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The structure of a new system for monitoring the state of the human cardiovascular system based on geometric and
biomechanical models of the vascular bed as a branching tree of arteries is presented. The tree geometry has been obtained by
averaging the data of postmortem measurements from five bodies, a statistical analysis of the patterns of the structure of
vascular trees, and a new technique for generating an individual tree for a particular patient by performing several in vivo
measurements. The developed biomechanical model allows for numerical calculations of pressures and blood flow velocities in
each artery, storing information in a database, analyzing the distribution of blood volumes, calculating important diagnostic
indices, identifying pathologies and planning surgical operations in silico.
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VYV crarri HaBeIeHa CTPYKTypa HOBOi CHCTEMH MOHITOPDHHTY CTaHy CEpLEBO-CYAMHHOI CHCTEMH JIIOJMHH Ha OCHOBI
TEOMETPHYHOI 1 GloMeXaHIYHOT MOJIeNiel CyIMHHOTO pycia SK pO3TalIyKeHOTO AepeBa apTepiid. B poOoTi BukmaaeHi miaxonm,
MOJeNi 1 MEeTOAH, SIKi € KOMIIOHEHTaMH HOBOi CHCTEMH MOHITOPUHTY CTaHy 30pOB's JoAuHU. ['eomeTpis mepeBa oTpuMaHa
NUISIXOM yCepeAHEHHS TaHUX BUMIPIOBaHb POStMOrtem Ha m'sTH TiNax, CTaTHCTUYHOMY aHaji31 3aKOHOMIpHOCTEl OymOBH
CyAMHHUX JiepeB. [IpencTaBineHa HOBa METOJIVKA IeHepalii iHIUBITyaJbHOTO JepeBa KOHKPETHOTO MallicHTa Ta IPaHUYHHX
YMOB JUIsl HBOTO (TepMiHAIbHI MIKPOLMPKYJISATOPHI pycia) MUIAXOM BHKOHAHHS JCKIJIBKOX BHMIpIOBaHb N ViVO, 3
ypaxyBaHHSIM BIiKy, a TaKOXX pe3yJlbTaTiB OiOXIMIYHOrO Ta KIIHIYHOTO aHamizy KpoBi. [ TPOBEICHHS YHCEIBHHX
pO3paxyHKIB BUKOPHUCTOBYBanacs MOJENb, ska 0a3yeTbesl Ha piBHAHHAX Hav'e-CTokca 11l BiCeCHMETPUYHHX TEUiH B'S3KOL
HECTUCIIMBOI PIAWHM 1 CHCTEMHU PIiBHSIHb KIACHYHOI Teopii B'I3KONPYXKHBHOI TOBCTOCTIHHOI TPYOKH Ui PEONIOTIYHOI MOZemi
Kenppina-®oiixta 11 MaTepialy CTIHKH CYAWH, 3 YpaxyBaHHSM yMOBH O€3MEPEpBHOCTI THUCKY 1 BUTpaTh pPiIMHH Ha
Oipypkamisix TpyOOK, NpPH UYOMYy Ha BIJKPUTHX KIHIIX TpyOOK MOZET 3aJaBaIUCS TEPMiHANIBHI MHPOBITHOCTI
MIKpOLUPKYJIATOPHUX pycenl opraHiB. byma mpoBemeHa Bamimamis MaTeMaTHYHOI MOJENi Ha OCHOBI E€KCIEPHUMEHTAIBHHX
JAaHUX 1 KOPEKI[isl 3HaUeHb PEOJIOTIYHMX MapaMeTpiB MOJeJed METOIOM HalMeHIIMX KBaapariB. Po3pobieHa OiomexaHiduHa
MOZENb  JO03BOJISIE NIPOBOJUTU YHCENBHI PO3PAaXyHKH THUCKIB 1 IIBHAKOCTEH KPOBOTOKY B KOXKHOI aprepii, 30epiratn
iHpopmanito B 0a3i JaHMX, aHAII3yBaTH PO3MOIUI 00’€MIiB KpOBI Ta IIBUJIKOCTEHl KPOBOTOKY, PO3paxOBYBAaTH BaKJIMBi
IIarHOCTHYHI 1HAEKCH, IUIAaHYBAaTH TEpaleBTHYHE a0o0 XipypriuHe JIiKyBaHHS HEJIOCTATHOCTI KPOBOOOIry 3 KUIBKICHOIO
OLIIHKOIO pe3yJIbTariB JikyBanus in silico.

Knrouesvle cnosa: cucmema MOHIMOPUH2Y, cepyeso-CyOunHd CUCMeMd, MAmeMamuine MoOeo8anHs, 6asa 0anux, MeoudHa
oiaznocmuxa.

B craTtpe mpezcTaBieHa CTpyKTypa HOBOH CHCTEMBI MOHHTOPUHIA COCTOSIHHS CEPJEYHO-COCYAUCTON CHCTEMBI UelloBeKa Ha
OCHOBE T€OMETPHYECKON M OMOMEXaHWYeCKOW MOJeNIeil COCYANCTOrO pyciia Kak BETBSIIErocs JaepeBa apTepuid. ['eomeTpus
JepeBa TIOMydeHa Ha OCHOBAHWM YCPEJHEHWs MAaHHBIX M3MEpPEeHUH POStMOrtem Ha mATH Tenmax, CTaTHCTHIECKOM aHali3e
3aKOHOMEPHOCTEH CTPOCHUSI COCYIMCTHIX JIEPEBBEB, HOBOH METOIWKE TeHEPAlld WHIUBHIYaIbHOTO AEpPeBa KOHKPETHOTO
HAlMeHTa IyTEM BBINOJHEHHS HECKOJBKHX H3MepeHHil in Vivo. PaspaboraHHas OHMOMeXaHHMYECKas MOJENb IO3BOJISET
MPOBOJUTH YHCICHHBIE pacyeThl JaBJIEHHH W CKOPOCTEl KPOBOTOKA B KaKIOW apTepuH, XpaHUTh HMH(opmanmio B 0ase
JIAaHHBIX, aHAIN3UPOBATh paclpesielieHne 00bEeMOB KPOBH, CKOPOCTH KPOBOTOKA, PacCUUTHIBATH Ba)KHBIE JTHATHOCTHYECKHE
WHJICKCBI, BBISIBIIATH HAPYIICHHUS U IJTAHUPOBATh XUpYpruueckue oneparmu in silico.

Keywords: cucmema monumopunea, cepdeuno-cocyoucmas cucmemd, MaAmeMamuyeckoe MoOeiuposanue, 6a3a OaHHbIX,
MeOUYUHCKASL OUACHOCIMUKA.

1 Introduction

New technologies developed in physics, chemistry, material and computer sciences have
considerably changed our everyday life. During the last decades revolutionary in silico methods of
medical diagnostics, quantitative planning of surgery, treatment and rehabilitation based on computer-
assisted systems, medical data analysis, mathematical models, artificial intelligence (Al) and decision
support systems have changed the quality of healthcare [1-3]. The newest medical apparatus and
systems makes it possible to obtain detailed 3d images of blood vessels and inner organs (CT, MRI),
to measure pressure P(t) and blood flow velocity V(t) in the vessels, and other information on
physical and biochemical processes in the organism. Thus, the method of photoplethysmography with
finger sensors allows registration of arterial pressure continuously with receiving big datasets. The
most popular system Finapres (FINger Arterial PRESsure) (Fig.1a) was developed in 1980 [4]. Later,
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Finometer, Portapres (FMS) and Nexfin appeared at the market. More complicated systems such as
collection of monitors presented by two finger sensors, one wrist pressure sensor and cuff manometer
for brachial artery have been recently introduced [5]. The long-term measurements makes it possible
to define the heart rate, heart rate variability (HRV), short respiratory and long circadian waves, the
pulse shape and many other parameters. HRV gives important information on the heart health. The
corresponding spectral, fractal, wavelet analyses, Lyapunov exponent, entropy and other important
diagnostic indices could be calculated based on the registered curves [5, 6].

In recent years portable sensors (Fig. 1b) and mobile applications (mobile apps), based on sensor
panels of mobile phones and pads (Fig. 1c) or interacting with it through infrared port are getting
popular. The measurements of optical transmission oscillations through finger tips with the help of a
smartphone sensor panel allow us to register pressure and temperature curves, store and analyze them
with corresponding software, and send to a doctor for monitoring the current state of the patient.
Thus, the opportunity of continuous registration as time series of many human cardiovascular system
parameters is essential for detailed and timely medical diagnostic. It requires the development of new
approaches for the formats, the methods of encryption, the storage, the extraction, the statistical analysis
and the biomechanical interpretation of the data measured as well as the elaboration of corresponding
mathematical models, big data analysis, Al, and other mathematical approaches [7]. Thus medicine is
becoming multidisciplinary science, which requires the participation of mathematicians, mechanics, and
physicians for elaborating new methods for data processing and analysis of mathematical models of
physical processes of a human organism.

In this work a new system for monitoring the state of human cardiovascular system based on the
medical data analyses and mathematical modeling of the blood flow and pulse wave propagation along
the vasculature system of particular patient is proposed. Similar modeling of systemic arteries as a
binary tree composed by 55 elastic tubes (aorta and its branching, carotid arteries, high and low
extremities) was proposed in [8]. The models of upper limbs vessels [9], a brain [10], coronary arteries
[11] and an aorta [12] have also been developed and used for numerical computations of blood flow
distributions and wave travel along the system. The vascular model presented in the proposed
monitoring system is the most complete and allows obtaining valuable diagnostic information via real
time numerical calculations (10-20 min).

Fig. 1. The finger sensors of pressure Checker Prank (Superior Technologies, Inc.) (a), Finger BP (SmartApps
Ltd.) (b), and Blood Pressure Finger Prank (Google Play) (c).

2 2. Components of the monitoring system
2.1. Geometry model of human circulatory system and database.
The results of detailed postmortem opening measurements on 5 bodies (with age ranging from 38 to

62 (52%9), height 155-177 cm (169*7) [13] are used for the geometry model. The lengths L) and

diameters dJ of systemic (intraorgan) arteries have been measured on visible arteries of the body and
on plastic casts of inner organs and muscles. The results have been stored in the database DB1. In the 5
datasets different numbers (from 870 to 1027) of the extraorgan arteries have been measured, since the
structure of systemic vasculatures has considerable individual features [14]. The measured data for the
aorta and its branches (93 segments) are given as a table in [12]. For the vasculatures of inner organs
the lengths and diameters of >10* arteries till to the segments with d*=0.1 mm have been measured
[13].
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The statistical analysis of the measured diameters and lengths has revealed statistically significant
dependences (R*>0.87) between the diameters in both bifurcations and trifurcations (Murray’s law) in
the systemic arteries [12] and in the inner organs [11]. The artery lengths have been normalized by the
individual’s height, and the inner diameters have been recomputed to have the tubes of circular cross
sections with the same hydraulic conductivities as in the raw data geometry. Less significant
correlations (R*>0.64) have been found between L j and d j [13]. The obtained statistical dependences
allow restoration of any individual arterial vasculature up to the vessels of diameter d* [11, 16, 17] from

the measured diameters of the aortic segments and feeding arteries of inner organs. The restored models
of some of the inner organs are presented in Fig.2.
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Fig.2. The scheme of systemic arterial tree, arteries of inner organs and muscles, and their restored models.

on O

The systemic trees of five individuals with normalized lengths and diameters after comparison have
been averaged, and the averaged geometric model of human systemic tree composed by 970 tubes has
been built and stored in DB1. This model makes it possible to recalculate parameters of all tubes for an
individual patient.

Similar ultrasound measurements (USG) have been done on five health volunteers (with age ranging
from 31 to 10, height 155-177 cm (168+5)) [15]. The measurements of L; and d; values and the

Doppler blood flow curves have been done in 67 segments of the systemic arteries (Fig.1). The
measured values have been recorded in database DB2 and used for validation of the restored models of
arterial beds of volunteers based on the averaged model from DB1. The statistical analysis of DB2 has
found the dependences between the values of L; and dj in the arterial bifurcations similar to the

corresponding statistical dependencies computed on DB1 [15].

2.2. Mathematical model of human vascular bed

For numerical calculations of the P(t) and V(t) curves on the geometry models of systemic bed (55-
tube), coronary, brain arteries and some other beds [8-10], 1D models of linear theory of plane waves
in arteries developed by Sir J. Lighthill, 2D model of axisymmetric flow (cylindrical waves) based on
the linearized Navier-Stokes equations, numerical solutions of 3D turbulent flow equations in tubes
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with arbitrary geometry and rigid or compliant walls by finite element method can be used. The latter
approach requires several months of calculations on big cluster even for 55 tubes and gives the results
of comparable accuracy with simpler and faster 1D and 2D models [18]. In this monitoring system the
mathematical model based on Navier-Stokes equations for axisymmetric flows of viscous
incompressible fluid for blood, and the system of equations of classical theory of viscoelastic wall with
Kelvin-Voight rheology for the vessel wall material have been used [7,11,12,15-17]. At the
bifurcations the pressure and blood flow continuity condition have been applied. At the entrance to the
system (aortic root) the pressure curve P(t) generated by the heart contraction can be taken either in the
standard averaged shape [15-18] or from the measurement data of the particular patient. At the open
ends of the tubes (Fig.2) the terminal conductivities of the microcirculatory beds of the inner organs and
muscles could be assigned (see the table of typical values in [18]). The terminal wave reflection

coefficients G J—:G§+iG” where real G/ and imaginary G parts correspond to the resistive and
capacity properties of the microcirculatory bed could also be used [12,15-17]. The values of Gj have

been calculated for each terminal tube as for in vitro 1000-tube model as in vivo 67-tube model based
on the averaged datasets and statistical dependences from DB1 [13].

The values of density, Young’s modulus and viscosity of the vessel walls have been obtained from
statistical approximations of big datasets measured on arterial segments in available literature. The data
can be presented in the form of statistical dependences of the material parameters on the vessel
diameter, the age of person and type of a cardiovascular disease (hypertension, atherosclerosis, etc.).
The density and viscosity of blood can be measured on a patient’s blood sample.

The solution of the Navier-Stokes and viscoelastic wall equations in each tube of the model has been
found as a composition of the forward and reflected waves. The linearized 2D model allows fast
numerical computations on the ~1000-tree model in the form Fourier expansion (the calculation time
<10 min). Validation of the proposed mathematical model has been done using Doppler ultrasound
curves V(t) from DB2. The correction of the values of rheological parameters of the individual models
has been carried out by the least square method.

3 The results of work of the monitoring system
The methods and approaches developed in the proposed monitoring system are presented graphically
in Fig.3.

7
Averaged 1000-tube tree Restoration of patient-specific

del Base measurements on 67
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Fig. 3. The structure and principles of work of the monitoring system.
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The developed monitoring system has been used for the modeling of pulse wave propagation and
reflection, blood pressure wave evolution along the aorta, and blood flow distribution between inner
organs [12,15] on the most complete model of aorta composed by 93 tubes, obtained in the
correspondence to the presented algorithms (Fig.3) based on the data from DB1.

Conclusion

The approaches, models and methods that are components of the novel monitoring system of the
state of human health, in silico planning of therapeutic and surgical treatment of circulatory diseases via
quantitative evaluation of the treatment outcomes based on geometric and biomechanical models of
human circulatory system as a complex branching arterial tree are presented. The algorithm of
restoration of the individual 1000-tube model of systemic arterial bed and the boundary conditions
(terminal microcirculatory bed) for numerical calculations, corrections of the individual model
parameters using the personal data available (biochemical and clinical blood examination, CT, MRI,
USG, et. al.) has been elaborated.

The presented monitoring system allows numerical calculations of the blood pressure and blood
flow velocity in each artery; storing information as measurement and calculated datasets; calculations
and analyses of the important diagnostic indices; decision support for diagnostics of local and global
vascular impairments. The developed monitoring system can accumulate valuable information either for
one patient in the course of long repeated monitoring or for a certain group of diseases that could be
analyzed later by the methods of Big Data analysis and Al for independent expert assessment of the
health state and decision making to pinpoint the most appropriate individual therapy or surgery.
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