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Abstract. Aim. This study provides an individualized analysis of cardiac remodeling in qualified cross-
country skiers stratified by movement speed and identifies characteristics reflecting individual mechanisms
of adaptive structural and functional changes in the cardiac hemodynamic system at the end of the prepara-
tory period. Materials and methods. The study involved male athletes who provided written informed con-
sent, underwent a medical examination, and were approved for training and competitive loads. Based on
physical performance testing during double poling on a Concept 2 SkiErg (USA), cross-country skiers (n = 20)
were divided into leader (n = 10) and reserve groups (n = 10) according to movement speed (km/h). From
each group, athletes with the highest and lowest physical performance values relative to the group mean
were selected: Leader 1 and Leader 10, Reserve 1 and Reserve 10, respectively. Cardiac morphometric
measurements were obtained via transthoracic echocardiography (ECG) using a Mindray DC-70 (China)
system in compliance with international ECG protocols. Results. Cross-country skiers demonstrated adap-
tive cardiac changes characteristic of high-intensity exercise. The leader group mainly showed changes
associated with increased diastolic function and cardiac volumes. In the reserve group, adaptation mani-
fested as myocardial hypertrophy and contractile changes, which may be less efficient. Conclusion. The re-
sults obtained contribute to a deeper understanding of individual adaptive changes in athletes and help opti-
mize the training process.
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Annomayusn. Ienb: npoBecTH NepcOHU(UIIMPOBAHHBINA aHAIN3 PEMOJICIUPOBAHMS CepAlla Y KBaJIU-
(MIMPOBAHHBIX JIBDKHUKOB-TOHIIMKOB, TU(QQEPEHIMPOBAHHBIX 10 CKOPOCTH JBHIaTENIbHBIX AEHCTBUIA,
BBISIBUTh OCOOECHHOCTH, OTPakKaloIllMe MHIMBHUIYaJIbHbIC MEXaHU3MBI aJallTUBHBIX CTPYKTYypHO-(pyHKIHO-
HaJIbHBIX MEPECTPOEK KapAHO-TeMOANHAMUIECKONH CHCTEMbI B KOHIIE IIOATOTOBUTENBHOTO Nieproaa. Mare-
puanbl U MeToAbl. B nccrnenoBaHnyM Ha OCHOBE MHCBMEHHOTO HH()OPMHPOBAHHOTO COTJIACHS MPHUHSIIN
y4acTHE CIIOPTCMEHBI MY’KCKOT'O TI0JIa, MPOILIEANINE MEIUIMHCKOE OOCIIe0BaHUE, UMEIOIINE JOMYyCK K
TPEHHPOBOYHBIM U COPEBHOBATEIILHBIM Harpys3kam. IIpenBapurenbHo, o pe3ynbTaTaM TECTHPOBaHMS (GH-
3uyeckorl paboTtocnocoOHOCTH Ha JbbKHOM 3promerpe Concept 2 Ski-Erg (USA) omHOBpeMeHHBIM Oec-
II2)KHBIM XOJIOM, JIBDKHUKH-TOHIIMKY (n = 20) O6buth anuddepeHIpoBaHbl Ha rpymiisl «uaepos» (n = 10)
u «pe3epB» (n = 10) 1o mokaszaressiM CKOPOCTH JIBUTATEIbHBIX JeicTBUN (kM/4). M3 ka0t rpynmsl ObuTH
BBIJIEJICHBI CIOPTCMEHBI C CAMBIMH BBHICOKUMHU M CaMBbIMH HU3KMMH ITOKa3aTels MK (pu3ndeckoii paborocmno-
COOHOCTH T10 KPUTEPHIO CKOPOCTH JIBUTATEIBHBIX JIEHCTBUI OTHOCUTENIFHO CPEIHUX IPYINIIOBBIX 3HAYCHUIM:
mugep Ne 1 u munep Ne 10, coorBercTBenHO peseps Ne 1 u peseps Ne 10. Mopdomerpuueckue moxasarenu
cepIa ONpenelisuIh I0 TPAHCTOpaKaIbHON AXokapauorpadun Ha ammapare Mindray DC-70 (Kuraif) B co-
OTBETCTBUH C MEXITYyHAapOIHBIMH 3XOKApIUOTpauIecKuMy NpOTOKOoIaMH. Pe3yabTaThl. Y JBDKHHKOB-
TOHIIMKOB HaOIOAIOTCs aJaliTHBHBIE M3MEHEHHUS CEp/ILla, XapaKTEePHBIE T BEICOKUX (PU3NYECKUX Harpy-
30K. Y CIIOPTCMEHOB-ITHAEPOB INPEOONana0T M3MEHEHUs, CBS3aHHBIE C YBEIHUCHHEM IHACTOINYECKOMN
(yHKIIMM 1 00BEMOB cepAua. Y CIOPTCMEHOB M3 TPYIIBI PE3epBa afAanTalys INPOsBIIETCA B BUAE THIIEP-
TpoduK MHOKapaa U U3MEHEHHUIT COKPATUTEIbHOM (DYHKIMH, YTO MOXKET ObITh MeHee 3 dexTHBHBIM. 3aKiIr0-
yenne. [lomydyeHHble pe3ysbTaThl IO3BOJSIIOT Oo0Jiee IOJHO HOHATH MHAMBUAYaJbHbBIE aJanTallMOHHBIC

HU3MEHEHHUs OpraHu3Ma CIIOPTCMEHOB U ONITUMU3HPOBATh TPEHUPOBOYHBII ITPOLIECC.
Kniouesvle cnosa: peMopienupoBaHUE CEpla, JBDKHUKH-TOHINUKH, dXOKapAauorpadus, agantanus

K Harpyskam, TUIepTpodus MHOKapaa

Jna yumuposanusn: Personalized analysis of cardiac remodeling at the end of the preparatory period
in cross-country skiers stratified by movement speed / A.S. Bakhareva, D.Z. Shibkova, V.B. Yarysheva,
E.N. Terekhina // Yenosek. Criopt. Memuiuaa. 2026. T. 26, Ne 2. C. 115-122. DOI: 10.14529/hsm260213

Introduction. It is well known that when
training loads are adequate, athletes develop neu-
rovegetative regulation of the circulatory system
that ensures economization of cardiac function.
This process is characterized by marked brady-
cardia and a predominance of parasympathetic
heart rate regulation at rest, which reduces myo-
cardial oxygen consumption and increases the
diastolic phase of the cardiac cycle [2]. Pro-
longed endurance training, as the principal me-
chanism of cardiac adaptation, typically leads to
an increase in left ventricular (LV) end-diastolic
dimension and a corresponding balanced increase

in LV myocardial mass (eccentric hypertrophy),
with normal LV wall thickness [14].

Differences in the formation of an “athlete’s
heart” among sports primarily concern the extent
and combination of myocardial hypertrophy and
cavity dilation [9, 12]. According to previous
findings, “athlete’s heart” develops either through
an increase in the thickness of the LV posterior
wall under predominantly endurance loads or by
lengthening myocardial fibers when loads are
variable and frequently involve short bursts of
maximum intensity [2, 19]. The most significant
changes are noted in the earliest years of sports
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training, eventually stabilizing with systematic
prolonged training [8].

Within the concept of “athlete’s heart” re-
modeling [4], the authors highlight various pat-
terns of functional changes: a gradual expansion of
functional capabilities; a stable functional state;
an increase in functional potential; and instability
of functional parameters. In athletes, an adequate
functional state of the cardio-hemodynamic sys-
tem in response to exercise is achieved by a com-
plex interplay of different cardiac adaptation me-
chanisms, the features of which depend on the na-
ture of the physical activity [10]. An increase in
cardiac output via blood return to the heart (iso-
tonic hyperfunction) is realized by elevated stroke
volume and minute blood flow, accompanied by
mild myocardial hypertrophy and dilation of its
chambers, thereby enhancing cardiac efficiency.
In contrast, isometric hyperfunction occurs when
resistance to blood ejection (into the aorta and
pulmonary artery) is elevated, leading to in-
creased systolic tension and intraventricular pres-
sure. This is energetically more demanding and
less efficient, as it results in marked myocardial
hypertrophy and chamber dilation [7].

It should be noted that no standardized echo-
cardiographic parameters have been established
for qualified athletes in different sports. Existing
publications demonstrate wide variability in
echocardiographic indices. Individual differences
in the mechanisms underlying athletic perfor-
mance, including the degree of adaptive func-
tional and metabolic changes, are significant and
can determine the limiting factors for achieving
peak athletic performance [15].

Materials and methods. Based on written
informed consent, male cross-country skiers who

had undergone medical examination and were
cleared for training and competitions participated
in the study. Preliminary testing of physical per-
formance was carried out using a Concept 2 Ski-
Erg (USA) device with the double-poling tech-
nique. According to movement speed (km/h), the
athletes (n = 20) were categorized into “leaders”
(n=10) and “reserve” (n = 10). From each group,
athletes with the highest and lowest physical per-
formance indicators (relative to group averages)
were identified: Leader 1 and Leader 10, Reserve 1
and Reserve 10.

Morphometric parameters of the heart were
assessed via transthoracic echocardiography on
a Mindray DC-70 (China) device, following in-
ternational echocardiographic protocols [3, 21].
Linear and volumetric parameters of the cardiac
chambers were measured according to interna-
tional standards [11]. The following indices were
evaluated: left atrial (LA) size (cm) and volume
(ml), LV end-diastolic dimension (EDD, cm) and
volume (EDV, ml), LV end-systolic dimension
(ESD, cm) and volume (ESV, ml), posterior wall
thickness (LVPW, cm) and interventricular sep-
tum thickness (IVS, cm), LV stroke volume (SV,
ml), aortic and pulmonary artery diameters (cm),
LV myocardial mass (LVMM, g) and LV myo-
cardial mass index (LVMMI, g/m?), ejection frac-
tion (EF, %). Additionally, the EDV/LVMM ra-
tio was calculated to determine the relationship
between dilation and hypertrophy.

Results. The results summarizing the indi-
vidual characteristics of the cross-country skiers
at the end of the preparatory period are presented
in Table 1.

All participants were males aged 19-25 years,
an age of maximal cardiovascular adaptation to

Table 1
Ta6bnuua 1
Morphometric and Qualification Indicators of Cross-Country Skiers
MopdomeTpuyeckue u KBanuuKaLMoHHbIe NOKa3aTenm NbDKHUKOB-TOHLUKOB
B KOHLIe NOAroTOBUTENLHOrO Nepuoaa
Parameter Leader 1 Leader 10 Reserve 1 Reserve 10
(n=1) (n=1) (n=1) (n=1)
Age, years 22 21 19 20
Body mass, kg 74.10 72.20 76.80 64.20
Height, cm 181.00 178.00 178.00 176.00
Body Mass Index, a. u. 22.62 22.78 24.24 20.72
Training experience, years 7 10 9 10
Qualification MS MS 1st class CMS
Speed, km/h 19.70 18.64 18.57 16.21
Note: MS — Master of Sport; CMS — Candidate Master of Sport.
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Table 2
Ta6bnuua 2

Individual Echocardiographic Indicators of Cross-Country Skiers
MHanBuayanbHble NokasaTenv napaMmeTpoB 3XOKapANorpaMMbl NIbKHUKOB-TOHLLUKOB
B KOHLe NOAroTOBUTENbLHOrO nepuoaa

Parameter Leader 1 | Leader 10 | Reservel | Reserve 10 | Normative Range*

LA size, cm 3.80 3.20 3.40 3.83 3.004.00
LA volume, ml 44.00 34.00 47.44 — 18.00-58.00
LV EDD (cm) 5.60 5.90 5.37 5.90 4.20-5.90
LV ESD (cm) 3.50 3.20 2.80 4.05 2.50-3.98
A (EDD-ESD), cm 2.10 2.70 2.57 1.85 >1.86
EF, % 68.00 74.00 78.80 62.90 52.00-72.00
Aortic diameter, cm 3.20 3.40 3.20 3.10 2.20-4.40
Pulmonary artery, cm 2.3 2.5 2.5 2.4 <2.80
LVMM, g 290.00 225.00 213.02 271.10 88.00-224.00
LVMMI, g/m? 145.20 123.00 119.25 147.20 50.00-102.00
SV, ml 105.00 127.00 109.96 105.70 40.00-123.00
LVPW thickness, cm 0.90 1.00 1.03 1.23 0.60-1.00
IVS thickness, cm 0.90 0.90 1.03 1.23 0.60-1.00
IVS/LVPW 1.0 0.9 1.0 1.0 <1.00
EDV, ml 54.00 174.00 139.51 167.70 67.00-155.00
ESV, ml 49.00 47.00 29.55 62.00 22.00-58.00
EDV/LVMM 0.53 0.77 0.65 0.61 0.70-1.00

*Normative range for a healthy population [18].

high-intensity loads in endurance sports [1]. Body
mass varied by up to 16.4% between Reserve 1
(76.80 kg) and Reserve 10 (64.20 kg), while
height differed by no more than 2.7%. Body
Mass Index (BMI) remained within normal limits
(18.5-24.9). Training experience ranged from 7
to 10 years.

Table 2 presents individual echocardiogra-
phic parameters of the skiers in absolute values.

The linear and volumetric parameters of the
left atrium, as well as the diameters of the aorta
and pulmonary artery, aligned with normative
reference values [18]. Other parameters revealed
personalized patterns of structural and functional
remodeling.

Leader 1. Most parameters remained within
upper normative limits, except LVMM and
LVMMI, exceeding the upper normal range by
29.5% and 29.8%, respectively. Posterior LVPW
and interventricular septum IVS thickness va-
lues suggest mild myocardial hypertrophy within
physiological limits. Low EDV/LVMM and
IVS/LVPW ratios near 1.0 indicate that perfor-
mance is supported by higher LVMM and end-

diastolic volume, characteristic of an endurance-
trained heart.

Leader 10. Key remodeling features in-
cluded high LV EDD at the upper normative
limit and EDV exceeding the recommended
range by 13.54%. SV slightly exceeded normal
values and was 17.3% higher than in Leader 1.
The EDV/LVMM and IVS/LVPW ratios were
within normal limits. By the end of the prepara-
tory period, this athlete’s cardiac function was pri-
marily supported by enhanced diastolic capacity.

Reserve 1. The values for IVS and LVPW
thickness (and their ratio) approached the upper
limit of normal. EF was 8.6% above the upper
recommended boundary, whereas ESV was sig-
nificantly lower than that of Leader 1 (by 65.8%)
and Leader 10 (by 59.1%). Thus, the main adap-
tation involved enhanced contractile function,
which requires higher oxygen consumption and
may represent a less efficient adaptive strategy.

Reserve 10. Both EDD and ESD reached
the upper normative boundaries, and EDV and
ESV exceeded them. LVMM was 17.40% above
the reference, while IVS and LVPW thickness
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were elevated by 23.0%. The EDV/LVMM ratio
was below 0.70, indicating marked myocardial
hypertrophy, decreased EF, and an increased end-
systolic volume. This athlete requires more fre-
quent medical monitoring.

Discussion. In endurance athletes, moderate
eccentric LV hypertrophy commonly reflects
adaptive mechanisms. Functional adaptation is
primarily associated with an elevated stroke vo-
lume during exercise [7], facilitated by greater
LV distensibility in diastole and a steeper Frank-
Starling relation [13]. In adolescent athletes, av-
erage LV end-diastolic dimension is reported at
about 5.16 cm (range 4.7-5.8), end-systolic di-
mension averages 3.25 cm, LV end-diastolic vo-
lume 128.17 ml (range 83.6-154 ml), and end-
systolic volume 43.08 ml [13]. These results are
within normative limits [18].

In qualified male cross-country skiers and
biathletes with high training loads, end-diastolic
dimension values of 5.1 (4.9-5.5) cm, end-systolic
dimension of 3.3 (3.2-3.6) cm, EDV of 124.0
(117.0-147.0) ml, and ESV of 46.0 (40.0-54.0)
ml have been reported, alongside LVPW and IVS
values of 0.9 (0.8-1.0) cm [6]. The EDV/LVMM
ratio is often used to evaluate the effectiveness of
cardiac adaptation; it is ideally around 1.0 a.u.
[17]. Lower values (< 0.70) suggest dominant
plastic changes in the myocardium, consistent
with significant hypertrophy [7].

Typically, the LV posterior wall is thicker than
the interventricular septum, so [IVS/LVPW < 1.0
is considered normal. A ratio > 1.0 is recognized
as a key sign of LV hypertrophy [16]. Neverthe-
less, permissible LV wall thickness for highly
trained athletes is sometimes cited up to 1.3—1.5 cm
[5]. In some endurance-trained male athletes,
LVPW of 1.1 £ 0.02 cm and IVS of 1.02 = 0.02
cm were described, along with IVS/LVPW = 0.92,
EDD =5.69 + 0.07 cm, EDV = 160.86 £+ 8.73 ml,
LVMM = 167.45 £ 9.09 g, and EDV/LVMM =

=0.96 £ 0.03 [8]. Other research on cross-country
skiers reported IVS = 1.34 + 0.01 cm, LVPW =
=0.89 £ 0.01 cm, LVMMI = 170.51 £ 32.54 g/m?,
and EF = 44.65 £ 8.3% [20].

Conclusion. Comparisons between our fin-
dings and published data show that linear LV
dimensions display relatively moderate variabi-
lity, whereas volumetric parameters differ more
noticeably. In highly qualified athletes, IVS/LVPW
typically does not exceed the permissible upper
limit.

A personalized Echo-CG analysis of cross-
country skiers from both leader and reserve groups
at the end of the preparatory period revealed:

—leader 1 requires continuous monitoring
due to a high LV myocardial mass (LVMM) that,
if further increased, may pose health risks;

—leader 10 predominantly adapts through
enhanced diastolic LV function. Although SV
and EF are high, this does not guarantee optimal
adaptation and could potentially lead to cardiac
insufficiency if compensatory mechanisms be-
come exhausted;

—reserve 1 shows stronger reliance on con-
tractile mechanisms, demanding higher oxygen
consumption and potentially reflecting a less ef-
ficient adaptation process;

—reserve 10 exhibits LV myocardial hyper-
trophy (LVMM surpassing the norm by 17.4%),
with IVS and LVPW thickness 23.0% above the
upper limit and a low EDV/LVMM ratio. These
factors are associated with reduced EF and higher
end-systolic volume, indicating the need for close
medical supervision.

Overall, the data highlight substantial indi-
vidual variability in cardio-hemodynamic re-
modeling, even within a single sport specializa-
tion. These findings underscore the importance of
regular medical follow-up and personalized ad-
justments to optimize training and protect ath-
letes’ cardiovascular health.
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