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treatment of diseases based on dielectric properties of blood samples
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A new system for monitoring the effects of radiation and chemotherapy on patients with cancer and some other severe diseases
based on the changes in the dielectric characteristics of their blood samples before and after the treatment using a pre-
organized system of knowledge on the cancer dynamics, statistical long-term data processing either in the individual or for
different cancer types, novel mathematical models and computations on them for interpreting the measurement data is
presented. The elaborated system allows accumulating, storing and retrieving data for primary and repeated data processing,
the real time decision making on the efficiency/inefficiency of the treatment procedures, and planning future treatment
procedures.
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B pabote npexncraBieHa HOBasi CHCTeMa MOHHTOPHHTA Pe3yJIbTaTOB BIMSHMS PAAMAlMOHHOW W XHMHOTEpAIUH Ha TAI[HEHTOB
C OHKOJIOTHYECKMMH 3a00JeBaHUSMH M psja JIpyrux 3a0ojieBaHMH HAa OCHOBAaHWUHM W3MEHEHHUS JUIJIEKTPHYECKUX
XapaKTePHCTHK P00 KPOBH MAIMEHTOB IO U TIOCTIE JICUSHUS] HA OCHOBE MPEIBAPUTENFHO OPTaHN30BaHHOM CHCTEMBI 3HAHUH 0
JUHAMHUKE Pa3BUTHSI OHKOJIOTMYECKOTO 3a00JIeBaHMS, CTATHCTHIECKOH OOpaOOTKM MAHHBIX UIMTENBHBIX H3MEPEHUH Kak y
JAHHOTO TAIMeHTa, TaK U IO BUAaM 3a00JeBaHMH, CIIENHAIbHO pa3pabOTaHHBIX MAaTEMaTHUECKUX MOJENel U pe3ynbTaToB
YHCICHHBIX PAacYeTOB MO HUM AT HMHTEPIPETAlH SKCIEPUMEHTANbHBIX MAaHHBIX. Pa3paboTaHHas cucTeMa IIO3BOJISIET
HaKaIUIMBaTh, XPaHUTh W W3BICKATh JAHHBIC U1 MEPBHYHOW M IOBTOPHOM cTaTHCTHYECKOH 00paboTku mHpopmanuu, B
peansHOM BPEMEHHU IPUHUMATH perieHns 00 3G(GeKTHBHOCTH/HEIPPEKTHBHOCTH TePANeBTHYECKUX MPOLEAYp U IUIAHUPOBATh
HOCJIELYIOIIHE 1eueOHbIC MEPOIIPHATHS.

Knwuegvie cnosa: cucmema MOHUMOpUHZA,  OHKOO2UA, Xumuomepanus, —paouomepanus, — IPgexmusHocmo,
Mamemamuyeckue MOOeIUPosanue, OUdIeKMpudecKue ceoUCmad, MeOUYUHCKAsl OUACHOCTUKA.

VY poboti mpencraeieHa HOBa CHUCTEMa MOHITOPHHIY pe3yNbTaTiB BIUIMBY pajiallifHOi Ta XimioTepamii Ha NaIli€HTIB 3
OHKOJIOTIYHUMH 33aXBOPIOBAaHHSAMHU Ta DALYy IHIIMX XBOpOO (ilIEMiYHHUH, TeMOpariuHuil iHCYNIBT Ta iHIII) Ha OCHOBI 3MiHH
TENeKTPUYHUX XapaKTePHCTHK MPoO KPOBi MAli€HTIB IO 1 MICHs JIKYBaHHS 3 BUKOPHUCTAHHAM IIOTIEPEIHBO OPTraHi30BaHOL
CHCTEMH 3HaHb IPO JHHAMIKY OHKOJIOTIYHHX 3aXBOPIOBaHb, CTATHCTHYHOI OOpOOKM JaHMX OaraTOpiyHMX BHMIPIOBAaHb SK Y
KOHKPETHOTO TAIli€HTa, TaK i 32 THIIOM XBOPOOH, a TaKOX CIHELIaNbHO PO3POOJICHNX MAaTeMaTHIHUX MOJAENEH i pe3yinbTaTiB
YHCEJIbHUX PO3PAaxyHKIB I IHTEepHpeTalil eKCIeprMEHTAIbHUX JaHUuX. B mepmiomy po3aiii cTaTTi HajaHWi JeTaabHUM
OTJISA[] CydYacHOl JiTepaTypd 3 JOCATHEHb CYYaCHHX IHOMBIIyalbHUX (i3i0NOTIYHUX Ta MAaTeMaTHYHHA MOJeei,
ABTOMATHYHHUX KOMIT IOTEPHUX CHCTEM 300py MEIUYHMX JaHHX, PE3YNbTATiB YHCEIBHUX PO3PAaXyHKIB 3a MaTeMaTHYHUMHU
MOZEISIMH 3 ypaxyBaHHSIMHU peanbHOl iHANBIIyalbHOT 3-BUMIpHOI TeoMeTpii TOCHIiKyBaHOT CUCTEMH, JaHUX Oe3MocepeaHix
BUMIPIOBaHb IIBUIKOCTEH Ta THCKIB B OKPEMHX apTepiajJbHHX CErMEHTaX, a TaKOX Pe3yJIbTaTiB YHCEIBHUX PO3PAaXyHKIB, Yy
TOMY YHCI IHTETPAIbHUX ITapaMeTpiB, a caMe 00 €MHUX BUTPAT KPOBi B CYIMHAX Ta OCEPETHEHUX 3HAUEHb THCKIB. B npyromy
pO3IiTi HaBeleHI MaTeMaTHYHI MOJENi, SKi € CKJIAJHWKAMH 3alpONOHOBAaHOI CHCTEMH MOHITOPHHTY, NIarHOCTHUKH Ta
JKyBaHHS OHKOJIOTIYHMX 3aXBOPIOBAaHb HA OCHOBI €JEKTPOQI3WYHUX IMapaMeTpiB CTaHTAPTHHUX IMpoO KPOBi TMallieHTa 3a
JIOTIOMOTOI0 BHUMIpIOBaHb JiEJCKTPUYHUX ITOKa3HHUKIB MPOOH B 30BHINIHBOMY €JIEKTPOMAarHiTHOMYy BumpoMmiHioBaHHI CBU-
JianasoHy NpH MIXPOKOMY BapiloBaHHI TeMIIepaTypu 3pas3ka B gianasoni T=0-56 C.

Po3pobiena cucrema 103BOJIsIE HAKOIMYYBATH, 30epiraTé Ta BUJIABaTH JaHi AJS NEPBHHHOI Ta MOBTOPHOI CTaTHCTUYHOI
00poOxu iH(popMalii, B peatbHOMY Yaci IpUHMAaTH pilleHHs Npo e)eKTHBHICTh/Hee()eKTUBHICTD TEPANIeBTHYHUX MPOLENyp i
TUIaHYBAaTH TTOJAJIBIII JTIKYBaIbHI 3aX0/IH.

Knwuoei cnosa: cucmema MOHIMOpUHSY, OHKONO2IA, Ximiomepanis, padiomepanis, eQeKxmusHicmy, MamemMamudi
MOOent08anHs, OieleKMpPUuyHi 81ACMuU80Cmi, MeOUyHa 0iazHOCUKA.

1 Introduction

Revolutionary technologies being currently developed in physics, chemistry, material and computer
sciences are rapidly changing our life and healthcare. During the last decades many novel approaches to
medical diagnostics, surgery planning with computer-based systems have changed the quality of
medical care and promoted development of patient-specific medicine using complex individual
mathematical models, automated medical data analysis systems, omics-based studies, and decision
making algorithms with artificial intelligence (Al) [1-3]. Digital technologies are promoting the
elaboration of novel materials for bone implants, orthodontic units and teeth restoration which are based
on the computer-assisted mechanical analysis of the individual 3D models. Blood flow simulations with
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computational fluid dynamics (CFD) in the patient-specific cardiovascular models allow estimation of
the stenosis severity and decision making on the number of stents needed for the blood flow
normalization [4]. Moreover, electromagnetic, acoustic, optical and other physical properties of tissues
carry valuable diagnostic information [5]. Since blood is the most movable fluid that passes through any
organ and tissue, in the case of cancer, blood is strongly influenced by the products of the cancer cell
metabolism and tissue decay that changes chemical and physical properties of the red blood cells (RBC)
and blood plasma [6]. Such changes can be observed even at the early stages of the cancer development
and may serve as an excellent test for early diagnosis of cancer [7]. Since measurements and
interpretations of mechanical, electric and other physical properties require coordinated efforts of
engineers, mechanics, biologists, mathematicians and medical specialists; the modern medicine is
becoming an interdisciplinary science.

Another dimension to the healthcare is added by One Health (OH) concept that is a new health
policy framework of the XXI Century. The OH concept treats human health as connected with animal
health and bacterial maps, environmental conditions (food and water quality, pollutions, etc.), economy
and other factors [8, 9]. It is well recognized that the cancer diseases are mostly determined by
environmental, economic and other factors included into the OH concept. Currently a breakthrough in
cancer diagnosis has been demonstrated by high-fidelity cancer detection on medical images using Al
[1, 2, 10]. The Al code based on convolution neural network (CNN) [11] has correctly recognized skin
cancer in 95% cases, while the international team of 58 experienced dermatologists from 17 countries
have succeeded in 86,6% cases [12]. Al based on GoogLeNet Inception CNN has demonstrated better
abilities in recognition of lung cancer on the whole-slide images of human chest than an international
team of recognized pulmonologists [13]. Reinforcement Learning algorithms have been trained for
predicting individual optimal dosing in treatment of brain tumor [14].

Recently deep learning algorithms have been successfully trained using data from 284335
cardiovascular patients and validated on two independent datasets of 12026 and 999 patients with
successful prediction of cardiovascular risks based on the image analysis of their retinal fundus
photographs [15].

Therefore, Al demonstrated promising perspectives in analysis, recognition and classification of
patterns on medical images, integrated arrays of different omic data including the incomplete datasets.
The physicians could be augmented by Al creating the expert-in-the-loop system that is considered a
new approach in the personal healthcare [3]. Information technologies and multidisciplinary approaches
in cancer diagnosis and treatment are the main components of patient-specific predictive oncology. In
this study such a system for monitoring human health and quantitative estimation of efficiency of the
cancer treatment based on detailed measurements of dielectric properties of blood samples is presented.

2 Dielectric properties of biological materials

Biological cells and tissues are characterized by surface electric charge produced by the charged
proteins, dissociation of the surface molecules, and adsorption of ions from the interstitial fluids or
blood plasma. The charged particles form several compact and less compact layers around the cells in
water-based solvents. In the external and internal electric fields (i.e. produced by heart, skeletal and
smooth muscle contractions, electric signal propagation along nerve fibers and brain activity) the
electric layers are polarized changing the dielectric permittivity ¢=&"+ig" of biological cells and
tissues [16]. The real part &' corresponds to static dielectric permittivity, while &" corresponds to the
energy loss in the material being an imperfect dielectric. The dielectric loss ¢, =atan(s"/¢&’)
characterizes the amount of the energy converted into heat due to electric conductivity and dielectric
losses. Dielectric permittivity of blood increases with the concentration of RBCs and blood plasma
proteins.

The dielectric parameters of biological materials shows the dependence on the frequency @ of the
applied electric field (dispersion) in the form &'(w), &"(w) . The frequency dependencies for dielectric

permittivity with single relaxation time 7 (Debye model) have the form [15]

fl)=g, + S0 orle ~¢,), (1)
1+ w7) 1+ w7)
where &, and ¢, are permittivity measured at high wz, >>1 (the THz frequency range) and low
ot <<1 frequency ranges, ¢, corresponds to the steady electric field.

_gw

&"(w) =
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The modified Cole-Cole dispersion model is described by the generalized equation
Ege — € O;

© 4 i (2)

el =€ +
(@) =2, 1+ (7)™ e,

where « is the Cole-Cole parameter.
The dispersion relation for electric conductivity o of the sample may be written then as [15]
o . 3
1+ (wr)? ®)
The curves &'(w), &"(w) can be measured by dielectric spectroscopy (DS) technique proved to be a
useful approach for analyzing heterogeneous systems, especially biological cell suspensions and tissues
[15]. Nowadays the DS technique can be applied to a single cell, which makes the theoretical analysis
relatively simple because complex electrical interactions between cells need not to be accounted for.

The proposed system of monitoring is based on the DS measurements on diluted suspensions of human
RBC and the data analyses based on (1)-(3).

o(w) = 0’r

3. The monitoring system components

3.1. The dielectric spectroscopy unit

The dielectric parameters of the tissue samples have been measured by the method of microwave
dielectrometry using a cylindrical resonator at a working frequency f=9.2 GHz in the temperature range
T=2-45 °C that allows recording the structural changes in the electric layers and hydrated shells of the
cells at a molecular level by the ratio between free and bound water contents [15]. For &'
measurements, the sample has been collected in a capillary (2 mm in diameter), placed in the resonator,
and a shift of the resonant frequency between the natural frequency of the resonator and the resonator
with the sample has been recorded. The values ¢ and &" have been calculated from the gradient
curves obtained for substances with known values &' and &". The value &" has been corrected for
electrical conductivity due to the presence of inorganic ions in the medium. The electrical conductivity
of the samples has been measured by a bridge method at f=1 kHz at room temperature. The error in the
obtained values do not exceed + 0.2 for &' and + 0.5 for &”. The temperature of the samples in the
capillary has been measured with a copper-constantan thermocouple with an accuracy of + 0.1 °C. The
room temperature has been 20.0 °C, and the sample has been cooled/heated by keeping it in ice/hot
water accordingly.

The measurement procedure has been as follows. A venous blood sampling (2 ml) has been
performed on an empty stomach. The collected blood has been stabilized with an anticoagulant (0.1 ml
of heparin solution with 5000 1U activity). Then the erythrocyte fraction has been separated from the
plasma by centrifugation (three times) at 3000g (10 minutes per centrifugation cycle) with sodium
phosphate buffer (0.15 M NaCl, 0.02 M Na,HPO,/NaH,PO,, pH=7.4). Then a suspension of cells has
been prepared in the same buffer with natural concentrations 4.8x10% cells/mm?®). The portion of the
suspension has been placed into the unit for measurements of &' and &” at different temperatures. The
measured values have been submitted to the database.

3.2. Database

A convenient structure of the database has been elaborated. Each record related to a single patient or
volunteer contains encrypted personal information; anamnesis with the prescribed treatment(s) and the
treatment results; previously obtained clinical and biochemical blood examination results; current
diagnosis and &' (T) and &" (T) curves measured in the dielectric spectroscopy unit.

Currently, the datasets for healthy donors (67 records), patients with breast and lung cancer before
and after chemical and/or X-ray therapy (78 records), patients with ischemic and haemorrhagic stroke
before and after treatment (84 records), diabetes mellitus before and after treatment (53 records) are
collected in the database.

3.3. Statistical analysis core
The data collected in the database have been thoroughly processed by different statistical methods
(regression, correlation, factor analysis). The most important dependencies have been obtained and the
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main differences between healthy donors and patients have been determined. Based on the statistical
data, it has been shown that [6, 7, 15]:

1)
2)
3)
4)

5)

The dielectric parameters are important non-specific indexes of the disease, the disease stage
and the treatment success;

The differences in the &' (T) and &" (T) curves between the healthy blood samples and the
patients’ blood samples increase with progression of the disease;

In cases of successful treatment, the &' (T) and &” (T) curves become closer to the healthy ones;
The observed regularities are similar in the RBC and RBC ghost suspensions; therefore the
changes in the dielectric parameters due to both disease progressing and treatment success are
determined by the changes in the RBC membranes;

Since the dielectric measurements have been conducted in the TGz frequency when the water
molecules are movable only, the hydration shells of the RBC and RBC ghosts can be
responsible for the measured differences, therefore, the thickness and density of the hydration
shells can be considered as the most informative indexes of the disease stage and the treatment
success.

r r
g e

25 30 35 40 45 T,°C 0 5 10 15 20 25 30 35 40 45 T,°C

a b

0 5 10 158 20

Fig.1 Dependencies &' (T) and &" (T) of RBC suspensions (a) and RBC ghosts (b): 1 — healthy donors, 2 — breast

cancer, 3 — lung cancer

4. The monitoring system and its first implementation results
The components described in the previous chapter are combined by the feedback connections into the
novel approach for the computer-assisted decision making in individual medical diagnostics, treatment
planning and result estimation (Fig.2).

Data
classification

Verbal data
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Fig.2 The monitoring system scheme
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The monitoring system could be run by Al which will increase the diagnostic and treatment ability
of the system. As shown with the Al algorithms used for the skin [12] and lung [13] cancer diagnostics,
retina photographs based cardiovascular risks prediction [15], the Al algorithms trained on the
combination of verbal (age, gender, smoking status, etc.), humerical (blood pressure, blood sample
examinations, and other standard physiological test results), and additional dielectric &' (T) and &" (T)
curves can be helpful in the decision making by the expert-in-loop system.

The collected medical data are not sufficient for deriving any global conclusions on the statistical
regularities on the type of disease or individual treatment prescription. They are insufficient for training
of Al and its validation as well. The results obtained on the datasets described in the paragraph 3.2,
have revealed that variations of the &' and &" values at different temperatures in healthy donors and
cancer patients are statistically similar, and the dielectric properties of RBC and their membranes can be
used as a non-specific cancer diagnostic parameter and a treatment success indicator.

5. Conclusions

A new monitoring system for cancer diagnosis and quantitative estimation of efficient medical
treatment of cancer disease based on the results of the standard medical tests and additional
measurements of dielectric parameters of blood samples in the wide temperature range from T=0 C to
the near protein denaturation temperatures T~50 C has been developed and tested. The system is
proposed for further validation and implementation for more accurate early diagnostics of cancer and
other diseases as well as for quantitative estimation of treatment success. Based on the collected
database for the healthy donors, the patients with breast and lung cancer before and after chemical
and/or X-ray therapy, the patients with ischemic and haemorrhagic stroke and diabetes mellitus before
and after treatment, it has been shown that the real and imaginary parts of the dielectric permittivity of
the RBC and RBC ghosts suspensions can be considered as important non-specific indexes of the
disease and its stage. The same index can be used for quantitative estimation of the treatment success.
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