tumour cells in the 0.9 % solution of NaCl, the blood 
plasma  of  a mouse with  the  Ehrlich  tumour,  and  the  pure 
0.9 % solution of NaCl in the THz frequency range. It is seen 
that in the range 0.3 – 0.7 THz the refractive index of the saline 
exceeds the refractive index of this solution with the suspen-
sion of oncological cells, while the blood plasma of the ani-
mals  with  developing  Ehrlich  tumour  possesses  the  lowest 
refractive  index.  In  the  frequency  range  0.5 – 0.7  THz  the 
refractive index of these samples takes the values 2.22, 2.15, 
and  2.09,  respectively. A  similar  situation  in  this  frequency 
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range is observed in these samples for the absorption index, 
the difference being essentially larger. Thus, at the frequency 
0.6 THz, the absorption index of the 0.9% solution of NaCl 
exceeds the absorption index of the same solution with sus-
pension  of  oncological  cells  by  24 %  on  average,  while  the 
absorption  index  of  the  blood  plasma  of  the  animals  with 
Ehrlich carcinoma is greater by 44 %. One can see from Fig. 7c 
that  the values of e'  for  the 0.9 % solution of NaCl and the 
suspension of tumour cells in the saline have no essential dif-
ferences. However, in the range 0.5 – 0.9 THz the values of e' 
for blood plasma of the animals from the oncological group 
are on average by 25 % higher than those for the suspension of 
tumour cells in the 0.9 % solution of NaCl and for the saline 
itself. The dependences of the imaginary part of the permittiv-
ity e''  for  the 0.9 % solution of NaCl and  the  suspension of 
tumour cells in it also demonstrate a similar behaviour. The 
values of e'' for the suspension of tumour cells in 0.9 % solu-
tion of NaCl and for the 0.9 % solution of NaCl itself are on 
average by 45 % greater than those for the blood plasma of 
animals  from  the  oncological  group.  From  these  observa-
tions, one can draw a conclusion that the presence of tumour 
cells in the solution of NaCl essentially increases its transmis-
sion  coefficient  for  the  THz  radiation  due  to  the  partial 
replacement  of  water  in  the  solution  with  carcinoma  cells. 
One can also suppose that the observed relatively small values 

of the absorption coefficient of the blood plasma in the ani-
mals with Ehrlich carcinoma in comparison with the values of 
the  absorption  index  for  the  suspension  of  tumour  cells  in 
0.9 % solution of NaCl are due to even smaller water content 
in this sample. 

The dependences presented in Fig. 8 show that the change 
in the concentration from 10 to 106 tumour cells per 1 mL of 
saline practically does not change the optical properties of the 
sample in the studied THz frequency range.

The  experimental  data obtained  in  the present work do 
not provide clear information on the mechanism causing the 
difference  in  refractive  index  and  absorption  coefficient  of 
blood plasma in the animals from the control group and the 
oncological one in the terahertz frequency range. On the one 
hand, the discovered effect could be associated with the fact 
that the blood plasma in mice with Ehrlich carcinoma, com-
prising  the  components  (particles)  of  larger  size,  contains 
smaller amount of water as compared to the blood plasma of 
the mice from the control group. On the other hand, one can 
assume that this effect can be due to the changes in subcellular 
structures  that appear  in mice with Ehrlich carcinoma. The 
clarification of the issue is possible by performing a numerical 
experiment  simulating  the  phantom  of  a  biological  sample 
with a complex structure and its optical characteristics in the 
studied range of frequencies.

Whole blood, control (  );         Whole blood, carcinoma (  );         Plasma, control (  ,  );          Plasma, carcinoma (  )
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Figure 6. Spectral dependences of the optical characteristics (a) n, (b) a, (c) e', and (d) e'' of the whole blood and the blood plasma of the mice from 
the control group and from the group with Ehrlich carcinoma in the THz frequency range. The symbols denote the boundaries of the arithmetic 
mean deviation for the frequency dependences of the appropriate optical characteristics of the studied samples. The confidence of the results for the 
groups ‘plasma, carcinoma’ and ‘plasma control’ is p < 0.05. 
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6. Numerical modelling of the phantom  
of a biological object and the procedure  
of determining its optical characteristics  
from THz visualisation

In order to elaborate a package of applied software that simu-
lates our experiments on the determination of optical charac-
teristics  of  biological  objects  by  means  of  the  THz  pulsed 
radiation, we used the finite-difference time-domain (FDTD) 
method [35]. This method belonging to the class of finite-dif-
ference methods for solving differential equations is a simple 
and efficient  tool of  three-dimensional numerical modelling 
of objects of arbitrary shape, with dispersion and nonlinear 
properties. The method allows the simulation of the process 
of  propagation  of  electromagnetic  radiation  through  these 
objects, based on a  theoretical model –  the  finite-difference 
form  of Maxwell’s  differential  equations.  The  finite-differ-
ence calculation is based on the iteration procedure, in which 
the values of the components at each step are calculated from 
the values of the components at previous steps. Thus, to per-
form calculations  it  is necessary  to discretise  the domain of 
the problem into elementary cells and set the initial conditions 
for all components of the electromagnetic field. To provide an 
adequate result of the present model operation, the variation 
of the electromagnetic field near the discrete should be insig-

nificant,  i.e.,  the  dimensions  of  the  elementary  cell  should 
amount to a few parts of wavelength [35]. We used the grid 
with hexagonal cells and the Cartesian system of coordinates.

Under  the  conditions  of  our  experiment,  the  radiation 
wavelengths varied from 300 to 3000 mm so that the minimal 
size of mesh spacing was chosen to be ~0.57 mm and the max-
imal one 7.49 mm. Since in the future within the frameworks 
of the formulated problem we suppose to simulate complex 
objects with an essentially inhomogeneous structure, the vari-
ation of the mesh spacing values is necessary to increase the 
accuracy of calculations in each part of the object volume.

The  phantom  structure  (the  object  of  study)  for  the 
numerical  experiment  and  the  geometry  of  experiment  are 
schematically  presented  in  Fig.  9.  The  modelled  biological 
object was taken in the form of a rectangular parallelepiped 
about 100 mm high. As phantoms of biological objects for the 
calibration  numerical  experiment  described  in  the  present 
paper, we used the following models: 1) the above rectangular 
parallelepiped with the optical characteristics of saline; 2) the 
same parallelepiped with the optical characteristics of saline, 
containing a singular inhomogeneity with the optical charac-
teristics of the blood plasma from the mice with Ehrlich carci-
noma. The values of the optical characteristics of refraction 
and  absorption  for  the  0.9 %  solution  of NaCl  and  for  the 
blood  plasma  of  mice  with  Ehrlich  carcinoma  were  taken 
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Figure 7. Optical characteristics (a) n, (b) a, (c) e', and (d) e'' of the studied samples: the suspension of tumour cells in 0.9 % solution of NaCl, the 
blood plasma of the mouse with Ehrlich carcinoma, and pure 0.9 % solution of NaCl in the THz frequency range. The symbols denote the boundar-
ies of the arithmetic mean deviation for the frequency dependences of the appropriate optical characteristics of the studied samples. The confidence 
of the results for the groups ‘plasma, carcinoma’ and ‘saline’ is p < 0.05. 
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from the results of the experiment described above in the pres-
ent paper. As in real experiment, the modelled biological sam-
ple was covered from above with a silicon plate (nSi = 3.4, the 
thickness 1.04 mm). 

The  numerical  experiments  simulate  the  solution  of  the 
problem  when  a  plane  electromagnetic  wave  with  the  fre-
quency  0.1 – 1.0  THz  is  incident  on  the  silicon – biological 
sample structure, placed in an infinite space. A source – detec-
tor (port 1 in Fig. 9) is placed in front of the structure. Between 
the  silicon  plate  and  the  detection  port,  there  is  a  vacuum 
layer 1 mm thick. The modelling of the reflected electromag-
netic wave characteristics is performed at the silicon – biologi-
cal sample interface (z = 0).

Figure 10 presents  the results of numerical modelling of 
the complex amplitude of the reflected wave signal at frequen-
cies  0.7 and 0.8 THz.  It  is  seen  that  the  shapes of  the THz 
pulse found in the real experiment and in the numerical one 
are  in  good  agreement.  Thus,  at  the  14th  picosecond  the 
reflection from the first surface of the silicon plate, and at the 
42th picosecond the reflection from the interface between the 
silicon plate and the plasma-carcinoma sample is observed.

Figure  11  shows  that  the  reflection  coefficients  of  the 
studied  sample  (the  blood  plasma  of  a mouse with Ehrlich 
carcinoma) obtained in the numerical experiment agree well 
with those of the real experiment in the range 0.5 – 0.8 THz.

From Fig. 12 one can clearly see that the amplitude of the 
wave  reflected  from  the  surface  of  saline  is  very  small 
(Fig. 12a). In the case of the wave incident on the object sur-
face in the region of the cylindrical inclusion having the opti-

a b

c d

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Frequency/THz

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Frequency/THz

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Frequency/THz

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Frequency/THz

1.8

2.2

2.8

3.2

n a/cm–1

0

100

200

300

0

4

2

6

8

10

e'

4

e''

6

8

10

12

Cells in NaCl/106 mL–1 (  );         Cells in NaCl/103 mL–1 (  ,  );         Cells in NaCl/10 mL–1 (  )
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the phantom (the object of study) is a rectangular parallelepiped having 
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singular  cylindrical  inhomogeneity  with  the  optical  properties  of  the 
studied samples.
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cal properties of  the blood plasma of a mouse with Ehrlich 
carcinoma, the reflected signal essentially increases (Figs 12b 
and 12c). In this case, the value of the normalised amplitude 
modulus of the wave with the frequency 0.8 THz noticeably 
exceeds the analogous value for the wave with the frequency 
0.7 THz, which coincides with the obtained experimental data 
(see Figs 6 and 7).

Thus, the possibility of using the pulsed THz visualisation 
in  the reflection regime for  the express diagnostics of onco-
logical diseases due to the difference in the amplitudes of the 
signals  reflected  from  the  samples  from  the  animals  of  the 
control and the oncological groups is shown. 

7. Conclusions

Summarising the data of recent publications in the field of 
THz spectroscopy of the animal and human whole blood, 
as well  as  the data obtained by us, we  can  conclude  that 
such formed blood elements as erythrocytes and thrombo-
cytes  make  the  major  contribution  to  the  blood  absorp-
tion.  In  this  relation,  the  changes  in  the  composition  of 
other blood elements (lymphocytes and leucocytes) cannot 
be reliably detected in the whole blood using the methods 
of  THz  spectroscopy. As  shown  by  our  experiments,  the 
blood plasma is the most promising object of study, since 
the  change  of  composition  caused  by  pathological  pro-
cesses  in  the organism can considerably affect  the optical 
properties of the blood plasma of humans and animals in 
the THz frequency range.
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Figure 12. Results of numerical modelling of the amplitude modulus of 
the wave reflected from the biological object phantom: (a) the frequency 
0.7 THz, object 1 with the optical characteristics of the 0.9 % solution of 
NaCl; (b) the frequency 0.7 THz, object 2 with the optical characteris-
tics of 0.9 % solution of NaCl and the inhomogeneity with the optical 
properties of the blood plasma of a mouse with Ehrlich carcinoma; (c) 
the frequency 0.8 THz, object 2 with the optical characteristics of 0.9 % 
solution of NaCl and the inhomogeneity with the optical properties of 
the blood plasma of a mouse with Ehrlich carcinoma. The presented 
values of the reflected wave amplitude modulus are normalised to the 
amplitude modulus of the incident wave at the appropriate frequency.



  O.A. Smolyanskaya, O.V. Kravtsenyuk, A.V. Panchenko, et al.1040

In the present in vitro experiment, we revealed the reduc-
tion of the amplitude of the absorption coefficient of blood 
plasma  from  mice  with  grafted  Ehrlich  carcinoma.  This 
observation offers the possibility of developing express diag-
nostics  of  oncological  diseases  using  the  method  of  THz 
pulsed  spectroscopy  of  blood  plasma  samples.  The  experi-
mental data obtained in the present work do not provide clear 
information about the origin of the difference in the absorp-
tion indices and reflection coefficients of the blood plasma of 
the animals from the control group and from the oncological 
one in the THz frequency range. On the one hand, the discov-
ered  effect  could be associated with  the  fact  that  the blood 
plasma of mice with Ehrlich carcinoma containing enlarged 
components (particles) contains smaller amount of water as 
compared to the blood plasma of the mice from the control 
group. On the other hand, one can assume that the effects can 
be due to the changes in subcellular structures, arising in the 
mice with Ehrlich carcinoma. To clarify this issue we plan fur-
ther in vitro experiments.

To help  the  interpretation of  the experimental measure-
ments, we elaborated an applied software package that simu-
lates a phantom of biological sample having a complex struc-
ture  and  allows  one  to  simulate  numerically  the  process  of 
THz radiation propagation in this sample and to determine 
its  optical  constants.  The  performed  numerical  experiment 
has shown the possibility of visualising the amplitude modu-
lus of the wave reflected from the sample of blood plasma of 
animals with Ehrlich  carcinoma. Good  agreement with  the 
experimental data is achieved.
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