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THE STRUCTURE OF LEFT VENTRICULAR
RELAXATION IN CASE OF VENTRICULOGRAPHY

To study the relaxation structure of the left ventricle (LV) in patients who underwent ventriculography.

LV ventriculography was performed in 37 patients. Before catheterization, echocardiography was
performed in each patient. In 6 patients, the LV ejection fraction (EF) was below 40%; these patients
with systolic dysfunction were not included in the study. In 31 patients, the LV EF was higher than 50%.
In this group, 13 patients had NYHA functional class (FC) 2-3 chronic heart failure (CHF); the rest
of the patients had FC 1 CHF. Eighteen of 31 patients had stable ischemic heart disease; 50% of these
patients had a history of myocardial infarction; the rest of the patients had hypertension and atrial and
ventricular arrhythmias. The dynamics of the LV pressure decrease was analyzed from the moment
of the maximum rate of pressure drop, which usually coincides with the closure of the aortic valves.
The pressure drop curve was logarithmized with natural logarithms and divided into 4-5 sections
with different degrees of curve slope. The relaxation time constant was calculated for each section. Its

In 31 patients with LV EF 52-60%, three types of the dynamics of the relaxation rate constant were
identified during the pressure decrease in the isovolumic phase: in 9 patients, the isovolumic relaxation
constant (IRC) steadily increased as the pressure decreased; in 13 patients, it continuously decreased;
and in 9 patients, the dynamics of IRC change was intermediate, with an initial increase followed by a

In diastolic dysfunction, one group of patients had an adaptation type associated with an increase in the
LV wall elasticity, while the other group had a different type of adaptation associated with its decrease.
Each type has advantages and disadvantages. This is probably due to changes in the structure of the

Lakomkin V.L., Abramov A.A., Prosvirnin A.V., Tereshchenko A.S., Arutyunyan G.K., Samko A.N.
etal. The Structure of Left Ventricular Relaxation in Case of Ventriculography. Kardiologiia.
2024;64(8):32-38. [Russian: Aaxomkun B.A., A6pamos A.A., [TIpocsupnun A.B., Tepemenko A. C.,
Apyrionsn I K., Camko A. H. n Ap. CTpyKTypa paccaaGAeHIsI A6BOTO KeAYAOUKA Y IALIUEHTOB IIPH BEH-

Aim
Material and methods

inverse value characterizes the relaxation time constant (tau).
Results

decrease.
Conclusion

sarcomeric protein connectin (titin).
Keywords AmacToamueckas AUCOYHKINS; BEHTPUKYAOTPadusl; paccaabAeHNE; AMACTOA]
For citations

Tpukyaorpaduu. Kapauoaorus. 2024;64(8):32-38].
Corresponding author Lakomkin V.L. E-mail: v.lakomkin@yandex.ru

Introduction

Diastolic dysfunction represents the most prevalent form
of chronic heart failure (CHF) [1]. CHF is distinguished by
prolonged relaxation, elevated filling pressure, diminished
contraction velocity, and a reduction in cardiac output
[2]. Myocardial relaxation impairment related to CHF
represents a significant clinical challenge, affecting the
majority of patients with end-stage CHF [3, 4]. Moreover, it
serves as a primary indicator of diastolic dysfunction. In the
clinical setting, delayed relaxation serves as an independent
diagnostic criterion for CHF with preserved left ventricular
ejection fraction (LVEF) [S].

The relaxation commences during the isovolumic phase
and is based on the removal of Ca*+ ions from actomyosin
bonds. The active relaxation phase requires the expenditure of
up to 30% of the total energy per cardiac cycle [6]. However,
this component of relaxation does not characterize its final
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part, in which the rate of pressure decline is typically faster
than the rate of Ca?+ removal [3], indicating the inclusion of
an additional component. The passive component facilitates
a gradual restoration of the initial length of sarcomeres and is
determined by the properties of contractile proteins [7].

The analysis of the relaxation process in patients is
typically confined to the determination of the relaxation
time constant (tau) in the isovolumic phase [8]. The passive
component of relaxation has only been the subject of study in
animal models. Upon logarithmizing the LV pressure curve
in guinea pig and canine models, it was observed that the final
stage of relaxation occurs at a faster rate than in the isovolumic
phase [9, 10]. This phenomenon is based on the suction
phenomenon, which was observed in the experiment on the
turtle heart [11]. Despite the onset of LV filling, the pressure
within the LV continues to decrease due to this suction
phenomenon. In recent study on rat hearts [12], a gradual
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acceleration of LV pressure decline during the transition
from the isovolumic phase to the auxovolumic phase was
established. The LV pressure decline continues despite the
opening of mitral valves. Furthermore, accelerated end-
phase relaxation was observed in isolated trabeculae, which
is believed to reflect the rapid opening of cross-bridges [13].
In healthy hearts, echocardiography and magnetic resonance
imaging revealed slight elongation or unwinding at end-
systole [14-16].

Objective

The objective of the study was to conduct a comprehensive
examination of myocardial relaxation patterns in patients who
underwent left ventricular ventriculography.

Material and Methods

The study was conducted in accordance with the
requirements of the Ethics Committee of the Academician
Chasov National Medical Research Center for Cardiology
(minutes No. 232, dated December 25, 2017) and the ethical
principles set forth in the Declaration of Helsinki of the World
Medical Association. All patients signed the informed consent
to be included in the trial.

Inclusion criteria. The study was conducted on 37
patients with a range of different diagnoses. The most
prevalent diagnosis was CHD (n = 22), with 50% of patients
with CHD having a history of infarction. Other diagnoses
included hypertensive heart disease and atrial and ventricular
arrhythmias. In the cohort of patients with LVEF above 50% (n
=31), NYHA class II was observed in 6 patients, NYHA class
Il in 7 patients (all diagnosed with CHD), and the remainder
had NYHA class I. There are no explicit indications for
routine LV ventriculography in the current clinical guidelines.
Therefore, diastolic dysfunction with preserved LVEF was the
criterion for patient selection.

LV ventriculography was conducted on patients selected
from the cohort of patients who were indicated for coronary
angiography with stenting or ballooning. Patients of both sexes
aged 18 years or over, with a variety of CHD manifestations,
including a history of myocardial infarction and heart failure
with LV systolic and diastolic dysfunction, who provided
voluntary informed consent to participate in the study were
eligible for inclusion in the study.

Exclusion criteria. Critical aortic valve (AV) stenosis,
AV insufficiency stages III-IV, the presence of LV thrombi,
mechanical or biological AV prostheses, and the presence of
life-threatening ventricular arrhythmias. Patients with a LVEF
of less than 50% (n = 6) were excluded.

LV ventriculography was conducted using the conventional
method. Once arterial access had been established (via the
radial artery) and the 6F introducer had been inserted into
the LV cavity, a PigTail 6F diagnostic catheter was then placed
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Central illustration. Changes in relaxation rate
constants (RC, s ) in three groups
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through a 0.035-inch diagnostic guide. Subsequently, the
catheter was connected to the system for invasive pressure
monitoring, and the LV pressure curve was recorded.

Echocardiogram

Echocardiogram was performed using a Vivid E9
ultrasound system (GE Healthcare, USA) with the use of
a MSS sector matrix transducer. The study was conducted
with the patient lying on the left side and in a supine
position in order to assess central venous pressure. The
images were registered from both the parasternal and
apical views. The apical four-, three-, and two-chamber
sections were recorded to ascertain global longitudinal
strain and LV myocardial performance. Simultaneously,
electrocardiogram synchronization was performed to
determine the phase of the cardiac cycle. Three to five cycles
were recorded while the patient was instructed to hold their
breath.

The echocardiographic protocol included the standard
positions in B, M, PW, and CW modes, as well as color
Doppler mapping and myocardial tissue Doppler at a rate
exceeding 140-150 frames per second. LV and left atrial
systolic and diastolic volumes were calculated in B-mode
from apical four- and two-chamber views using the
modified Simpson disk method. Subsequently, the LVEF
was calculated based on the values of end-diastolic volume
(EDV) and end-systolic volume (ESV) using the following
formula:
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LVEF = (EDV - ESV) /EDV.

The stroke volume was calculated as the product of the LV
outflow tract (LVOT) cross-sectional area and the LVOT
linear velocity integral. The LVOT cross-sectional area was
calculated using the following formula:

S =nr?
using the LV diameter measured from the parasternal view
along the LV long axis in the ZOOM mode at a distance
of 1 cm from the AV at mid-systole. The integral of linear
blood flow velocity was calculated by tracing the spectrum
obtained from the apical five chamber view in the pulsed-
wave Doppler mode.

Calculation of relaxation constants

The analysis was conducted using the LV pressure segment,
commencing at the point of peak pressure decline rate,
which precisely coincides with the moment of AV closure.
The natural logarithms revealed four to five distinct segments,
characterized by varying degrees of slope. In each segment,
a trend line was selected, and the value of approximation
reliability R2 was calculated to be at least 0.999. The inverse
value (1000/ slope constant) characterizes the relaxation
time constant (tau). The methodology is described in more
detail in the article by V.1. Kapelko et al. [12].

The statistical processing of the obtained data was
conducted using the SPSS Statistica v. 26 (IBM, USA) and
JMP Pro 17 (SAS, USA) software programs. The normality of
the distribution of continuous variables was evaluated using
the Shapiro-Wilk test. The initial comparison between the
groups was conducted using an analysis of variance (ANOVA).
Subsequently, post hoc tests were performed using the Holm
corrections for multiple comparisons. The results were
deemed statistically significant at alevel of p < 0.0S.

Results

Detailed analysis of the LV relaxation phase in 31 patients
with diastolic dysfunction revealed 3 types of response. In
Group 1 (n = 9), the relaxation rate constant demonstrated
a consistent increase with decreasing pressure in the
isovolumic phase. In contrast, Group 2 (n = 13) exhibited a
gradual decline in this parameter. Group 3 (n = 9) consisted
of patients with moderate dynamics, displaying an initial
acceleration of relaxation followed by deceleration (Central
figure).

The LV curves differed in shape in these three groups
(Figure 1). In Group 1, patients were characterized by a
predominance of the rate of LV pressure decline over the rate
of LV pressure rise. In the other two groups, these values were
approximately the same. They also differed from Group 1 in
terms of end-diastolic pressure.
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Group 1 exhibited lower LV diastolic pressure and shor-
ter cycle duration compared to the other groups. Group 2
was distinguished by elevated LV diastolic pressure and a
prolonged cycle duration. Group 3 occupied an intermediate
position closer to Group 2.

A more detailed overview of the cardichemodynamic
characteristics of these groups is provided in Table 1. Group 2
exhibited notable differences from Group 1, with a markedly
elevated diastolic pressure and a reduction in the rate of pressure
rise and decline. Group 3 occupied an intermediate position.

Our findings demonstrated a considerable degree of
variability in the relaxation patterns observed in the study
group. Patients in Group 1 exhibited the highest relaxation
rates and the lowest minimum LV diastolic pressure. In
general, there is a strong negative correlation between these
values in the general sample (r = -0.71). It is evident because
faster relaxation is able to reduce LV pressure to a greater
extent within the same time interval.

The echocardiographic findings were found to be largely
similar across all groups: E is 75, 55, and 66 in Groups 1, 2, and
3, respectively; the E/m ratio is 10.5 2.3, 8.8 £ 0.7, and 10.8
+ 2.4, respectively. In Group 1,2 (22%) of 9 patients had CHF
class II, while the remaining patients had CHF class I, with a
mean value of 1.2 £ 0.1. In Group 2, 6 (46%) of 13 patients had
CHEF class II-111, with the mean value of 1.8 £ 0.3 (p = 0.07).

Discussion
A recent study has demonstrated that in the hearts

of normal rats, the logarithmization of the LV pressure

Figure 1. Typical cardiac cycles in patients of the three groups
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Table 1. Cardiodynamics in three patient groups based on ventriculography data

Parameter Group 1 (n=9) Group 2 (n=13) Group 3 (n=9)
Heart rate, bpm 651 662 606
LV systolic pressure, mm Hg 1377 130+ 7 141£8
Minimum LV diastolic pressure, mm Hg -0.2+0.4 20+ 2% 7.8 £ 1.1%%,#
LV end-diastolic pressure, mm Hg 11+2 24 2 15.8 + 1.6
Maximum rate of LV pressure rise, mm Hg/sec 910 £ 89 650+ 73* 890 + 66
Maximum rate of LV pressure decline, mm Hg/sec 1190 + 169 670 £ 85 930 £ 61

*p <0.05; ** p <0.001 compared to Group 1; # p < 0.001 compared to Group 2. CHD, coronary heart disease; LV, left ventricle.

curve reveals a steady increase in the rate of pressure
drop constant during the isovolumic phase until the
auxovolumic phase [12]. This phenomenon can be
attributed to the gradual involvement of the passive
component of relaxation, which facilitates a gradual
restoration of the initial sarcomere length. This function
is fulfilled by the sarcomeric protein connectin, which
was first identified in 1976 [17], but is more commonly
referred to as titin. The spring-like structure undergoes
contraction when the sarcomeres contract and relaxation
when they relax, thereby returning the ends of the myosin
filaments to their original position [7, 18]. This function
is carried out by the more elastic isoform N2B, whereas
the more pliable isoform N2BA provides some resistance
when myocardial fibers are stretched during diastole.
The greater the elasticity of the spring, the more rapidly
the initial length of the sarcomeres is restored prior to
contraction, due to the accelerated rupture of actomyosin
bonds [19]. Computer modeling replicates this behavior,
indicating that rapid elongation accelerates relaxation
by accelerating the detachment of cross-bridges [20].
A correlation has been observed between the rate of
relaxation in the isovolumic phase and that of elongation
in the auxovolumic phase [21,22].

Permanent increase in the relaxation rate constant
in Group 1 was demonstrated in earlier experiments on
control rats [ 12]. However, the magnitude of the increase
in the ACR/ICRI ratio, which is indicative of the extent
of LV relaxation acceleration, was markedly greater in
human patients. In rats, the ratio was determined to
be equal to 1.8, whereas in humans, as illustrated in the
Central figure, it was 2.8. This discrepancy is presumably
attributable to the differing ratios of N2BA/N2B in the
rat and human myocardium. In the rat myocardium, the
N2B isoform constitutes approximately 80% [23, 24],
whereas in humans and other large mammals, the N2B
isoform represents a variable ranging from 20% to 40% of
the connectin structure [23]. Accordingly, the low initial
fraction of N2B in human myocardium provides a notable
increase of this isoform during the aforementioned
adaptation.
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The discrepancy in the ratio of N2BA and N2B
isoforms is naturally attributable not only to the
differing sizes of hearts, but primarily to the frequency of
contractions. In large animals, the primary component of
the cardiac output is stroke volume, which is formed on
the basis of increased sarcomere stretching in diastole.
Consequently, the less elastic and more complaint N2BA
isoform is predominant. In small animals, the primary
component of the cardiac output is the high frequency
of contractions, and the duration of the diastolic pause is
relatively brief. This necessitates the rapid completion of
relaxation, which should involve the participation of the
elastic isoform N2B.

In Group 2, there was no increase in the relaxation rate
constant. This suggests that there was a relative increase
in the fraction of the N2BA isoform in the myocardium
of patients in this group. As this isoform of connectin is
responsible for determining the degree of wall resistance
during LV filling, it was identified in patients with
various pathological conditions. In patients with CHD
and dilated cardiomyopathy, a relative increase in the
N2BA fraction was observed, accompanied by elevated
LV diastolic pressure [25]. A comparable effect was
documented in cases of aortic regurgitation accompanied
by LV dilation [26, 27]. Conversely, an increase in the
N2B isoform was observed in patients with aortic stenosis
[26, 28]. Furthermore, it is crucial to acknowledge that
the reduction in myocardial elasticity observed in dilated
cardiomyopathy does not necessarily signify alterations
in the elasticity of connectin. Additionally, it may be a
consequence of mutations in contractile proteins. [29].

The presented data suggest that there are two distinct
forms of myocardial adaptation to conditions of impaired
contractility. A reduction in the elasticity of connectin
results in an enhanced filling, which consequently leads
to a stronger contraction. An augmentation in connective
tissue elasticity impedes the filling process but facilitates
the development of contraction force. It is evident that
alterations in connectin elasticity inevitably impact
the process of myocardial relaxation. However, this
phenomenon has not been subjected to rigorous scrutiny.
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The accelerated relaxation observed in the terminal
phase has the potential to significantly reduce the
minimum LV diastolic pressure. This results in an
augmented gradient between the atrium and ventricle,
thereby facilitating its filling and allowing for the
maintenance of normal pressure within the pulmonary
circulation. Group 1 patients are also characterized by
the prevalence of the maximum rate of pressure decline
relative to the maximum rate of pressure development.
This ratio is atypical for a normal heart, in which the
opposite ratio is observed. It is proposed that this
deviation is attributable to a reduction in myocardial
contractility in diastolic dysfunction. At the same time,
increased myocardial elasticity may confer increased
resistance during the diastolic phase, as evidenced by the
substantial pressure gradient between the end-diastole
and early diastole (see Table 1). This evidence further
supports the proposed hypothesis that myocardial
diastolic elasticity is increased in Group 1 patients.

In group 2 patients, the opposite relationship is
observed. As relaxation is completed, the contribution of
the passive component of relaxation decreases, while the
minimum diastolic pressure remains high and undergoes
minimal change as LV filling progresses. This complicates
LV filling, which requires an elevation in pressure within
the pulmonary circulation and an increase in the load on
the right ventricle.

Conclusion

The findings of the present study demonstrated the
existence of two discrete forms of cardiac adaptation
to conditions of reduced myocardial contractility

in diastolic dysfunction in humans. The first type is
associated with increased elasticity, and the second type
is associated with reduced elasticity. Each type possesses
both advantages and disadvantages. An increase in
myocardial elasticity, coupled with accelerated relaxation
and a reduction in minimum diastolic pressure, results in
enhanced resistance to LV filling [30]. This may limit
the increase in cardiac output during exercise unless
the myocardium is able to reduce its elasticity, thereby
facilitating LV filling. A reduction in myocardial elasticity
significantly enhances LV filling, enabling greater
myofibrillar stretching and consequently an augmented
force of contraction [31]. However, at the same time,
delayed relaxation is coupled with augmented minimum
diastolic pressure, which requires a compensatory
elevation of pressure within the minor circuit. This
consequently imposes an augmented load on the right
ventricle.

It can be proposed that the performance of moderate
exercise may serve as an indirect indicator of myocardial
diastolic elasticity. The higher heart rate increase may
serve as an indicator of enhanced relaxation and increased
diastolic elasticity. In patients with reduced diastolic
elasticity, a lower increase in heart rate and higher
mobilization of stroke volume should be anticipated.

Funding
The study was supported by the Russian
Science Foundation grant # 23-15-0027S.

No conflict of interest is reported.

The article was received on 14/01/2024

REFERENCES

1. Ageev ET., Ovchinnikov A.G. Diastolic heart failure: 20 years lat-
er. Current issues of pathogenesis, diagnosis and treatment of heart
failure with preserved LVEF. Kardiologiia. 2023;63(3):3-12. [Rus-
sian: AreeB ®.T., OBuunnukos A.I. AuacToanyeckas cepaedHas He-
AOCTaTOYHOCTD: 20 AeT CrycTsi. AKTyaAbHbIe BOIPOCA IaTOTeHe-
3a, AHATHOCTHKH U A€YEHHS CEPACYHOM HEAOCTATOYHOCTH C COXPa-
uennoit ®BAXK. Kapauoaorus. 2023;63(3):3-12]. DOI: 10.18087/
cardio.2023.3.n2376

2. Periasamy M, Janssen PML. Molecular Basis of Diastolic Dysfunction.
Heart Failure Clinics. 2008;4(1):13-21. DOI: 10.1016/j.hfc.2007.10.007

3. Janssen PML, Stull LB, Marban E. Myofilament properties com-
prise the rate-limiting step for cardiac relaxation at body temper-
ature in the rat. American Journal of Physiology-Heart and Circu-
latory Physiology. 2002;282(2):H499-507. DOI: 10.1152/ajp-
heart.00595.2001

4. Kapelko V.I. Why Myocardial Relaxation Always Slows at Cardi-
ac Pathology? Kardiologiia. 2019;59(12):44-51. [Russian: Kaneas-
ko B.1. TTouemy paccaabaeHue Bceraa 3aMeAAsIeTCs IIPH IIATOAOTHH
cepaua. Kapauoaorus. 2019;59(12):44-51]. DOI: 10.18087/car-
di0.2019.12.n801

S. Paulus WJ, Tschope C, Sanderson JE, Rusconi C, Flachskampf FA,
Rademakers FE et al. How to diagnose diastolic heart failure: a consen-
sus statement on the diagnosis of heart failure with normal left ventric-

36

ular ejection fraction by the Heart Failure and Echocardiography Asso-
ciations of the European Society of Cardiology. European Heart Jour-
nal. 2007;28(20):2539-50. DOI: 10.1093/eurheartj/ehm037

6. Gibbs CL, Loiselle DS, Wendt IR. Activation heat in rabbit cardi-
ac muscle. The Journal of Physiology. 1988;395(1):115-30. DOI:
10.1113/jphysiol.1988.sp016911

7. Helmes M, Trombitas K, Granzier H. Titin develops restoring force
in rat cardiac myocytes. Circulation Research. 1996;79(3):619-26.
DOI: 10.1161/01.res.79.3.619

8. Weiss JL, Frederiksen JW, Weisfeldt ML. Hemodynamic determi-
nants of the time-course of fall in canine left ventricular pressure. Jour-
nal of Clinical Investigation. 1976;58(3):751-60. DOI: 10.1172/
JCI108522

9. Kapelko V.I., Novikova N.A. Isovolumic and auxovolumic constants of
cardiac relaxation in evaluating its inotropism. Biulleten’ Vsesoiuznogo
kardiologicheskogo nauchnogo tsentra AMN SSSR. 1986;9(1):37-4S.
[Russian: Kaneabxo B.1., Hosukosa H.A. i3oBoatomuyeckas 1 ayx-
COBOAIOMHYECKast KOHCTAHTDI PACCAAOACHHS CEPALIA B OLjeHKe ero HHO-
TponusMa. Broaserers BcepoccHiickoro KapAMOAOrHMYECKOrO HAyYHOTO
nentpa AMH CCCP. 1986;9(1):37-45. PMID: 3085691 ]

10. Orlova Ts.R., Kapelko V.I. Rate constants of left ventricular relax-

ation: the effect of inotropic and mechanical factors. Kardiologiia.
1986;26(6):79-83. [Russian: Opaosa I1.P.,, Kaneasko B.1. Koncran-

ISSN 0022-9040. Kardiologiia. 2024;64(8). DOI: 10.18087/cardio.2024.8.n2640



§ ORIGINAL ARTICLES

11.

12.

13.

14.

1S.

16.

17.

18.

19.

20.

21.

38

ThI CKOPOCTH PaCCABACHHUS AEBOTO JKEAYAOUKA: BAMSIHIE MEXAHIHYECKHX
1 MHOTponHbIX $paxTopoB. Kapanosorus. 1986;26(6):79-83. PMID:
3761810]

Katz LN. The role played by the ventricular relaxation process in filling
the ventricle. American Journal of Physiology-Legacy Content.
1930;95(3):542-53. DOI: 10.1152/ajplegacy.1930.95.3.542
Kapelko VI, Abramov AA, Lakomkin VL. Analysis of Relax-

ation Phase in the Rat Heart. Journal of Evolutionary Biochem-

istry and Physiology. 2023;59(5):1862~7. DOI: 10.1134/
$0022093023050290

Stehle R, Solzin J, Iorga B, Poggesi C. Insights into the kinetics of
Ca2+-regulated contraction and relaxation from myofibril studies.
Pfliigers Archiv - European Journal of Physiology. 2009;458(2):337-
57.DOI: 10.1007/5s00424-008-0630-2

Rosen BD, Gerber BL, Edvardsen T, Castillo E, Amado LC,
Nasir K et al. Late systolic onset of regional LV relaxation
demonstrated in three-dimensional space by MRI tissue tag-
ging. American Journal of Physiology-Heart and Circulato-

ry Physiology. 2004;287(4):H1740-6. DOL: 10.1152/ajp-
heart.00080.2004

Notomi Y, Popovi¢ ZB, Yamada H, Wallick DW, Martin MG,
Oryszak SJ et al. Ventricular untwisting: a temporal link between left
ventricular relaxation and suction. American Journal of Physiolo-
gy-Heart and Circulatory Physiology. 2008;294(1):H505-13. DOI:
10.1152/ajpheart.00975.2007

Burns AT, La Gerche A, Prior DL, MaclIsaac AL Left Ventricular Un-
twisting Is an Important Determinant of Early Diastolic Function.
JACC: Cardiovascular Imaging. 2009;2(6):709-16. DOI: 10.1016/j.
jemg.2009.01.015

Maruyama K, Natori R, Nonomura Y. New elastic protein from mus-
cle. Nature. 1976;262(5563):58-60. DOI: 10.1038/262058a0
Granzier HL, Labeit S. The Giant Protein Titin: A Major Play-

er in Myocardial Mechanics, Signaling, and Disease. Cir-

culation Research. 2004;94(3):284-95. DOI: 10.1161/01.
RES.0000117769.88862.F8

Leite-Moreira AF, Correia-Pinto J, Gillebert TC. Afterload induced
changes in myocardial relaxation: a mechanism for diastolic dysfunc-
tion. Cardiovascular Research. 1999;43(2):344-53. DOI: 10.1016/
$0008-6363(99)00099-1

Chung CS, Hoopes CW, Campbell KS. Myocardial relaxation is ac-
celerated by fast stretch, not reduced afterload. Journal of Molec-

ular and Cellular Cardiology. 2017;103:65-73. DOI: 10.1016/j.
yjmee.2017.01.004

Chung CS, Ajo DM, Kovécs SJ. Isovolumic pressure-to-early rapid fill-
ing decay rate relation: model-based derivation and validation via simul-
taneous catheterization echocardiography. Journal of Applied Physiology.
2006;100(2):528-34. DOI: 10.1152/japplphysiol.00617.2005

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Borlaug BA, Kass DA. Invasive Hemodynamic Assessment in Heart
Failure. Cardiology Clinics. 2011;29(2):269-80. DOI: 10.1016/j.
¢ccl.2011.03.003

Cazorla O, Freiburg A, Helmes M, Centner T, McNabb M, Wu Y et al.
Differential Expression of Cardiac Titin Isoforms and Modulation

of Cellular Stiffness. Circulation Research. 2000;86(1):59-67. DOI:
10.1161/01.RES.86.1.59

Lakomkin V.L., Abramov A.A., Studneva [.M., Ulanova A.D., Vikh-
lyantsev .M., Prosvirnin A.V. et al. Early changes of energy metabo-
lism, isoformic content and level of titin phosphorylation at diastolic
dysfunction. Kardiologiia. 2020;60(2):4-9. [Russian: Aakomxus B.A.,
Abpamos A.A., Cryauesa M.M., Yaanosa A. A, Buxasuues 11.M.,
IpocsupuuH A.B. u Ap. PanHue n3MeHeHMs 9HepreTH4ecKoro Merabo-
AM3Ma, UBOMOPHOTO COCTaBa U YPOBHS $OCOOPHAUPOBAHUS TUTHHA
Hpu AMacToArdeckoi Aucdynxnuu. Kapanosorms. 2020;60(2):4-9].
DOI: 10.18087/cardio.2020.3.n531

Makarenko I, Opitz CA, Leake MC, Neagoe C, Kulke M, Gwath-
mey JK et al. Passive Stiffness Changes Caused by Upregulation

of Compliant Titin Isoforms in Human Dilated Cardiomyopathy
Hearts. Circulation Research. 2004;95(7):708-16.DOI: 10.1161/01.
RES.0000143901.37063.2f

Mannacio V, Mannacio L, Antignano A, De Amicis V, Musumeci

F, Iannelli G. Aortic stenosis and aortic regurgitation express dif-
ferent titin isoforms: Differences and relationships with functional
and geometric characteristics. International Journal of Cardiology.
2018;259:138-44. DOI: 10.1016/j.ijcard.2018.01.136

Janssen PML. Myocardial relaxation in human heart failure: Why sar-
comere kinetics should be center-stage. Archives of Biochemistry and
Biophysics. 2019;661:145-8. DOI: 10.1016/j.abb.2018.11.011

Zile MR, Baicu CF, Gaasch WH. Diastolic Heart Failure — Abnor-
malities in Active Relaxation and Passive Stiffness of the Left Ventri-
cle. New England Journal of Medicine. 2004;350(19):1953-9. DOL:
10.1056/NEJMo0a032566

Vikhorev PG, Smoktunowicz N, Munster AB, Copeland O, Kostin S,
Montgiraud C et al. Abnormal contractility in human heart myofibrils
from patients with dilated cardiomyopathy due to mutations in TTN
and contractile protein genes. Scientific Reports. 2017;7(1):14829.
DOI: 10.1038/5s41598-017-13675-8

Chen M-P, Kiduko SA, Saad NS, Canan BD, Kilic A, Mohler PJ et al.
Stretching single titin molecules from failing human hearts reveals ti-
tin’s role in blunting cardiac kinetic reserve. Cardiovascular Research.
2020;116(1):127-37. DOIL: 10.1093 /cvr/cvz043

Methawasin M, Hutchinson KR, Lee E-J, Smith JE, Saripalli C, Hi-
dalgo CG et al. Experimentally Increasing Titin Compliance in a Nov-
el Mouse Model Attenuates the Frank-Starling Mechanism But Has

a Beneficial Effect on Diastole. Circulation. 2014;129(19):1924-36.
DOI: 10.1161/CIRCULATIONAHA.113.005610

ISSN 0022-9040. Kardiologiia. 2024;64(8). DOI: 10.18087/cardio.2024.8.n2640



