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= Introduction. Atherosclerosis is the main reason of cardiocerebral events, its mechanisms and reasons are still being
studied. Hydraulic shock in arrhythmias has not been studied before.

Aim. To perform the modeling of hydraulic shock as a risk factor of the main arteries in arrhythmias with original
experimental model created by the authors.

Materials and methods. We created the original experimental model, it was used to imitate hydraulic shock in
arrhythmias. It imitated the real arterial vessel and it allowed to make intra-vessel circulation of liquid in the regular
rhythm and in arrhythmias (extrasystole).

Results. In extrasystolic arrhythmia imitation in the first post-extrasystolic contraction the speed of liquid flow was
revealed to rise in mean value 158% in comparison with the regular rhythm.

Conclusion. In extrasystolic arrhythmia during the spread of the wave of the first post-extrasystolic contraction, blood
flow accelerates and reflected waves and standing waves form. These hemodynamic changes are characterized by the
term “hydraulic shock” The use of our original experimental model helps to make the wide range of investigations and
studies connected with intra-arterial hemodynamics in different conditions of functioning of cardiovascular system.

= Keywords: hydraulic shock; extrasystole; intra-arterial blood flow modeling.
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= Bsedenue. ATepockiepos — BeAyllas MpUYMHA KapAuolepedpanTbHbIX OCTOXHEHNUI, eT0 IPUYMHDI Y MeXaHI3MBI
PasBUTHUA IO CUX IIOp HEOHO3HAYHBL. [MipaBindecknit yoap py HapyIIeHNAX pUTMa paHee He U3yJascs.

Ienv. TIpoBecTn MopenupoBaHye TUAPABIMIECKOTO yAapa Kak aKTopa pMCKa aTepocKIepo3a MaruCTpaabHBIX
apTepuit IpM HapyIIEHNAX CepfIeYHOTO PUTMA C IIPYMeHeH)eM pa3paboTaHHOTO HaMU OPUTMHATBHOTO YCTPOMCTBA.
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Mamepuan u memoovt. MopenupoBaHye TUPABINYECKOTO yAapa IPU apUTMUAX MbI IPOBOAMIN C HOMOIIBIO
paspaboTaHHOro HaMM OPUTHMHAIBHOTO YCTpoiicTBa. I1o/me3Hast Mofenb Oblla CKOHCTPYMpPOBaHa TAKMM 00pa3oM, 4TO
UMUTHMPOBAJIa apTepUaabHbIN COCYT U T03BOJIANIA OCYLIECTBIATD BHYTPUCOCYAMUCTYIO LMPKY/LALMIO KUTKOCTH, TP
HpPaBWIbHOM PUTME, a TAK)Ke [P HAPYIIEHWUSAX CEPIEIHOrO pUTMa (9KCTPACUCTONNN).

Pesynvmamut. Ilpy MMUTaIMM 9KCTPACUCTONMYECKON apUTMUM B IIEPBOM ITOCTIKCTPACUCTONNYECKOM COKpalle-
HMM CKOPOCTD [ABIVDKEHUS XXUAKOCTY Yepes fuadparMbl Bo3pacTaa B CpefHeM Ha 158 % [0 cpaBHEHMUIO C IIPAaBIUIIb-
HBIM PUTMOM.

Bwi600wv1. I1py 5KCTpacKCTONMMYECKON apUTMUY BO BpeMsA IPOXOXK/IeHNA IIy/IbCOBOIL BOIHBI IIEPBOTrO MOCTIKCTPa-
CUCTO/TMYECKOTO COKpAllleHNsI BOSHUKAeT BO3PAacTaHMe CKOPOCTU KPOBOTOKA, 0OpasoBaHMe OTPAXKEHHBIX BOTH OT
CTEHOK COCYJIa, a TAK)Ke CTOAYMX BOMH. [laHHbIe M3MEHEHM A TeMOIVHAMMKY XapaKTepU3yl0TCA MTOHATIUEM «TUpaB-
nmdeckuit ygap». IlpumeHenne paspaboTaHHOrO HaMU SKCIIEPYMEHTA/IBHOIO YCTPOICTBA O3BOMISAET IPOBOAUTH LIIN-
POKOIT CIIeKTp HaOMIOfeHNUIT ¥ UCCTIEOBAHNI, CBA3AHHbIX C BHY TPUApTepUaIbHOM FeMOSVHAMUKON IPY PAa3IMIHBIX

YCIOBMAX (GYHKIMOHUPOBAHNsI CEPAEYHO-COCYAUCTON CUCTEMBIL.

= KiroueBble cmoBa: I'MpaBINuecKIil YAap; SKCTPACUCTONNSA; MOfIeTMpPOBaHye BHYTpUapTepuaIbHOrO KpoBoobpa-

HIeHNS.

Introduction

Atherosclerosis is a multifactorial disease that
predominantly affects large and medium-sized ar-
teries. The causes and mechanisms of atheroscle-
rosis are well understood [1-5]. However, among
the generally recognized risk factors, indications
of the possible onset of atherogenesis and its pro-
gression due to the mechanical effect of intravas-
cular hemodynamic factors (hydraulic shock) on
the inner arterial wall in rhythm disorders are
unavailable [6-8]. For the first time earlier in our
works, the possibility was indicated on the influ-
ence of the hydraulic shock wave of the first post-
extrasystolic contraction and the pulse wave after
a long pause between ventricular contractions in
atrial fibrillation [9-14]. Thus, an increase was
revealed in all the analyzed parameters of the ki-
netics of the arterial vascular wall in arrhythmias
and a more severe course of the atherosclerotic
process was indicated in the category of patients
with certain cardiac arrhythmias [9-14].

In possible thromboembolic complications,
a type I1IB plaque is morphologically the most un-
favorable variant of an atherosclerotic plaque [4].
Is it possible to damage such a plaque by the im-
pact of a hydraulic shock during the pulse wave
passage in case of rhythm disorders?
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Fig. 1. The main tube of the device

Puc. 1. OcHoBHas Tpy6Ka ycTpoiicTBa

Until now, no experimental studies are con-
ducted on the simulation of a hydraulic shock
leading to atherosclerosis of the main arteries in
cardiac arrhythmias.

This study aimed to model the hydraulic
shock as a risk factor for atherosclerosis of the
main arteries in cardiac arrhythmias using an
original device that we developed.

Materials and methods

The hydraulic shock was simulated for ar-
rhythmias using an original device that we de-
veloped. The useful model was designed in such
a way that imitated an arterial vessel and allowed
for the intravascular circulation of fluid at the
regular rhythm, as well as in cardiac arrhythmias
(extrasystoles).

The basis of the device is a glass transparent
tube of a rotameter with a length of 365 mm and
a wall thickness of 2.5 mm, with an inlet and out-
let with diameters of 20 and 16.5 mm, respectively.
Thus, the tube design follows the natural course of
the artery when the distal part is narrower than
the proximal one (Fig. 1).

A fitting on the side of the proximal opening
enabled the injection of dye using a syringe with
a needle and installation of a metal holder with
a silk thread attached to it and a piezoelectric
crystal pressure sensor connected to an oscillo-
scope.

A closed system was created using flexible elas-
tic tubes sealed through silicone gaskets to the
inlet and outlet of the rotameter. The free ends
of the elastic tubes were connected to an electric
pump, which was powered by a 12 W battery.

ISSN 2072-2354

AcnunpaHTcKnii BeCTHUK [T0BOSIKbA

Bbinyck 5-6 /2020



Fig. 2. The main view of the device

Puc. 2. O6mmit BUA yCTpoOiiCTBa

The closed system of the rotameter was filled
with a solution of glycerol with water corres-
ponding to the viscosity of human blood to
maximally stimulate the intra-arterial blood flow
(Fig. 2).

This device was filed for a patent by the Russian
Federation and a certificate of acceptance was ob-
tained.

By regulating the pump operation, pulse waves
were created in a closed-loop, which correspond-
ed to hemodynamics during extrasystole, with
different times of occurrence of the extrasystole
ventricular systole in the cardiac cycle.

Fig. 3. Diaphragms. a: stenosis 50%; b: stenosis 70% (the
hole is located in the center of the diaphragm); c: steno-
sis 90%; d: stenosis 70% (the hole is located asymmetri-
cally)

Puc. 3. lnadparmer: a — creHos 50 %; b — crenos 70 %
(oTBepcTHE PACIIONIOXKEHO 110 LIEHTPY AMadparmel); ¢ —
creno3 90 %; d — crenos 70 % (oTBepcTHe pacIooXKe-
HO aCYMMETPIUYHO)

Various diaphragms with an outer diameter
of 18 mm and a length of 20 mm with vari-
able lumen were used to simulate the tube nar-
rowing (i.e., to simulate an atherosclerotic plaque)
(Fig. 3). The diaphragms are made of hard light
plastic with a smooth surface. When installing,
the diaphragms fully corresponded to the inner
diameter of the rotameter tube.

Figure 4 presents drawings of the two dia-
phragms with 70% stenosis with asymmetrical
and asymmetric holes.

Thus, the use of these diaphragms created
a prototype of atherosclerotic plaques, namely

a  @d, b @10
8 8 18
18 18

2

Fig. 4. Drawings of two diaphragms. a: stenosis 70%
(the hole is located in the center of the dia-
phragm); b: stenosis 70% (the hole is located asymmet-
rically)

Puc.4. Yeprexxu nByx mmadparm: a — creHos 70 %
(oTBepcTie pACIIONOXKEHO IO LEHTPY pauadparmsi);
b — creHos 70 % (oTBepcTHEe PACIONIOXKEHO acCUMMe-
TPUIHO)
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hemodynamically significant ones with 70% steno-
sis (with a symmetric and asymmetric arrangement
of atheromas), with 90% stenosis, and hemody-
namically insignificant ones with 50% stenosis.

Results

The diaphragms were alternately installed with
varyingdegreesof stenosisoftheinternal openingin-
side the rotameter tube. A metal holder witha 5 cm
long silk thread was inserted through the fitting.

Then the operating mode of the electric pump
was set, which corresponded to the passage of pulse
Fig. 5. The occurrence of reflected and standing waves ~Waves in extrasystolic arrhythmia. Pressure waves,
during extrasystole in the first post-extrasystolic contrac- ~ propagating through a closed system, transferred
tion (silk thread is the indicator) the energy of fluid movement to the oscillation of

o a silk thread. The movement of the silk thread was

Puc. 5. BOSHNKHOBEHNE OTPAKEHHBIX U CTOAYMX BOMH 1 ored. Th  reflected
Y 9KCTPACUCTONMK B IIepBOM MOcTaKcTpacucromu-  Visually monitored. The occurrence of reflecte

YeckoM cokpamleHuu (MHAuKaTop — Imenxosas Huts) ~ Waves from the rotameter wall, as well as standing
waves, were recorded, and a significant decrease
was visualized in the velocity of the fluid flow in
the place directly behind the diaphragm, up to the
reverse current (Fig. 5).

At stage 2 of the experiment, a dye (blue ink)
Fig. 6. Turbulent fluid flow during the passage of the wave ~ was injected into the tube of the rotameter using
of the first post-extrasystolic contraction a syringe with a needle and the appearance of

Pyc. 6. TypGyIeHTHDIH TIOTOK HIAKOCTH TIpH MPOXOR- & turbulent fluid flow was monitored during the

JileHUM BOJIHBI TIEPBOTO TIOCTIKCTPACUCTONMIECKOTO co- ~ Passage of the wave of the first post-extrasystolic
KpaleHus contraction (Fig. 6).

Lab/e / Tabnnya

Basic device parameters
OcHOBHbIE NapameTpbl YCTPOiiCTBA

Dla{]vhprea o Dluhe! mm dd! mm Stuhes mmz sdv mm2 (sd/ stube) -100% Consg:ction, I/ﬂuw reg? m/ s V'II:IV/ISES, v"l‘;lw/;Es,
17.96 6 253.21 28.26 11.16 88.84 8.96 0.10 12.36
1 18.01 10 254.62 78.50 30.83 69.17 3.24 0.04 5.26
18.09 12.5 256.89 | 122.66 47.75 52.25 2.09 0.03 3.83
2 18.19 10 259.74 78.5 30.22 69.78 3.31 0.04 5.32

No te. Dy, inside diameter of the tube in the section corresponding to the middle part of the diaphragm (in length);
dg: diameter of the diaphragm opening; S;,.: section area of the tube corresponding to the middle part of the diaphragm
(in length); Sy: section area of the diaphragm opening; Vi, reg = Diype/d5: flow rate of the ideal fluid in the diaphragm
opening when the flow rate in the uncovered section 1 m/s in case of regular heart rate; Vi, gs: flow rate of the ideal fluid in
the diaphragm opening at the rate of flow in uncovered section 1 m/s in extrasystole; Vy,,, pgs: flow rate in the diaphragm
openingattherateflowinuncoveredsection 1 m/sinextrasystoleinthefirstpost-extrasystolicwave; type 1 of thediaphragm:

diaphragm with a symmetrical inner opening; type 2 of the diaphragm: diaphragm with an asymmetrical inner opening.

[Ipumedanne D,, — BHYTPEHHMiI AuaMeTp TPYOKM B CedeHMM, COOTBETCTBYILIeM cepefiuHe (MO [yIMHE)
YCTaHOB/IEHHOI fuadparmpl; d, — fuameTp OoTBepCcTUsA Amadparmpr; S,, — IUIOUAb CedeHns TPYOKHU, COOTBET-
cTBylomas cepefyHe (IO J/IMHe) yCTaHOBIEHHON AmadparMel; S, — IJIOMIafb CeYeHMSA OTBEPCTUA AuadparMbl;
Vioroxanpas = Dip / d% — CKOPOCTb IIOTOKA JI/Is1 M/I€A/IHHOI KIKOCTY B OTBEPCTHM imadparMbl IIPu CKOPOCTH TIOTOKA
B HETIEPEKPBITOM CeueHMN 1 M/C IIpy MPaBUIbHOM CEPHAEYHOM PUTME; Voo 5c — CKOPOCTD IIOTOKA /1A MJeaTbHON
XXUAKOCTY B OTBepCTHM AuadparMbl Ipy CKOPOCTU IMOTOKA B HETIEPEKPBITOM CeueHUN 1 M/C Ipy 9KCTPACUCTOMNUM;
V toroxa 3¢ — CKOPOCTD TIOTOKA /11 M/Iea/IbHON )KUIKOCTY B OTBepCTUM AuadparMbl IIpM CKOPOCTHM ITOTOKA B Hellepe-
KPBITOM CedeHMu 1 M/C Ipy SKCTPACUCTONNM B HEPBOIl MOCTIKCTPACUCTONMYIECKOI BOMHE; 1-11 TuI AyadparMpr —

C CUMMETPUYHBIM BHYTPEHHVM OTBepPCTHEM; 2-11 TUH AnadparMbl — ¢ aCMMMETPUYHBIM BHYTPEHHUM OTBEPCTHEM.
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The flow velocities were measured with each
of the diaphragms installed when simulating the
regular heart rate, with extrasystole and with ex-
trasystole of the wave of the first post-extrasystolic
contraction. Extrasystole was early, 0.20 s after the
previously generated wave (Table).

When simulating extrasystolic arrhythmia in
the first post-extrasystolic contraction, the velo-
city of fluid flow through the diaphragms in-
creased by an average of 158% compared to the
regular rhythm.

Conclusions

With extrasystolic arrhythmia during the pas-
sage of the pulse wave of the first post-extrasystol-
ic contraction, the blood flow velocity increases,
and the waves are reflected from the vessel walls,
as well as standing waves are formed. These
changes in hemodynamics are characterized by
the concept of “hydraulic shock” In our opinion,
it can become a provoking factor of mechanical
action with further damage to the atherosclerotic
plaque, which has signs of instability (uneven het-
erogeneous surface with the inclusion of calcium,
with hemorrhages in its structure, as well as hy-
poechoic or shielding areas), even if the stenosis
is hemodynamically insignificant.

The experimental device that we developed
enables implementation of a wide range of moni-
toring and studies related to intra-arterial he-
modynamics under various conditions of the
cardiovascular system functioning. Its use is
advisable in the practice of a cardiologist and
a cardiovascular surgeon when performing fun-
damental research, as well as scientific work in
the field of normal, pathological physiology, and
medical biophysics.

The authors declare no conflict of interest.
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