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THE INFLUENCE OF THE TORSION MOTION OF LEFT VENTRICLE (LV) ON FEATURES OF
BLOOD FLOW

The torsional motion (or twisting) of the left ventricle (L'V) plays a crucial role in the ejection and filling of the left ventricle. During the cardiac cycle,
systolic twisting and early diastolic untwisting of the left ventricle occurs around its long axis due to oppositely directed apical and basal rotations.
From the apex of the LV, the systolic apical rotation occurs counterclockwise, while the basal rotation occurs clockwise. The size and characteristics
of this torsional deformation have been described in various clinical and experimental studies, and it is well established that LV rotation is sensitive to
changes in both regional and global LV function. Therefore, the assessment of LV rotation represents an interesting approach for the quantitative
evaluation of LV function. Understanding blood flow patterns in the heart has numerous applications in hemodynamic analysis and clinical assessment
of heart function. This study presents numerical simulations of blood flow in an idealized model of the left ventricle (LV) and the aortic sinus. The
movement of the walls of the LV and aortic sinus was obtained from the analysis of kinematic images from MRI and used as constraints for the nu-
merical computational fluid dynamics (CFD) model based on the moving boundary approach. The simulation results include detailed flow characteris-
tics such as velocity, pressure, and wall shear stress for the entire volume. Additionally, to model the behavior of fluid flow within the human left ven-
tricle, it is essential to consider the influence of non-Newtonian behavior of blood on numerical predictions throughout the entire cardiac cycle. Ex-
perimental studies indicate that blood significantly exhibits behavior associated with non-Newtonian properties in diseases such as myocardial infarc-
tion, cerebrovascular diseases, and hypertension; thus, the rheology of blood should be incorporated into numerical modeling of cardiovascular sys-
tems. Furthermore, due to recent advancements in CFD modeling, it has become easier to implement complex non-Newtonian assumptions into the
Navier-Stokes equations. This article analyzes the impact of the torsional motion of the walls of the human left ventricle on the characteristics of blood
circulation in the LV chamber and the initial section of the aorta. Non-Newtonian effects were considered using the Carreau-Yasuda model. This
model describes blood as a non-Newtonian fluid with finite Newtonian states corresponding to a constant viscosity value. It is important to note that
this model representation aligns well with experimental data.

Key words: left ventricle, torsion motion, blood flow, computer simulation, blood flow, pressure fields, velocity fields, cardiac cycle, second-
order accuracy difference scheme, upwinding scheme.

B. C. OBEPKO
BILJIMB TOPCIMHOI'O PYXY JIIBOT'O HIJIYHOYKA (JIIII) HA OCOBJIMBOCTI KPOBOOBIT'Y

Topciitauii pyx (abo ckpydyBaHHs) JiBoro unurynouka (JILI) Bimirpae BaJIMBY pojib y BiJHOLICHHI 0 BHUKHAY Ta HANIOBHEHHsI JIBOTO IUTyHOYKA.
[IpoTtsiroM cepLeBOro MUKIY CIOCTEPIraeThCsi CUCTOIIYHE CKPYUyBaHHS Ta paHHE IiacToiiuHe po3kpyuyBanHs JIIL HaBkono #oro moBroi oci uepes
MIPOTHJISIKHO CHPSIMOBAHI amikaibHi Ta 6a3anbHi oOepTanHs. 3i croponu amekcy JIIII, cucronivyHe amikanbHe 00epTaHHS BiOYBA€THCS NPOTH FOAUH-
HHKOBOI CTPLIKH, a 6a3anbHe 00epTaHHs — 32 TOJUHHUKOBOIO CTPLIKO0. Po3Mip i XxapakTepHCTHKH i€l TopciiiHol aedopmaltii Oyiu onucaHi B pisHUX
KJIHIYHUX Ta eKCIIEPUMEHTAIBHUX JOCIIDKEHHSX, 1 100pe BCTaHOBIEHO, o obepTanHs JIL yyTnuBe 10 3MiH K perioHanbHOT, Tak i riaobansHol dy-
uikuii JIII. Tomy oninka obepranns JIII npexncrapise co6oro mikaBuil miaxin mis KitekicHoT oninku ¢ynkiii JIIII. Po3ymiHHS naTepHiB KPOBOTOKY B
cepli Mae YKCIICHHI 3aCTOCYBaHHS B aHaIi3i FeMOJMHAMIKH Ta KIIHIYHIH OLiHII GyHKLIT cepus. Y bOMY JOCIIDKEHHI IPEICTABICHI YHCENbHI CUMY-
Tl KPOBOTOKY B iieaizoBaHii MOJei JIIBOrO IUTYHOYKA Ta a0pTalbHOro cuHyca. Pyx crinok JIIL Ta aopTansHOro cHHyca OTPUMAaHO 3 aHali3y Ki-
HeMaTH4YHHX 300paxxeHb MPT i BUKOpHCTaHO K OOMEXKEHHS [UIsl YHCENbHOT MOJeN 00UHCIIIOBAIBHOT T1APOJMHAMIKH, OCHOBAaHOI Ha MiXOAI pyXOMO1
Mexi. Pe3ynbrati cuMyIsLiii BKITIOYAIOTh JeTalbHi XapaKTEePUCTHKU MOTOKY, TaKi K LIBUJIKICTb, THCK Ta 3CYB HANPYTd CTIHOK AJIS BCHOTO 00’€My.
Takox, 100 MOZIENIOBATH TIOBEIHKY ITOTOKY PIIMHU BCEPEAMHI JiBOTO HITyHOUKa cepi jtoaunu (JIL), HeoOXiqHO BpaxoByBaTH BIMB HEHBIOTOHOB-
CBKOI MOBEAIHKY KPOBI HA YHCEIBbHE POTHO3YBAHHSI IIPOTAIOM BChOT'O CEPLEBOro LHUKITy. EKCriepuMeHTaNbHI JOCITIIKEHHS CBII4aTh, 110 KPOB 3HAYHO
JIEMOHCTPY€ MOBEIHKY, 1[0 [OB’s3aHa 3 HEHHIOTOHIBCHKHMH BJIACTUBOCTSMH KPOBI, y TaKHX 3aXBOPIOBaHHSX, sIK iH(ApKT Miokapaa, LepeOpoBacky-
JISIpHI 3aXBOPIOBAHHS Ta TiMEPTOHIs; OTXKE, PEOJIOTIYHICTh KPOBI CIIiJI 3aCTOCOBYBATH B YHCEILHOMY MOJENIIOBAHHI CEPIEBO-CYAMHHUX cucTteM. Kpim
TOTO0, BHACHIIOK HEJaBHBOTO IIPOrPeCy B KOMII'IOTEPHiil 00YMCIIOBAIBHIH TiAPOAMHAMILI Terep CTajo JIETIIe peaniyBaTH CKIaJHI HeHbIOTOHIBCHKI
npHITyIeHHs B piBHsHHsIX Hap’e — Ctokca. Y wiif cTaTTi aHai3y€eThCsl BIUIMB TOPCIHHOTO PyXy CTIHOK JiBOrO IUTYHOYKA CEpLis JIOAMHM Ha XapakTe-
puctuku KpoBoobiry y xamepi JIIII ta B mowarkoBiii ninsHui aoptu. HeHbIOTOHIBCHKI edekTH Oynu BpaxoBaHi, BAKOPUCTOBYIOYH Mozens Kappo —
Sleymu. 11 Mozenb ONMHCYe KPOB SIK HCHBIOTOHIBCBHKY PIAMHY 3 KiHIIEBMMH HBIOTOHIBCBKMMH CTaHaMH, IO Bi/TOBiJAalOTh MOCTIHHOMY 3HAQYEHHIO
B’s13K0CTi. BaXJIMBO BiJ3HAYNTH, IO TaKe MOJIENIbHE NIPEJICTABICHHS JOCUTh 100PE y3rOJKY€EThCS 3 EKCIICPUMEHTaIbHUMH JJaHUMH.

Kuiio4oBi ciioBa: niBuil IUTYHOYOK, TOPCIHHUIA PyX, KPOBOOOIr, KOMIT FOTEpPHE MOJEIIOBAHHS, T€Yist KPOBI, MOJIS1 THUCKY, MOJISI LIBUAKOCTI, Kap-
IianbHUH UK, pi3HHUIEBa CXeMa APYroro MOPSAKY TOYHOCTI, Pi3HUI IPOTH MOTOKY.

Introduction. Despite recent significant advancements in medicine, science, and technology, cardiovascular dis-
eases remain one of the leading causes of mortality worldwide; thus, research aimed at assessing heart function is in-
creasing daily. Previous studies have demonstrated that mechanical factors are closely linked to cardiovascular diseases.
Therefore, understanding blood flow patterns in the heart has numerous applications in hemodynamic research and for
the clinical assessment of heart function. For instance, this knowledge can be utilized in cardiac surgery and for the de-
velopment of artificial hearts and heart valve prostheses.

Analysis of Recent Studies. The cardiac cycle consists of two main phases: the diastole and the systole. The first is
the ventricular filling phase and the second is the ventricular contraction phase. The LA is located prior to the LV and
therefore will serve as an inlet conduit for the LV. During a cycle the LA’s function can be divided into three phases: the
reservoir, conduit and contraction phase. The reservoir phase is during systole when the LA receives the oxygenated
blood from the lungs through its pulmonary veins (PVs) and acts like a reservoir to the LV. The conduit phase is the pas-
sive emptying of the atrium due to the ventricular relaxation in the early diastole. The contraction phase occurs at the
end of diastole when the LA contracts to re-increase the pressure and eject more blood into the ventricle. According to
Fyrenius et al. [1], the normal LA has important roles in optimizing left ventricular filling. In vivo measurements indi-
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cate that vortices develop in LA during the diastole before they disappear with atrial contraction. For the last decades, a
few studies have concentrated on flow dynamics in the left atrium [1 — 3]. Hence, the understanding of the global flow
pattern within the LA has remained yet unclear [1].

The left ventricular torsion (or twist) plays an important role with respect to LV ejection and filling [4 — 9]. In the
cardiac cycle, there is a systolic twist and an early diastolic untwist of the LV around its long axis. This twist is caused
by oppositely directed apical and basal rotations. Under consideration of the LV apex, we can observe the counterclock-
wise systolic apical rotation and the clockwise basal rotation. The characteristics of these torsional deformations have
been described in different clinical and experimental investigations, where it was established that LV rotation is sensitive
to local and global changes in LV. The left ventricular torsion caused by a motion of helically oriented miofibers is im-
portant to understanding the processes within the heart but difficult to measure. Ultrasound speckle tracking imaging
(STI) is potentially suitable for measurement of angular motion because of its angle-independence [10]. The LV motion
is shown on Fig. 1.

Apical level Basal level

Fig. 1 — The Left ventricular rotation (LVrot) at apical and basal levels during systole by "overlaid" speckle tracking images [10].

End-systolic speckle tracking imaging acquisitions are overlaid at the end-diastolic image with corresponding local
trajectories (the tail and the head of arrows indicate the location of end-diastole and end-systole). The LVrot was esti-
mated from all of these regional angle displacements. Normally, on the apical level, the left ventricle rotates counter-
clockwise as viewed from apex, whereas the base rotates clockwise, as in this representative case. This gradient of LVrot
between the two levels creates a «wringing» motion of the left ventricle [10].

MATERIALS AND METHODS. The full system of Navier — Stokes equation in three dimensional formulation
was solved in unsteady laminar simulations using an implicit pressure-based solver. The pressure was calculated accord-
ing to the Standard scheme. Concerning the pressure velocity coupling, the PISO scheme with Skewness-Neighbor Cou-
pling was chosen. Momentum was discretized according to Second Order Upwind scheme [11].

The arterial wall was considered as rigid. This assumption is used in accordance with the results of [12, 13] which
showed that shear stress values on the wall do not qualitatively and quantitatively differ practically in models using the
approximation of rigid walls and elastic walls. This assumption has also made it possible to avoid using of source expen-
sive FSI algorithms. For modeling the non-Newtonian blood fluid and the viscoelastic arterial wall the Carreau model
governed by the following equation are used [14, 15, 16]:
u=uw+(#o—#w)(l+(/17')2) ; M
U, =0.056Pa-s, the zero shear rate viscosity, g, =0.0036Pa-s, the infinite shear rate viscosity, A=3.313,

a=0.3568.
System of governing equations:
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A parabolic velocity profile corresponding to the volumetric blood flow was used as spatial part of the inlet bound-
ary condition.
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Two wave of cardiac circle was performed. Results was given from second ones. This assumption was based on
our test simulation of non-Newtonian blood flow in a direct tube for three cardiac cycles. This simulations indicated that
differences are significant between the first and second cycle model results, with negligible differences between the sec-
ond and subsequent cycles. A 0 mmHG pressure outlet condition with back flow specification method from neighboring
cell was assigned at the outlet boundary for all models [17]. A no-slip condition was assumed at the wall.

Results. The pressure in a rotating body i.e. left ventricle decreases from rotating walls to a center of rotation. The
pressure gradient imparts the necessary centripetal acceleration. The fluids admit a motion on a curved path. We simu-
late the blood flow in the two systolic.

Phase 1: The ventricular pressure exceeds the pressure in the aorta, the aortic valve opens and a rapid ejection of
blood into the aorta starts. The ventricular muscles begin to shorten and the ventricular volume decreases. As seen from
[18], the pressure gradient between the aorta and the LV is quite small. This is possible because of the relatively large
aortic opening (i.e., the low resistance). As a result of LV contraction and shortening, the mitral ring descends and the
LA expands slightly. Thus decreasing of LA pressure occurs. Venous blood continues to flow into the LA from the veins
and the atrial pressure begins to rise again.

Phase 2: The period of the reduced ejection begins. The LV pressure decreases gradually and begins a bit less then
the aortic pressure, which is also decreases as well. However, the blood continues to flow out of the LV due to the iner-
tial effects. At the end of systole, the LV pressure vanishes faster and the blood begins to flow back towards the LV. The
blood flows into the edges of the aortic valve close abruptly. The passive filling of the atrial chamber continues during
this period and to the end of second phase [18, 19].

The field of pressure in the vertical plane of T-model is presented on the Fig. 2. In case of positive rate and accel-
eration of flow at the begin of systole (Fig. 2, 4) the pressure is decreasing from the apex to the aorta. We can observe
two zones with small pressure in the root of the aorta. These zones can be associated with the thorus-like vortex. The
mechanism of appearance of this vortex is similar to the vortex at the backward step. When the velocity is maximal
(Fig. 2, B) the pressure field has more complex form. A basal zone has higher pressure than central, apical and aortic root
parts. Separated zones loss a symmetric form. In the case of the negative acceleration of flow at the end of systole
(Fig. 2, C), the pressure of the apical part of left ventricle is less than the pressure of the central one. This effect caused
by the torsion motion where the velocity of a wall is more than one in the central part of the left ventricle. At the end of
the systole (Fig. 2, D) the pressure doesn’t have singularities and increases from the apex to the aortic part. Now the left
ventricle is ready for filling in the diastolic part of the cardiac circle.
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Fig. 2 — The pressure at the vertical cross plane for UT-models in the different time: 4 —time =0.07s; B —time =0.14s;
C—time =0.21s; D —time =0.28s .
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The field of the pressure in the vertical plane of UT-model is presented on the Fig. 3. In the case of a positive rate
and acceleration of flow (Fig. 3, 4) the pattern of pressure is similar to the one from T-model.

When the velocity is maximal (Fig. 2, B), pressure has same behavior.

The great difference of the hydrodynamics of flow can be observed in the case of the negative acceleration of the
flow in the second part of the systole (Fig.2, C, 2, D). At first the pattern of flow on Fig. 3, C is similar to one on
Fig. 2, D. Hence, the negative acceleration will be more if the torsion motion of left ventricle’s wall is absent.

c _= == _= ==
C D
Fig. 3 — The pressure at the vertical cross plane for UT-models in the different time: 4 —time =0.07s; B —time =0.14s;
C—time =0.21s; D —time =0.28s .
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Fig. 4 — The difference of the pressure at the vertical cross plane for T- model and UT-model in the different time: 4 — time =0.07s;
B—time =0.14s ; C—time =0.21s; D —time =0.28s .

At the end of systole (Fig. 3, D), the pressure has more uniformly type. The consequence is a reduction of a pres-
sure’s gradient and a increasing the time of filling of the left ventricle in the diastolic phase of the cardiac circle.
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Differences between pressures for T-model and UT-model are present in Fig. 4. We can observe that differences
are negligible for the most part of the left ventricle and the ascending aorta excludes bottom part of aorta. In this part,
difference is significant. The alterations are nonlinear. We can observe oscillations of the pressure. It proves appearance
of the vortex structure in the aorta (Fig. 4, 4, 4, B).

c | ' " D
Fig. 5 — The velocity field at the aorta cross plane for T- models and the difference between data T-model and UT-model, time = 0.07s :

A —the velocity field at the beginning part of the aortic section; B — the velocity field in the middle part of the aortic section;
C — the difference for the beginning part of the aortic section; D — the difference for the beginning part of the aortic section.

In the third part oh the systole the gradient of pressure in the direction from the apex to the aorta is higher on the 1
mmHg for T-model. It leads to acceleration of the blood flow throughout the aorta (Fig. 4, C). At the end of the systole
the negative gradient of the pressure is higher for T-model. Thus the left ventricle is filled more quickly in the diastolic
phase of the cardiac circle (Fig. 4, D).

Fig. 6 — The velocity field at the aorta cross plane for T-models and the difference between data T-model and UT-model, time = 0.14s :

A — the velocity field at the beginning part of the aortic section; B — the velocity field in the middle part of the aortic section;
C — the difference for the beginning part of the aortic section; D — the difference for the beginning part of the aortic section.
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At the beginning part of the systole the maximum velocity field is located between a core and walls (Fig. 5, A). It is
a result of a confuser-like flow. The velocity field of middle part look like the straight pipe (Fig. 5, B). Differences be-
tween velocity’s magnitudes are unsignificant and asymmetric.

Fig. 7 — The velocity field at the aorta cross plane for T- models and the difference between data T-model and UT-model, time =0.21s :

A — the velocity field at the beginning part of the aortic section; B — the velocity field in the middle part of the aortic section;
C — the difference for the beginning part of the aortic section; D — the difference for the beginning part of the aortic section.

Fig. 8 — The velocity field at the aorta cross plane for T- models and the difference between data T-model and UT-model, time = 0.28s :

A — the velocity field at the beginning part of the aortic section; B — the velocity field in the middle part of the aortic section;
C — the difference for the beginning part of the aortic section; D — the difference for the beginning part of the aortic section.

The symmetry of the flow increases in the middle part of the sistole (Fig. 6, 4, 6, B). Differences increase too
(Fig. 6, C, 6, D) and reach 30 % for a small area at the «low-left» part of aorta’s root section (Fig. 6, C). The pattern of
the flow for the middle section has neglecting differences.

The asymmetry increases significantly in the phase of the negative acceleration (Fig. 7, 4, 7, B). The pattern of flow
has features for Dean’s flow in curved vessels (Fig. 7, B). Differences between velocities for T-model and UT-model be-
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come more significant (Fig. 7, C, 7, D), especially at the middle section (Fig. 7, D). It is 8 % from velocity’s magnitude.
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Fig. 9 — The velocity’s field at the vertical cross plane for T- models in the different time: 4 — time =0.07s; B —time =0.14s;
C—time =0.21s; D —time =0.28s .

The pattern of the flow is more complicate in the final part of the systole. Secondary flows are more intensive
(Fig. 8, C, 8, D) and differences between velocities for T-model and UT-model are significant for the main part of the
cross section as well as aorta’s root and the middle section (Fig. 8, C, 8, D).

The structure of flow is same as for the T-model as for UT-model. We can observe it when compare Fig. 9 and
Fig. 10.

G —— [ D ——— [~

Fig. 10 — The velocity’s field at the vertical cross plane for UT- models in the different time: 4 — time =0.07s; B — time =0.14s;
C—time =0.21s; D —time =0.28s .

The magnitude of the velocity for T-model in the vertical cross section is shown at Fig. 9. The initial phase of the
systole is characterized by the main flow. It has the uniform structure for the most part of aortic’s domain and has the
maximum near the beginning part of the aorta (Fig. 9, A). After the flow begins to brake the main flow losses the uni-
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form structure and achieves the structure with the maximum of velocity located near the axis of the flow (Fig. 9, B). The
decreasing the velocity deforms the pattern of the flow and we can observe meandering of the flow (Fig. 9, C). The pat-
tern of the flow is very difficult at the final part of the systole and the maximum of velocity relocates to walls of the
aorta (Fig. 10, D).

But details of velocity’s field are really different. Most of differences are located at the wall of the left ventricle for
the beginning part of the systole (Fig. 11, 4). The magnitude of velocity for the T-model significantly higher than for the
UT-model at the bottom part of the aorta at next phase (Fig. 11, B). The braking of the flow leads to increase the magni-
tude of the velocity for the T-model for most part of aorta (Fig. 11, C). The increasing has a range from 7 % to 10 %. The
velocity of the flow decrease but differences don’t change. It is a evidence of appearing of a vortex structure (Fig. 11, D).
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Fig. 11 — The difference between velocities at the vertical cross plane for T- models and UT-model in the different time:
A—time =0.07s; B—time =0.14s ; C—time =0.21s; D —time =0.28s .
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Fig. 12 — The pressure at the vertical cross plane for T- models in the different time:
A—time =0.07s; B—time =0.14s ; C—time =0.21s; D —time =0.28s .
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The structure of the flow can be represented with vector plots. In the first half of the systolic phase the pattern of
the flow is similar to the common ejection pattern as for the T-model (Fig. 12, 4, B) and for the UT-model (Fig. 13, 4,
B). We can observe compression of the flow and the appearing of toroidal vortex in the root part of the aorta (Fig. 12, 4,
13, A). When the acceleration of the flow decreases the vortex spreads along the aorta and the main flow becomes sinu-
ous (Fig. 12, B, 13, B). The first part of the braking flow is characterized the more complicate vortex structure and creat-
ing of the backward flow (Fig. 12, C, 13, C). The insensitivity of the backward flow dominates in the final part of sistola.
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Fig. 13 — The pressure at the vertical cross plane for UT- models in the different time:
A—time =0.07s; B—time =0.14s ; C—time =0.21s; D —time =0.28s .
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Fig. 14 — The difference between velocity’s magnitudes for T-model and UT- models in the different time:
A—time =0.07s; B—time =0.14s ; C—time =0.21s; D —time =0.28s .

Differences between patterns of flow are negligible for the aortic part of the domain and significant near left ventri-
cle’s wall of the beginning part of systole (Fig. 14, A). The decreasing of the flow shifts the area with great differences to
the aorta (Fig. 14, B). In the beginning phase of the braking flow we can observe great differences between models. Tor-
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sion motion is a cause of more intensive rotate motion in aorta (Fig. 14, C). Moreover, the vortex structure for the T-
model is more complicate then the pattern of the flow for the UT-model. Differences spread in a backward direction
(from the aorta to the ventricle) in the last part of systole (Fig. 14, D).

Conclusion. We can note that torsional motion influences to the pattern of flow in the left ventricle. It creates the
condition for more quick filling of the left ventricle because the gradient of the pressure significantly greater. The distur-
bance of torsional motion leads to deterioration of blood circulation and correspondingly decreasing oxigenation.

To fully understand the physiological principles of left ventricular torsion (LV torsion), further research is needed.
Despite significant technical limitations, considerable knowledge has already been gained regarding left ventricular rota-
tion in a healthy heart. However, only a single calculation method that describes rotation as an angular displacement
around the circumference and along the longitudinal axis throughout the entire cardiac cycle and adjusts for centroid mo-
tion will enable the use of left ventricular torsion as a measure for the quantitative assessment of myocardial dysfunction
associated with a wide range of heart diseases. Since the amount and timing of left ventricular torsion are directly related
to the structure and function of the myocardium and cardiomyocytes, left ventricular torsion represents a promising
measure for the qualitative as well as quantitative detection of (sub)clinical (systolic and diastolic) dysfunction.

This work was partially supported by a grant from the Simons Foundation (Award 1160640, Presidential Discre-
tionary-Ukraine Support Grants, Vitalii Overko).
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