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Abstract

Currently, the primary method for identifying transient disorders of local
contractility of the left ventricular myocardium in patients with coronary
atherosclerosis remains visual assessment of myocardial contractility under
physical or pharmacological stress testing. Visual assessment of myocardial
contractility, especially in stress tests, requires extensive experience in
conducting such studies. However, visual assessment by even the most
experienced operator remains subjective. Consequently, a principal focus in
diagnosing left ventricular regional wall motion abnormalities has been, and
remains, the development of methods for objective quantitative assessment
of functional status across different left ventricular myocardial segments.
A significant success in this area was the development of speckle-tracking
echocardiography technique, which allows for a quantitative assessment of
myocardial deformation during its contraction and relaxation.

The review presents the results of studies indicating that the determination of
left ventricular myocardial deformation indices may become an alternative

to the traditional method, devoid of such disadvantages as the subjectivity of
visual information perception and very high requirements for the operator’s
qualification level. Deepening knowledge about the mechanisms, clinical
significance of various myocardial deformation indices, the improvement of
both the speckle-tracking echocardiography technique itself and the algorithms
of automated processing of data creates a real prospect for its introduction
into clinical practice as the main method for identifying transient disorders of
local left ventricular contractility in patients with hemodynamically significant
coronary atherosclerosis.

Keywords: chronic ischemic heart disease, stress-echocardiography, speckle
tracking echocardiography technology, regional myocardial contractility
disorders, longitudinal systolic deformation of the left ventricle, myocardial
postsystolic shortening.
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KAPONONOIrn4

Tom 10 (3) 2025

Hayka n UHHOBauUuK B MeauLuHe

AHHOTauusa

B Hacrosiitiee BpeMst OCHOBHBIM METOJIOM BbISIRJIEHHsI TPAH3UTOPHBIX HapyIIIeHHi
JIOKaJIBHO¥ COKPaTUMOCTH MUOKAPIa JIEBOTO JKeJTy[J0uKa Y GOJBHBIX C KOPOHAp-
HBIM aTepOCKJIEPO30M CITY>KUT BU3yaJlbHasl OLleHKa COKPaTUMOCTH MHOKapZia IpH
¢u3HrIecKoit WK GpapMaKoIOrHueCcKoi Harpyske. BusyasibHast olieHKa COKpaTy-
TeJbHOM CIIOCOOHOCTH MHOKAp/ia, 0COOEHHO B HArpy304HBIX Mpobax, Tpebyer
GOJIBIIIOTO OITbITa B IPOBEJIEHNH TAKOTO POjia UCCIIeIoBaHMi. OJIHAKO 3pUTeNbHast
OIIeHKa Jla’ke CaMOT0 OIBITHOT'O OIIepaTopa Mo-MpeXXHeMy He JIUIeHa CyObeKTH-
BHU3Ma. B CBSI3M C 3THM OJJHMM M3 MaruCTpaJIbHBIX HalpaB/IeHHIl IMarHOCTHKH
HapyIIeHHH JIOKaJIbHOM COKPATHMMOCTH JIEBOTO JKeJTy[j0uKa ObliIa ¥ OCTaeTcsl pas-
paboTka MeTofI0B 0OBEKTUBHOM KOJIMYeCTBeHHOH OIeHKH (pYHKIMOHAIBHOTO
COCTOSIHHS! Pa3/IMYHBIX Y9aCTKOB MUOKap/ia JIEBOTO XelTyfodka. CyIeCTBeHHbIM
YCIIEXOM Ha 3TOM ITyTH CTaJIo CO3/IaHHe MEeTO[IMKH OTCIIeXKMBaHHsI CEPOTO IISITHA
(speckle-tracking sxokapauorpadust), 103BOJISIFOIIEN ITOJTYYUTh KOJIMYECTBEHHYIO
OIIeHKy fed)opManyi MHOKap/ia IPY ero COKpaIlleHn! 1 pacciabiieHu .

B o630pe npefcTaBiieHbl pe3ysibTaThl UCCIIE0BAHUH, CBUIETEIbCTBYIOIINE,
YTO OIIpefielieHHe ToKa3aTesieil JepopMalii MHOKap/a JIeBOTO JKeJTy/l0uKa

MOXET CTaTh aJITEPHAaTHBOH TPaIUIIIOHHOMY MeTOJLY, JIMIIEHHOH TaKUX ero
HeI0CTATKOB, KaK CyOBeKTHBU3M BOCIPHUSTHS BU3yalbHOM MHpOPMAIMU U
O4eHb BBICOKHe TpeGoBaHMs K YPOBHIO KBAJIMHKAIMY Ollepatopa. Yriy6ite-
HYe 3HaHWH 0 MexaHNW3MaXx U KJIMHMYeCKOM 3HaueHUH Pa3/IMYHbIX [IOKa3aresiei
nedbopMalni MHOKap/a, Hapsily C COBepIIeHCTBOBaHHEM KaK CaMoi MeTo-
nuku speckle-tracking axokapauorpaduy, Tak ¥ aJIrOpUTMOB aBTOMAaTH3UPO-
BAHHO# 06PabOTKY MOJTy4aeMbIX C ee OMOIIIBIO JAHHBIX, CO3[aeT pealbHyIo
TIepCIIeKTHBY ee BHeJIDeHUs B KIIMHUYECKYIO NIPAKTUKY B Ka4eCTBE OCHOBHOTO
MeTo/Ia BbISIBJIEHHs] TPAH3UTOPHBIX HapYILIEHUH JIOKAJIbHOM COKPaTUMOCTH
MHOKap/ia JIEBOT'O XKeJyf04Ka Y OOJIBHBIX C TeMOJJMHAMUYeCKY 3HAYUMBIM
KOPOHApHBIM aTepoCKJIEPO30M.

KurroueBbIe c10Ba: XpoHHWYeCKas HIlleMUyeckas O0je3Hb Cepyilia, CTpecc-
9XOKapauorpadus, HapyleHHs JIOKalIbHON COKPaTUMOCTH MHOKap/a, Tex-
Hosorus speckle tracking echocardiography, nponosnpHas cucronnyeckas
JnedopMarivisi JIeBOTO XKeJTyfj04Ka, IOCTCUCTO/IMYeCKoe yKopodeHre MUOKap/a.
KoHQnuKT HHTepecoB: He 3asiBJIeH.
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m INTRODUCTION

ne of the principal tasks of echocardiographic examination

(EchoCQ) is to identify disorders of regional contractility
(RCD) of the left ventricle myocardium that may be caused by
a number of cardiovascular diseases [1]. The most common
cause of RCD is the coronary heart disease (CHD), specifically,
the ischemic necrosis (infarction) of the myocardium followed
by replacement of the necrotized section of the myocardium
with connective tissue. The reason for deterioration of the
myocardial contractility may be not only necrosis but also
the persistent reduction of blood supply to the section of the
myocardium to the level sufficient to maintain the viability
of myocardiocytes, but insufficient for them to perform
their contractile function (hibernating myocardium) [2].
Considerably less frequently, ILC stems from other causes,
e.g. amyloid deposition [3].

In the above mentioned cases, RCDs are persistent, i.e.
present over a long period regardless of the work performed
by the heart. The reason for transient RCDs is the transitory
myocardial ischemia (TMI), most frequently arising out of
impossibility of adequate blood supply of the myocardium
under the increasing cardiac load. The morphological substrate
of TMI is typically hemodynamically significant atherosclerosis
of the coronary arteries. At the same time, restricted myocardial
blood supply under stress may also result from compression
of the coronary arteries (so-called “myocardial bridging”) or
from the loss of the ability of coronary arteries to dilate in
response to increased blood flow velocity (Syndrome X). The
onset of TMI at rest might stem from a spasm of the coronary
artery (vasospastic angina) [4]. Thus, identification of RCDs
is only the first step of the diagnostic process whose task is
the identification of causes of their onset.

202

This review article provides an analysis of the modern
possibilities offered by EchoCG in the diagnostics and
differential diagnostics of persistent and transient RCDs of
the left ventricle myocardium.

Methodology of search for sources. The search for
literature was performed in the Russian Science Citation
Index (RSCI) and PubMed databases using the following
keywords: speckle tracking echocardiography, stress-
echocardiography and regional myocardial contractility
disorders, or global longitudinal strain of the left ventricle,
or myocardial postsystolic shortening. The total number of
analyzed papers was 3215. The conditions for the selection
of journal articles and other materials were as follows: year
of publication: not earlier than 2010; focus on the use of
speckle tracking echocardiography during stress tests (stress-
echocardiography). The final analysis included 36 selected
articles.

m VISUAL DIAGNOSTICS OF RCD

From the advent of EchoCG into clinical practice to the
present, the major method of identifying RCDs is the visual
comparison of contractile activity of various regions of the left
ventricular myocardium [1]. Myocardial contractions come
with an obvious thickening of the walls of the left ventricle
and their shift to the ‘axis line’ of the left ventricle.

In the systolic period, the thickness of the interventricular
septum and of the posterior wall of the left ventricle increases
by more than 50%, and its transverse size decreases by at
least 10% [5]. Visually, it is possible to ascertain a decrease
of contractile activity of a certain myocardial region
(hypokinesia), complete absence of contractility (akinesia),
as well as systolic or systolic-diastolic protrusion of a

www.innoscience.ru
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region of the myocardium (dyskinesia or aneurysm). While
RCD may be present in some regions of the myocardium,
increased contractile activity (hyperkinesia) may be observed
in other regions. Contractile activity of various regions of the
myocardium is often expressed in points: hyperkinesia — 0,
normokinesis — 1, hypokinesia — 2, akinesia — 3, dyskinesia —
4, aneurysm — 5 [1].

In order to localize the identified changes, three diagrams
of segmental division of the left ventricle are proposed:
16-segment, 17-segment and 18-segment. The 17-segment
diagram is now the most widely used, with 6 segments on
the basal level, 6 on the medial, and 5 on the apical (Fig. 1).

On the same figure, the scheme of blood supply to the
left ventricle is shown, proposed by M.D Cerqueira et al.
(2002) [6]. Depending on the specific features of coronary
anatomy, the 9th segment may receive blood from the anterior
interventricular branch (Ramus interventricularis anterior,
RIVA) or the right coronary artery (RCA), 6th, 12th and 16th
from the RIVA or from the circumflex branch (CB), and the 5th
and 11th from the CB or RCA. Mismatch between RCD and
the perfusion territory of a specific coronary artery suggests a
non-ischemic etiology, such as deposition of foreign material
in the affected myocardial segment.

In order to identify transient RCDs, tests under physical
or pharmacological stress are performed under EchoCG
control (stress-EchoCG). Exercise stress testing utilizes a
cycle ergometer or treadmill, while pharmacological stress
testing employs dobutamine infusion. In either case, heart
rate increases as does the myocardium demand of oxygen,
which, in the event of impossibility of adequate increase of
coronary perfusion, results in the onset of TMI and transient
RCDs. Modern ultrasonic devices are equipped with a
so-called stress system that simultaneously displays the
recording of the systolic part of the cardiac cycle at rest and
under stress, which significantly facilitates identification of
transient RCDs.

Exercise stress testing on an upright (seated) cycle
ergometer and especially on a treadmill provides good
modeling of actual conditions leading to the onset of TMI but
does not allow visual tracking of the contractile activity of
the myocardium under stress. Such a possibility arises when
the supine (recumbent) cycle ergometer is used; however, due
to the non-physiologic nature of the load, it had not become
widely employed.

The dobutamine infusion test is less physiologic but
provides ideal conditions for a continuous visual assessment of
the contractile capacity of the myocardium. At the same time,
low-dosage dobutamine infusion test allows identification
of the hibernating (viable but not contracting) myocardium.
Dobutamine stimulation causes such myocardium to contract,
which confirms its viability. Identification of the hibernating
myocardium is highly important for the decision-making as
to feasibility of revascularization after an infarction [2, 5].

It is to be emphasized that a visual assessment of the
contractile capacity of the myocardium, especially in stress
tests, requires vast experience in making such examinations. It
is officially considered that the results of 50 first examinations
performed by an aspiring operator have no diagnostic value
[5]. At the same time, an assessment performed even by a
highly experienced operator remains subjective, which is

www.innoscience.ru
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Figure 1. Diagram of segmental division and blood supply of
the segments of the left ventricle. On the left is a diagram of the
segmental division of the left ventricle (pink: basal level, yellow:
medial level, green: apical level). On the right: diagram of blood
supply to the left ventricle (LCA: left coronary artery).

PucyHok 1. Cxema ceameHmMapHo20 OefleHusl U KpOBOCHabXeHUs!
ceaMeHmoB 11eBo20 xenyooyka. Cnesa — cxema ceaMeHmapHo20
OefleHus 1eBo20 Xesnyoo4ka (po3oBbil uBem — 6asanbHbil ypoBeHb,
»xenmoill — MeduasbHbil, 3eneHbll — anukanbHbil). CnpaBa — cxemMa
KpoBocHabxeHusi 1eBo20 xenydo4ka (JIKA — neBasi KopoHapHas
apmepusi).

confirmed by characteristics of the stress-EchoCG as a
predictor of identification of hemodynamically significant
coronary atherosclerosis. According to the data from the
leading medical centers, the sensitivity and specificity of the
stress test is approx. 85-90%, i.e. one in every ten cases of
identification of RCD, and one in every ten cases when RCD is
deemed absent under stress, are erroneous [5]. Therefore, one
of the major trends in the development of EchoCG has been,
and remains, the work on methods of objective assessment of
contractile capacity of different regions of the left ventricular
myocardium. A significant achievement in this area was
the development of the speckle-tracking echocardiography
that provides quantitative assessment of the myocardium
deformation in its contraction and relaxation [7-10].

m LONGITUDINAL SYSTOLIC
MYOCARDIAL DEFORMATION

During systole, the left ventricle shortens, contracts, and
twists along its longitudinal axis, resulting in longitudinal,
radial, and circumferential deformation of each myocardial
segment. The myocardial deformation comes with a change
in the distance between its neighboring points, which enables
quantitative assessment of the deformation by comparing the
distance between the points in the beginning and the end of
systole. These measurements can be obtained using various
methods, such as tissue Doppler imaging. However, speckle-
tracking echocardiography, a gray-scale pattern tracking
technology, is currently considered the gold standard for
assessing myocardial deformation. This technology allows for
an assessment of all three components of systolic deformation
whose diagnostic value may vary in different clinical situations
[11]. However, only the longitudinal systolic deformation is
recommended for use in present-day clinical practice [12]. This
review focuses only on this type of myocardial deformation,

203


http://www.innoscience.ru

KAPONONOIrn4

Tom 10 (3) 2025

Hayka n UHHOBauuu B MeauuuHe

Moment 33KPbITUA 30PTaNbHOMo KNanaHa

Cucrona

X(0) ]xm

CucTonMHeckmia
cTpeitH

Awnactona

Ixtt} X(0)

$ X{t)

-20%
X(t) - X(0)
X(0)

Moment of aortic valve closure
Systole
Systolic strain

Diastole

Figure 2. Changes in the distance between adjacent points of the
myocardium and the longitudinal systolic strain index (longitudinal
systolic strain) throughout the cardiac cycle (diagram).

PucyHok 2. V13ameHeHue paccmosiHusi Mex0y biuanexauwumu
moykamu Muokapda u nokasamessi npodosbHoll cucmonuyeckol
degpopmayuu (NPodosIbLHO20 cucmonu4ecko2o cmpeliHa) Ha
npomshkeHuU kapouoyukna (cxema).

and the term systolic deformation (systolic strain) shall mean
the longitudinal systolic deformation (longitudinal systolic
strain).

Speckle-tracking technology allows for making a graph
of changes in the distance between the two neighboring
points of the myocardium during the cardiac cycle (Fig.
2). This distance reaches its maximum in the end of the
diastole, when the myocardium is fully relaxed. During the
systole, the distance between the tracked points decreases,
and upon the end of contraction, it starts increasing. At
the same time, the difference between the current and the
initial distance during the systole increases, and decreases
during the diastole. The percent ratio of this difference
at the moment of closure of the aortic valve to the initial
distance is used for the qualitative assessment of the systolic
myocardial deformation (strain).

During myocardial contraction, the distance between the
tracked points decreases, and so the systolic strain is a negative
value. However, in the description and statistical processing of
the results, the absolute value of the strain is used: the greater
the contraction of the myocardium, the greater the value.

The graph of myocardial deformation during the cardiac
cycle is created for each of the 17 segments of the left ventricle,
and the values of segmental strain at the moment of closure
of aortic valve are shown on a color map commonly referred
to as the ‘bull’s eye’ (Fig. 3). Transition from intense red to
intense blue marks the decrease of contractive capacity of the
myocardium, from hyperkinesia to dyskinesia.

The color map gives a visual representation of the
contractive capacity of various regions of the left ventricular
myocardium, for which reason it is often used in educational
materials and descriptions of clinical cases. For a generalized
assessment of the map data, some indicators are used that
represent the contractive capacity of the myocardial segments

204

Figure 3. Results of measuring the longitudinal systolic strain of the
left ventricle using the speckle-tracking echocardiography method.
Graphs of strain changes throughout the cardiac cycle in all 17
segments of the left ventricle are presented. Strain values at the
moment of aortic valve closure are shown on the color map.

PucyHok 3. Pe3ynbmambl udmMepeHusi NpooosibHO20
cucmonu4yeckoz2o cmpeliHa 1eBozo xenyoodka MemodoM speckle-
tracking axokapouozpaguu. [NpedcmaneHbl epauku usMeHeHus
cmpeliHa Ha npomshxeHUU Kapouoyukna Bo Bcex 17 cesmeHmax
11eB020 xesyooyka. 3Ha4yeHus cmpeliHa B MOMeHmM 3aKpbimusi
aopmasibHO20 KnanaHa ompaxeHs! Ha uBemoBol kapme.

belonging to a specific region (regional longitudinal strain,
RLS). In most cases, regional indicators are calculated as the
average value of strain in segments of that region. Specifically,
it is shown that in healthy individuals at rest the average strain
value in the basal segments is lower than in the apical, while at
stress these differences become more pronounced [13].

Studying of the relation of RCD with myocardial ischemia
usually involves calculation of average values of longitudinal
strain in the regions belonging to perfusion areas of some
or other coronary artery (Fig. 1, right). This approach was
used in the study of M.K. Smedsrud et al. (2012) [14] that
included 86 patients with recurrent chest pains. The study did
not include patients with prior verified CHD. Speckle-tracking
echocardiography at rest was performed before the coronary
angiography (CAG), the results of which allowed identification
of patients with and without hemodynamically significant
coronary stenosis (>50%). It was found that the average
values of RLS in patients with hemodynamically significant
stenosis were in average 2.2% lower than in the alternative
group (17.943.5% vs. 20.1£2.9%, p = 0.015). At the same
time, the predictive capacity of decreased RLS with respect
to identification of hemodynamically significant stenosis by
CAG was rather low: the area under the curve (AUC) was 0.67
(95% CI 0.52-0.82).

A similar approach was used in several other studies that
confirmed the presence of statistically significant RLS at rest
in patients with and without hemodynamically significant
coronary stenosis [15]. Assessment of predictive capacity of
RLS in these studies was virtually the same (AUC from 0.72 to
0.75), however, the values of the cutoff varied within a broad
range (12.6...18.3%), which precludes consideration of RLS
at rest as a predictor for identification of hemodynamically
significant coronary stenosis.

Regional longitudinal strain during physical or
pharmacological stress may provide a more reliable predictor

www.innoscience.ru
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Mk Systolic Strain

Figure 4. Left ventricular strain in a patient with hemodynamically
significant stenosis of the anterior interventricular branch (LAD)
of the left coronary artery before (left) and after (right) dosed
physical exercise. Before the exercise, the average longitudinal
strain value in the blood supply zone of the LAD is -22%, after the
exercise — +2.1%. A positive value of systolic longitudinal strain
indicates that the myocardium is stretched during systole, i.e. is in
the state of dyskinesis.

PucyHok 4. CmpelH 1eBo2o »enydouka y nayueHma

C 2eMoOUHaMu4yecKu 3Ha4uMbIM CmMeHo30M nepeoHel
MexokeslydoukoBol Bemsu (MIMXKB) neBoli kopoHapHoU apmepuu
do (cneBa) u nocne (cnpaBa) 0o3upoBaHHOU pusuyeckoll Hazpy3Ku.
Jlo Haezpy3ku cpedHee 3Ha4eHue NPodosIbHO20 cmpelHa B 30He
KpoBocHabxeHusi [TMXXB paBHo -22%, nocne Hazpysku — +2,1%.
lMonoxumenbHoe 3Ha4yeHue cuCmoaUYecko2o NPoO0ILHO20
cmpeliHa cBudemenbCmByem, 4mo MUokapd BO BpeMsl CUCMOJIb!
pacmsizuBaemcsi, mo ecmb Haxooumcsl B OUCKUHe3e.

of hemodynamically significant coronary stenoses than
measurements at rest (Fig. 4).

Indeed, the study of S.I. Farag et al. (2020) [16] showed
an almost complete matching of results of assessment of
the availability and localization of the hemodynamically
significant atherosclerosis on the color map after dobutamine
stress testing, and CAD data. The agreement coefficient
(kappa) was 0.819, significantly exceeding the kappa
coefficient for agreement with visual assessment of RCD
during stress echocardiography compared to coronary
angiography results (kappa 0.663). The sensitivity of RCD
assessment with the color map of the regional longitudinal
strain with respect to identification of the hemodynamically
significant atherosclerosis was 95%, its specificity was
90%; the respective values of the visual assessment of
RCD were 86% and 85%. The results of the study confirm
the perspectives of studying the RLS under stress in the
diagnostics of transitory myocardial ischemia; however, we
found no other papers on this topic in the available literature.
Much more frequent were the papers studying the diagnostic
capacity of the global longitudinal strain (GLS).

GLS is calculated as the arithmetic mean of the strain
values in all segments of the left ventricle. In healthy
individuals at rest, the GLS is nearing 20%, and under stress,
it increases by approx. 5 percent points. After exercise test
on a cycle ergometer, GLS of 67 healthy individuals aged
between 23 and 80 increased from the base level of 20.1 =
1.8% to 25.4 + 2.0%, p<0.0001 [13]. In 46 patients without
CHD but with risk factors of its development (arterial
hypertension, Diabetes mellitus, hyperlypidemia, positive
family history), the global strain grew to 25 + 3% (p<0.05)
[17]. Administration of dobutamine also leads to GLS growth
in healthy individuals less pronounced than under physical
stress [18].
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GLS reflects contractile capacity of the left ventricular
myocardium on the whole, i.e. provides the same information
as the ejection fraction; at the same time, it has higher
sensitivity and reproducibility in the assessment of the systolic
function of the left ventricle [19, 20]. Thus, determination of
GLS is recommended for the control of the systolic function of
the left ventricle in the use of cardiotoxic drugs, specifically,
during chemotherapy of oncological diseases [21, 22], and new
diagnostic algorithms to identify heart failure with preserved
ejection fraction and diagnostics of the diastolic function of
the left ventricle [23-25].

Some studies show that the GLS values at rest differ in
patients with and without hemodynamically significant
coronary atherosclerosis. A systematic review of these studies
showed that the differences in GLS at rest in patients with
stenosis (n = 397) and without stenosis (n = 381) are 2 percent
points (17.2 £ 2.6 vs. 19.2 £ 2.8%, p <0.0001), AOC varies
from 0.68 to 0.80, and the threshold level for the prediction
of hemodynamically significant stenosis varies from 17.4 to
19.7%, with sensitivity from 51% to 81% and specificity from
58% to 81% [15]. Based on the obtained data, the authors of
the review concluded that GLS at rest has only minor capacity
in the prediction of hemodynamically significant stenosis in
patients with acute or recurrent chest pains.

A similar conclusion stems from the results of later studies.
Thus, in the study of A.I. Stepanova et al. (2021) [26], GLS
at rest demonstrated no predictive significance with respect
to coronary atherosclerosis generally or with respect to severe
coronary atherosclerosis (Gensini score >35). In the former
case, the AOC was 0.52 (95% CI 0.42-0.63, p = 0.59), while
in the latter it was 0.63 (CI 0.47-0.73, p = 0.12). However, in
some papers, GLS at rest shows very high predictive capacity
with respect to hemodynamically significant stenosis of
coronary arteries. For example, in the above mentioned study
of S.I. Farag et al. (2020) [16], the area under curve for GLS
at rest was 0.827 (95% CI 0.732-0.921), and in the study of
S. Qin et al. [27] it was 0.973.

The studies focusing on prognostic capacity of GLS under
physical or pharmacological stress [28—32] demonstrate more
uniform results. In the study of A.I. Stepanova et al. (2021)
[26], the area under curve for GLS under physical stress as
predictor of identification of severe coronary atherosclerosis
(Gensini score > 35) was 0.76 (95% CI 0.63-0.89; p <0.001),
and the sensitivity and specificity for GLS below 16.9% was
80% and 70%, respectively. In the study of S.I. Farag et al.
(2020) [16], similar values for global strain under dobutamine
stress were 0.837 (95% CI 0.748-0.927), 82.4 and 78.3% for
GLS below 12.5%.

In the assessment of results of studies of predictive
capacity of GLS with respect to hemodynamically significant
coronary atherosclerosis one needs to consider that GLS
provides an assessment of the contractive capacity of the
left ventricular myocardium on the whole. Its decrease may
be related to persistent or transient regional contractility
disorders and with a number of other reasons, e.g. type II
diabetes mellitus [33, 34], the prevalence of which among
patients with severe coronary atherosclerosis is quite high.
In the above mentioned study of S.I. Farag et al. (2020) [16],
59% of examined patients had the concomitant diabetes
mellitus. At the same time, according to C. Philouze et al.
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Figure 5. Schematic representation of the longitudinal strain change
graph, in which the maximum longitudinal strain is observed after the
completion of left ventricular systole.

PucyHok 5. Cxemamu4eckoe uzobpaxkeHue gpaguka usmMeHeHusi
npodosibHO20 cmpeliHa, Ha KOMOPOM MakcuMaslbHbI( NPOO0ILHBI
cmpeliH omMeYaemcsi nocne 3aBepuleHuUsi CUCMOJIbl 1eBO20
)KenyooyKa.

(2018) [35], the increase of GLS under dobutamine stress
in patients with diabetes mellitus was much less marked
than in healthy individuals. In the control group, GLS under
stress increased on average by 3.4 percent points (from 20.8
+ 2.3 to 24.2 + 2.5%), and in the diabetes group, just by 1
percent point (from 20.2 + 2.7 to 21.2 + 2.4%). The authors
believe that the mild increase of GLS could be the excessive
deposit of epicardial fat in diabetes patients: being a source
of proinflammatory and profibrotic cytokines, it adversely
affects the contractile capacity of cardiomyocytes [36].

The study of M.J. Mansour et al. (2018) [31], the results
of stress-echocardiography with speckle tracking were
compared not only with CAG data on the severity of coronary
atherosclerosis, but also with the presence of concomitant
diseases in the patient (cerebrovascular diseases, diabetes
mellitus, arterial hypertension), and cardiovascular risk
factors (smoking and dyslipidemia). It was found that the
lower values of GLS at rest and under stress were identified
not only in patients with marked coronary atherosclerosis, but
also in patients with multiple concomitant conditions and risk
factors which, in the authors’ opinion, indicates a subclinical
dysfunction of the left ventricle caused by those conditions.
Based on the obtained information, the authors conclude that
the higher values of GLS allow exclusion of hemodynamically
significant stenosis, whereas the lower values of strain provide
no foundation for its diagnostics.

As a sensitive marker of disorder of the global systolic
function of the left ventricle, the GLS can hardly become an
effective means of diagnosing regional contractility disorders.
Assessment of longitudinal strain in the perfusion regions
under stress seems to be more promising, but, as we mentioned
earlier, this problem requires further research. Moreover, the
assessment of global and regional longitudinal strain has some
limitations related to the image quality and some rhythm
disorders (e.g., ventricular bigeminy).
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Figure 6. Results of calculation of the postsystolic index. The
graphs of strain changes in 17 segments of the left ventricle during
the cardiac cycle are presented. The systolic longitudinal strain
corresponds to the point of intersection of the graph with the vertical
line AVC (aortic valve closure), reflecting the moment of closure

of the aortic valve. Arrows indicate the maximum longitudinal

strain recorded after the completion of systole. Segments in which
postsystolic shortening is recorded are highlighted in saturated blue
on the color map.

PucyHok 6. Pe3ynbmambl pacdema nocmcucmosu4yecKkozo
uHoekca. lNpedcmaBneHsbl epaguku usmeHeHus cmpeliHa B 17
ceaMeHmax f1eB020 Xenyoodka Ha NPOMsiXeHuUU Kapouoyukna.
CucmonuyveckoMy npodosibHOMY cmpeliHy coomBemcmayem moyka
nepeceveHus 2paguka ¢ BepmukasbHol npsimoli AVC (aortic valve
closure), ompaxatowell MOMEHM 3aKpbimusi a0pmMasibHO20 KianaHa.
Cmpernku yka3blBatom Ha MakcuMasibHbIU NpooosibHbIU cmpelH,
3apeaucmpupoBaHHbIll nocne 3asepweHust cucmossl. CeameHmel,

B KOMOPbIX 3apeaucmpupoBaHO NOCMCUCMO/IUYECKOe YyKopoYeHue,
BblOenieHbl Ha UBemoBoUl Kapme HacbIWeHHbIM CUHUM UBEMmOoM.

m POST-SYSTOLIC SHORTENING

The systole of the left ventricle finishes at the moment of
aortic valve closure. By that time, the majority of segments
reach the state of maximum contraction and begin elongating.
However, some segments continue contracting even after
the systole of the ventricle is over. This phenomenon is
referred to as ‘post-systolic shortening’ (PSS). Quantitative
values of the PSS is the difference between the maximum
and systolic strain (PSS = maximum longitudinal strain —
systolic longitudinal strain) and the post-systolic index (PSI),
that is the percentage of this difference from the maximum
longitudinal strain (PSI% = PSS/ maximum longitudinal
strain, Fig. 5).

PSl is calculated for each segment of the left ventricle and
is represented on the color map (Fig. 6). In order to analyze
the obtained data, the average PSI value is calculated in all
segments of the left ventricle (global PSI) or in the segments
referring to perfusion are of some coronary artery or other
(regional PSI).

According to P. Brainin et al. (2019) [37], in healthy
individuals PSS is registered on average in 80% segments
of the left ventricle. At the same time, the median PSS is
0.4% [interquartile range 0.2; 0.8%], and the median PSI
is 2% [0.7; 4.8%]. The mechanism of physiological PSS is
related to the measurement of geometry of the left ventricle
at the stage of isovolumic relaxation, i.e. in the period from
the closure of aortic valve to the opening of the mitral
valve. At this stage, the cavity of the left ventricle turns
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from elongated on the longitudinal axis to near spherical
in shape. Singe the surface area of a sphere is less than the
area of any non-spherical body of the same volume, the
area of the myocardium surrounding the cavity of the left
ventricle and the distance between its neighboring points
decrease. Therefore, the physiological PSS is shortening,
not the contraction, of the myocardium.

From the clinical perspective, the PSS phenomenon is
interesting because the reason for its onset might be myocardial
perfusion disorder. In some experimental studies on animals
it was shown that the occlusion of the coronary artery results
in the lowering of the longitudinal strain and increase of the
PSI in the perfusion area of that artery, and the restoration
of the blood supply is accompanied by a quick restoration
of the strain and relatively slow return to baseline levels of
PSS indices. The phenomenon of delayed recovery of PSS
indices after ischemia resolution has been termed “ischemic
memory” [8, 38].

The relation of PSS and TMI has been demonstrated in
several studies involving stress-echocardiography with
dobutamine or exercise stress [38—40]. Thus, the work of A.I.
Stepanova et al. (2022) [39] showed, that in the individuals
without coronary atherosclerosis (Gensini score = 0), moderate
(<0 Gensini score <35) and severe (Gensini score >35) coronary
atherosclerosis at rest, the global PSI did not have statistically
significant difference and was 2.0 [0.9; 4.1], 2.1 [1.3; 4.2] and
2.7 [1.9; 5.2]%, respectively. After a predefined exercise on
the treadmill, the global PSI increased to 3.8 [2.2; 6.8], 3.4
[2.2;6.2] and 8.9 [3.8; 10.7]%, respectively, which resulted in
the appearance of statistically significant differences between
patients with and without severe coronary atherosclerosis (p
=0.012). The area under curve for global PSI as a predictor of
severe coronary atherosclerosis was 0.74 (95% CI 0.63-0.85;
p <0.001), and the sensitivity and specificity of the criterion
‘global PSI > 4.9%’ was 75% and 61%.

Similar results were arrived at in the study of E.
Rumbinaite et al. (2020 [40], where stress echocardiography
under dobutamine stress was performed for 83 patients with
pre-test chance of CAD, in 45 of which CAG identified
hemodynamically significant stenosis of coronary arteries.
Initially, the global PSI in patients with and without stenosis
was 4.59 + 3.04 and 4.07 £ 1.37% (p = 0.32), and under
dobutamine stress it increased respectively to 10.46 + 3.42 and
5.23 + 1.96% (p = 0.02). The area under curve for global PSI
under stress was 0.724 (p = 0.04), the sensitivity and specificity
of the criterion ‘global PSI > 6.46%’ was 70% and 74%.

This study focused not only on the global but on regional
PSIs on the perfusion areas of three coronary arteries as well.
Initially, in the perfusion area of the anterior intraventricular
branch the regional PSI in patients with and without
hemodynamically significant stenosis was 6.87 + 3.32 and
4.65+2.32%, respectively; after dobutamine stress, 11.59 £
5.21 and 6.43 + 3.21 (p = 0.02). In the perfusion area of the
right coronary artery, the respective initial values of PSI were
6.51 + 3.14 and 4.58 + 2.42% (p = 0.34), under stress: 10.71 +
4.21 and 5.59 + 2.46 (p = 0.03). In the basin of the circumflex
branch of the left coronary artery, the initial PSI values were
6.65 + 3.14 and 5.01 + 2.34% (p = 0.53), under stress: 7.13
+4.16 and 5.78 + 2.67% (p = 0.18). Thus, dobutamine stress
results in the increase of both the global PSI and the regional
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PSI in the perfusion area of the affected artery, yet the initial
values of the regional PSI and their increase under stress differ
in various vascular areas. Obviously, these differences form
additional complications for the interpretation of results of
assessment of the regional PSI.

The possibility of using the changes in the PSI under stress
to identify individuals with hemodynamically significant
coronary atherosclerosis may be considered proven; at the
same time, a number of problems remain unanswered.

First, we should mention the lack of a generally recognized
criterion of diagnosing the pathological PSS. Quite
frequently, PSI value above 20% is used as this criterion,
which was suggested to diagnose pathological PSS using
the data of Doppler tissue examination. At the same time, we
already mentioned that in the patients with hemodynamically
significant atherosclerosis the PSI in the perfusion area of
the affected artery under stress increases to approx. 10%. The
PSI increase in this case is, without doubt, pathological, but
it is not anywhere near 20%. Thus, the question of diagnostic
criteria of pathological PSS remains unanswered and requires
further research.

In the majority of studies focusing on the correlation of PSS
with myocardial ischemia, considerably high sensitivity of PSI
increase as the sign of myocardial ischemia was demonstrated;
however, its specificity requires further research: pathological
PSS is identified in the hypertrophic, dilatation and stress
cardiomyopathy, arterial hypertension and aortic stenosis [41].
It is evident that in order to use the PSI in clinical practice
a criterion for differential diagnosis of ischemia- and non-
ischemia-mediated changes of that indicator.

Another question in need of further research is that of the
mechanisms of development of pathological PSS, and these
include the following: 1) delayed start of contraction of a
segment of myocardium due to late arrival of the excitation
wave; 2) delayed contraction of the affected (e.g., ischemic)
section of the myocardium; 3) deformation of the section
of the myocardium that lost its contractile capacity during
contraction and relaxation of the myocardium around.

A visual representation of the role of disorders of
intraventricular conductivity in the development of PSS is
shown in the color maps shown in Fig. 7 built in the course
of intracardial electrical stimulation of various sections of
the conductive system. Evidently, intraventricular conduction
disturbances virtually preclude the identification of PSS
from other origins. It is plausible that local abnormalities in
intraventricular conduction contribute to the development
of pathological PSS in ischemic myocardial regions, though
this hypothesis requires further investigation.

Delayed myocardial contraction is indicated as the cause
of PSS in the outcomes of the study of C. Eek et al. (2011)
[42], where indices of longitudinal strain and PSS in the
area of affected coronary artery were compared before and
after revascularization in patients with non-ST-segment
elevation myocardial infarction. It was found that after
revascularization the recovery of the systolic function occurs
in those segments in which marked PSS was registered on
the background of acute ischemia. This result enabled the
authors to conclude that registration of PSS in the segments
perfused by the affected coronary arteries shows preserved
viability of the ischemic myocardium.
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Post Systolic Index

Post Systolic Index

Figure 7. Effects of the excitation wave propagation path along
the left ventricle on the post-systolic contraction. A: sinus rhythm,
B: electrical cardiac stimulation in the His bundle region, C: in the
region of the middle third of the interventricular septum, D: in the
region of the apex of the right ventricle.

PucyHok 7. BnusiHus nymu pacnpocmpaHeHUsi BOJIHbl BO36Y)K0eHusl
no n1eBoMy xenyodo4yKy Ha nocmcucmosnu4yeckoe cokpaweHue. A —
CuHycoBbIlU pumM, b — anekmpokapouocmumynsyusi B obnacmu
nyuka luca, B — B obnacmu cpedHell mpemu Mexokeslyoo4koBol
nepezopodku, I — B o61acmu BepXywKu NpaBozo XeslyooukKa.

However, in the similarly designed studies of C.
Terkelsen et al. (2007) [43] and P. Brainin et al. (2018) [44],
dynamic follow-up did not identify recovery of the systolic
function of the segments with marked PSS. Moreover, they
identified a correlation of PSS with the further development
of heart failure, which shows non-viability of the myocardial
section with a marked PSS and enables connection of the
phenomenon with the deformation of the myocardial section
that lost its contractile capacity during relaxation of the
muscular tissue around.

The mechanism of the onset of PSS in the myocardium
incapable of contraction is easily understood on the
example of a myocardial area in the state of dyskinesis.
During the systole, this section protrudes beyond the
contour of the left ventricle which results in the increase
of area of that section and increase of distance between
its neighboring points. During the diastole, the protrusion
disappears, and the area of the dyskinetic section and the
distance between its neighboring points decrease: this is
registered as the PSS.

Thus, the question of development of pathologic PSS
is directly related to the clinical interpretation of this
phenomenon and, beyond doubt, is worthy of further
research. This might be confirmed by results of speckle-
tracking echocardiography shown in Fig. 8. In the patient
with 95% stenosis of the circumflex branch of the LCA
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in the physical stress test, RCD (hypokinesia) in the basal
and the medial posterior lateral segments were identified
visually. At the same time, the values of the longitudinal
systolic strain during the stress increased in all segments
including the perfusion area of the affected artery (Fig. 8
A, C), which contradicts the results of visual assessment of
the stress test and the CAG data. Yet the post-systolic index
in the perfusion area of the circumflex branch of the LCA
increased from 0 to 27% (Fig. 8 B, D), thus confirming the
adequacy of visual assessment of the stress test. Based on
the available knowledge of mechanisms of development and
clinical significance of changes of indices of deformation
under physical stress, it does not seem possible to explain
the results of this study.

m CONCLUSION

Currently, the assessment of left ventricular deformation
parameters during physical or pharmacological stress cannot
be considered a replacement for the conventionally used
visual evaluation of regional contractility dysfunction. At the
same time, more knowledge on the mechanisms and clinical
significance if carious mechanisms of deformation of the
myocardium, as well as development of the very method
of speckle-tracking echocardiography and algorithms of
automated processing of data thus obtained, forms a realistic
perspective of its implementation in clinical practice as
the principal method of identification of transitory RCDs
in patients with hemodynamically significant coronary
atherosclerosis. P

Post Systolic Index

Figure 8. Results of speckle-tracking echocardiography at rest

(A, B) and after dosed physical exercise (C, D) in a patient with 95%
stenosis of the circumflex branch of the left coronary artery.
PucyHok 8. Pesynbmamel speckle-tracking axokapouozpacuu B
nokoe (A, b) u nocne do3uposaHHol ¢usuyeckol Hazpy3ku (B, I')

y nayueHma ¢ 95% cmeHo3omM ozubarowell Bemau neBol
KopoHapHol apmepuu.
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Yuacmue a6mopo8. Huxonaepa T.O. — Bk1aJ] B IoJTy4eHHe, aHAJIU3 [JaHHbIX JIUTepa-
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apxuBa. Masyp E.C. — pazpaboTka KOHIIENIMK CTaTbH, aHAIU3 JJAHHBIX, BHECEHHUE B Py-
KOIIHCBH CYIIIeCTBeHHO BaKHOU TIPaBKH C 11eJIbIO ITOBbIIIIeHUS Hay‘IHOl:I LIeHHOCTH CTaTbH.

Bce aBrope! 0106pri GprHANBHYIO BEPCHIO CTaThy Iepef] MyOiMKaIyel, BhIpasuim
CoITIacHe HeCTH OTBeTCTBEHHOCTb 3a BCE aCIIeKTHI paboThI, ITOPa3yMeBalolIIlylo HaJljle)a-
I1iee U3ydYeHHe U pellieHHe BOIIPOCOB, CBS3aHHbIX C TOYHOCTHIO WX J0GPOCOBECTHOCTBIO
moboii yacTu paboTHL.
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