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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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1. Articles must be provided with a double copy, in English or Russian languages and typed or
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7. Please indicate last names, first and middle initials of the native authors, present names and initials
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number under which the author is listed in the reference materials.

8. Please follow guidance offered to authors by The International Committee of Medical Journal
Editors guidance in its Uniform Requirements for Manuscripts Submitted to Biomedical Journals publica-
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9. To obtain the rights of publication articles must be accompanied by a visa from the project in-
structor or the establishment, where the work has been performed, and a reference letter, both written or
typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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Abstract.

Aim: To assess the associations of ACE I/D (rs4646994) and
NOS3 G894T (rs1799983) polymorphisms with cardiovascular
adaptation profiles, autonomic regulation, exercise tolerance
and responsiveness to individualized training-load correction in
adolescent football players.

Materials and methods: This controlled comparative study
with an observational pre-post follow-up component included
228 male adolescents aged 13-17 years: 168 football players with
at least two years of regular training and 60 non-athlete peers.
The examination included anthropometry, body composition
assessment, resting and exercise electrocardiography,
echocardiography, short-term heart rate variability (HRV)
analysis, submaximal bicycle ergometry with PWC170 and
estimated VO2max, heart-rate recovery (HRR), and genotyping
of ACE I/D and NOS3 G894T polymorphisms. The 3-month
individualized training-load correction was analyzed as a non-
randomized observational component; therefore, its results were
interpreted as post-correction dynamics rather than as definitive
evidence of causal efficacy.

Results: Football players had a lower resting heart rate than
controls (58.6+6.8 vs 72.4+7.5 beats/min; p<0.001), higher
PWC170 (196+32.6 vs 142428.4 W; p<0.001), higher relative
PWCI170 (3.42+0.52 vs 2.40+0.46 W/kg; p<0.001), higher
estimated VO2max (54.0+4.8 vs 42.545.2 ml/kg/min; p<0.001)
and faster HRR1 (43.6+11.3 vs 25.3£10.4 beats/min; p<0.001).
ACE and NOS3 genotype distributions were comparable
between football players and controls. Within the athletic
cohort, ACE DD and, to a lesser extent, NOS3 T-allele carriage
were associated with lower SDNN, RMSSD and pNNS50, higher
LF/HF and less favorable diastolic indices. After three months
of individualized training-load correction, positive HRV and
diastolic dynamics were observed mainly in favorable and
intermediate genetic profiles, whereas the unfavorable profile
showed limited changes.

Conclusion: ACEI/Dand NOS3 G894 T polymorphisms should
notbe interpreted as markers of football participation or selection.
They may be considered exploratory modifiers of autonomic
reserve, diastolic adaptation and response to individualized
training-load monitoring. Integration of genotyping with ECG,
echocardiography, HRV, HRR and PWC170 appears promising
for personalized monitoring in adolescent football players but
requires further external validation. The results of the dynamic
stage should be interpreted as observational, since the training-
load correction was not randomized.

© GMN

Key words. Adolescent athletes, football, cardiovascular
adaptation, heart rate variability, ACE I/D, NOS3 G894T,
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Introduction.

Cardiovascular adaptation in adolescent athletes is a key
issue in contemporary sports medicine, because at this age
the training stimulus is superimposed on intensive somatic
growth, hormonal reorganization and maturation of autonomic
regulation. Football is characterized by combined aerobic-
anaerobic and intermittent loads; therefore, it induces not only
signs of physiological cardiac remodeling but also pronounced
interindividual variability in chronotropic, hemodynamic and
recovery responses [1-4].

In practical sports cardiology, increasing importance is
attached to multilevel monitoring models that combine
electrocardiography, echocardiography, heart rate variability,
response to graded exercise and the rate of post-exercise heart-
rate recovery. This approach helps distinguish the physiological
"athlete's heart" from functional strain and early signs of
maladaptation [5-8].

Genetic factors are of particular interest. The ACE gene is
involved in regulation of the renin-angiotensin system and
vascular tone, whereas NOS3 encodes endothelial nitric oxide
synthase, which determines NO-dependent vasodilation. Data
from sports genomics indicate that these polymorphisms should
not be regarded as isolated "sports genes"; nevertheless, they
may influence individual exercise tolerance, autonomic reserve,
hemodynamic response and the effectiveness of training
adaptation [9-15].

In the present study, ACE/NOS3 genetic variants were
considered not as markers of sports selection, but as possible
modifiers of the functional adaptation profile in adolescents
who were already engaged in regular training. This approach
avoids overinterpretation of genotype and is consistent with the
modern concept of personalized but non-discriminatory medical
supervision of young athletes.

The aim of the study was to assess the associations of ACE
I/D and NOS3 G894T polymorphisms with the cardiovascular
adaptation profile in adolescent football players and to determine
whether an integrated genetic-functional profile can be used
for personalized monitoring and training-load correction. The
main research question was whether ACE I/D and NOS3 G894T
variants are associated not with football participation itself, but
with differences in autonomic regulation, diastolic adaptation,
recovery responses, and post-monitoring dynamics after
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individualized training-load management in adolescents who
are already engaged in regular training.

Materials and Methods.

The study was designed as a controlled comparative clinical-
functional and molecular-genetic investigation with elements of
prospective observation. The main block included a single-time
assessment of cardiovascular functional status and genotyping,
whereas the final block consisted of a 3-month individualized
correction of training load followed by repeated assessment
of HRV, ECG and echocardiography. Since this stage was
not randomized and did not include a separate standard-care
comparison group, the results were interpreted only as observed
post-correction dynamics, rather than as evidence of its causal
efficacy.

A total of 228 male adolescents aged 13-17 years were
examined in 2021-2025. The main group consisted of 168
adolescent football players who had trained regularly at the
Samarkand Regional Football Academy for at least two years.
The control group included 60 practically healthy peers who did
not participate in regular sports training.

Inclusion criteria for football players were male sex, age 13-
17 years, organized training at least 3-4 times per week, sports
experience of at least two years, absence of acute illness at
examination, medical clearance for sports participation after
routine medical screening, and ability to perform a standardized
exercise test. The control group included adolescents of the
same age and sex without systematic sports training and without
clinically significant cardiovascular disease.

Training load was recorded from the sports history and
team documentation: sports experience, number of training
sessions per week, average session duration, playing position,
participation in the competitive period and presence of
high-intensity microcycles. Adherence to individualized
recommendations was monitored jointly by the sports physician
and coach. Genetic data were not used for sports selection,
restriction of participation, or allocation of adolescents to
playing positions.

Exclusion criteria for both groups were congenital or acquired
heart disease, cardiomyopathies, clinically significant rhythm
or conduction disorders, arterial hypertension, chronic diseases
in exacerbation, endocrine disorders, acute infectious disease
within two weeks before examination, use of drugs affecting
heart rate, vascular tone or HRV, and incomplete functional or
genetic data.

All examinations were performed in the morning after nocturnal
sleep, under standardized conditions and not earlier than 12
hours after the last intensive training session. Anthropometric
assessment included height, body weight, body mass index and
bioimpedance analysis of body composition. ECG was recorded
in 12 standard leads at rest and during functional assessment.

Echocardiography was performed at rest in the left lateral
decubitus position using an expert-class ultrasound device
with a phased-array transducer. Left ventricular end-diastolic
and end-systolic diameters, interventricular septal thickness,
posterior wall thickness, left ventricular mass index, left
ventricular ejection fraction, transmitral E/A ratio and tissue
Doppler indices with calculation of E/e’ were assessed.

HRYV was evaluated using a short-term resting ECG recording
of at least 5 minutes during quiet wakefulness and stable
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breathing. The analysis included time-domain indices (SDNN,
RMSSD, pNN50), spectral indices (LF, HF) and the LF/HF ratio.
Artifact segments and extrasystoles were excluded; recordings
were obtained in the absence of acute infection, marked fatigue
and intensive exercise on the previous day.

Physical performance was assessed by a submaximal bicycle
ergometry test with calculation of PWC170, relative PWC170
(W/kg), estimated VO2max and heart-rate recovery at 1,3 and 5
minutes after exercise cessation. PWC170 was calculated using
the standard interpolation formula: PWC170 = W1 + (W2-W1)
x (170-HR1)/(HR2-HR1), where W1 and W2 are the powers of
two consecutive stages and HR1 and HR2 are the corresponding
heart rates. Estimated VO2max was calculated using the
formula: VO2max = (1.7 x PWC170 + 1240) / body weight;
therefore, this indicator is interpreted throughout the article as
estimated rather than as a direct gas-analysis measurement.

The molecular-genetic study included collection of 3-5 ml
of venous blood into EDTA tubes, extraction of genomic
DNA from peripheral blood leukocytes and genotyping of
ACE I/D (rs4646994) by PCR with electrophoretic detection
of amplification products. The NOS3 G894T polymorphism
(rs1799983, Glu298Asp) was analyzed by PCR-RFLP using
Banll restriction enzyme. Quality control included negative
controls in each PCR run and repeat genotyping of 10% of
samples.

An integrated genetic profile was formed on the basis of the
combined ACE I/D (II=0, ID=1, DD=2) and NOS3 G894T
(GG=0, GT=1, TT=2) variants: favorable (0-1 point; GP-1),
intermediate (2 points; GP-2) and unfavorable (3-4 points; GP-
3). This score was used as an exploratory stratification model
with equal weighting of ACE and NOS3, not as a validated
clinical scale. Its purpose was to organize dynamic monitoring
and select monitoring frequency, not to restrict an adolescent's
access to sports participation.

The type of adaptation was determined using a set of
functional criteria. The economical type was defined by low
resting heart rate, high HRR1, high SDNN/RMSSD, low LF/
HF and favorable diastolic indices. The compensated type
included moderate HRV reduction or moderate LF/HF elevation
without marked reduction in performance. The strained type
was characterized by low HRV, high LF/HF, delayed HRR and
less favorable diastolic indices with preserved systolic function.

Individualized load correction was performed by the sports
physician together with the coach. For GP-1, planned load
progression was maintained with recovery monitoring; for
GP-2, the frequency of high-intensity microcycles was limited
and recovery days were strengthened; for GP-3, the proportion
of high-intensity loads was reduced, recovery intervals were
increased and more frequent monitoring of HRV, resting heart
rate, HRR and echocardiography was prescribed. Genetic data
were not used for sports selection, restriction of participation, or
allocation of adolescents to playing positions.

Statistical analysis included testing quantitative variables for
normality using the Shapiro-Wilk test, presentation of normally
distributed data as M+SD, between-group comparisons using
Student's t-test or the Mann-Whitney test, comparison of three or
more groups using ANOVA or the Kruskal-Wallis test, Pearson
chi-square test or Fisher's exact test for categorical variables,
Hardy-Weinberg equilibrium testing, and calculation of odds
ratios and 95% confidence intervals. Pre-post dynamics were



assessed using the paired t-test or Wilcoxon test. Multivariable
regression and correction for multiple comparisons were not
performed inthe present version; therefore, findings for secondary
parameters are interpreted as exploratory associations requiring
further verification. To clarify the independent contribution of
genotypes, future studies should include a multivariable model
incorporating age, BMI, training experience, body composition,
and training-load volume.

Ethical aspects: the study was conducted in accordance with
the principles of the Declaration of Helsinki. Written informed
consent was obtained from the parents or legal representatives
of the adolescents, and age-appropriate assent was obtained
from the adolescents themselves. The study protocol was
approved by the Ethics Committee of Samarkand State Medical
University (Protocol No. 11, January 20, 2021).

Results.

Baseline characteristics showed that football players and
controls were comparable in age, height, body weight and body
mass index, which reduces the probability of systematic bias
when interpreting functional parameters. At the same time,
football players had a more favorable body composition: lower
fat mass and higher muscle mass and total body water, reflecting
training-related adaptation.

As shown in Table 1, training status was not associated with
significant differences in the main anthropometric parameters,
but it was associated with lower fat mass and higher muscle
mass, supporting the validity of the subsequent analysis of
functional differences.

Football players showed marked economization of the
chronotropic response: resting heart rate was 13.8 beats/min
lower than in controls (p<0.001). At the first and second exercise
stages, heart rate remained significantly lower in football
players, whereas differences at peak exercise were attenuated.
At the same time, HRR and physical performance indices were
substantially higher in football players.

The data in Table 2 demonstrate that adaptation in football
players was manifested not by a higher peak heart rate, but by
lower resting heart rate, a more economical response during
the early stages of exercise, faster recovery and substantially
greater physical performance.

Figure 1 shows that heart rate decreased faster in football
players than in controls at all recovery time points. The first
minute of recovery was the most clinically informative: high
HRR1 (>40 beats/min) was recorded in 70.2% of football
players versus 20.0% of controls, whereas reduced HRR1 (<25
beats/min) occurred in only 3.6% of athletes versus 33.3% of
controls.

Molecular-genetic analysis showed that the distribution of ACE
I/D and NOS3 G894T genotypes was consistent with Hardy-
Weinberg equilibrium and did not differ significantly between
football players and controls. Thus, the studied polymorphisms
did not determine membership in the football-player group, but
they could influence the individual adaptation phenotype within
the athletic cohort.

Within the football-player group, ACE I/D genotype was
significantly associated with autonomic regulation. The most
favorable profile was recorded in ACE II carriers: as genotype
shifted from II to DD, SDNN, RMSSD, pNN50 and HF
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decreased, whereas LF and LF/HF increased. This indicates a
shift toward sympathetic predominance in DD carriers.

Table 4 shows a pronounced genotype-dependent gradient:
in the DD genotype, SDNN values were 17.9% lower than in
II carriers, RMSSD was 27.1% lower and LF/HF was 38.0%
higher. This profile corresponds to lower autonomic reserve and
a potentially higher risk of regulatory strain during intensive
training loads.

A similar pattern was observed for the NOS3 G894T
polymorphism. GG carriers had higher time-domain HRV
indices and a lower LF/HF ratio, whereas the TT genotype
was associated with the least favorable autonomic profile.
Because the TT subgroup was small (n=13), these data should
be interpreted cautiously as an associative signal requiring
verification in a larger sample. They should not be used as an
independent basis for individual clinical decision-making or for
restricting sports participation.

As shown in Table 5, NOS3 T-allele carriage was accompanied
by gradual decreases in parasympathetic markers and an increase
in the sympathovagal index. The most pronounced differences
were observed between GG and TT carriers: SDNN decreased by
18.8%, RMSSD by 31.4%, whereas LF/HF increased by 32.9%.

Echocardiographic data are presented separately because
interpretation of diastolic function and physiological remodeling
should rely on numerical indicators. ACE II and NOS3 GG
carriers showed more pronounced features of physiological
remodeling and more favorable diastolic indices with preserved
systolic function.

Table 6 demonstrates that, in the transition from ACE II to
ACE DD, LV end-diastolic diameter, LV mass, LV mass index
and E/A decreased, whereas E/e’ increased. LVEF remained
comparable, confirming the predominantly functional-adaptive
rather than pathological nature of the observed differences.

Table 7 confirms the same directionality for NOS3: TT carriers
had lower LVEDD, LVMI and E/A, and higher E/e’ than GG
carriers. However, owing to the small size of the TT subgroup,
these results should be considered a basis for closer monitoring
rather than an independent criterion for restricting sports activity.

At the next stage, genetic data were integrated into a
personalized algorithm. According to the total ACE/NOS3
score, 60 football players had a favorable genetic profile (GP-1),
72 had an intermediate profile (GP-2) and 36 had an unfavorable
profile (GP-3). After three months of load correction, the most
pronounced positive dynamics were observed in GP-1 and GP-
2, whereas the effect in GP-3 was limited.

Given the non-randomized nature of this stage, the data reflect
post-correction dynamics but do not allow definitive causal
conclusions regarding its effectiveness.

Figure 2 shows that the increase in SDNN was maximal in
athletes with a favorable profile and moderate in athletes with
an intermediate profile. In carriers of an unfavorable profile,
the increase in SDNN was small, supporting the need for
more cautious and prolonged monitoring in this group. These
differences should be regarded as a basis for more cautious and
prolonged monitoring, rather than as evidence of differential
effectiveness of training-load correction across genetic profiles.

Figure 3 shows a decrease in LF/HF in GP-1 and GP-
2, reflecting improved sympathovagal balance after load
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Figure 1. Heart-rate recovery after standardized exercise testing in football players and controls.
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Figure 2. SDNN dynamics after 3-month personalized training-load correction.
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Figure 3. Dynamics of sympathovagal balance after 3-month personalized training-load correction.

Table 1. Baseline characteristics of the examined adolescents.

Parameter Football players (n=168) Controls (n=60) p
Age, years 152+1.1 15.1+£1.0 0.58
Height, cm 1704 +7.6 1689+7.2 0.21
Body weight, kg 62.8+84 64.1 £9.1 0.34
BMI, kg/m? 21.6+2.1 224+23 0.07
Fat mass, % 14.8+3.6 19.2+4.1 <0.001
Muscle mass, % 53.9+42 498 +4.5 <0.001
Total body water, % 56.1+£3.9 52.4+42 <0.001
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Table 2. Cardiovascular response to standardized exercise testing.

Parameter Football players (n=168) Controls (n=60) P
Resting heart rate, beats/min 58.6+6.8 72.4+7.5 <0.001
Heart rate at stage 1, beats/min 124 +10.1 135+ 11.1 <0.001
Heart rate at stage 2, beats/min 149+ 11.2 158 +12.2 <0.001
Peak heart rate, beats/min 189+ 7.6 187+ 8.4 0.09
Peak SBP, mmHg 172 £15.5 178 £16.2 0.03
Peak DBP, mmHg 70+£7.3 73 +8.4 0.04
HRRI, beats/min 43.6+11.3 253+10.4 <0.001
HRR3, beats/min 65.6+12.2 456+ 11.6 <0.001
HRRS, beats/min 81.8+12.5 602+12.2 <0.001
PWC170, W 196 £ 32.6 142 £28.4 <0.001
PWC170, W/kg 3.42+0.52 2.40 £ 0.46 <0.001
VO2max, ml/kg/min 54.0+4.38 42.5+52 <0.001
Table 3. Distribution of ACE I/D and NOS3 G894T genotypes and alleles.

Gene / parameter Football players (n=168) Controls (n=60) P
ACEII/ID/DD 46 /82 /40 14/29/17 0.34
ACE I, n (%) 174 (51.8%) 57 (47.5%) 0.34
ACE D, n (%) 162 (48.2%) 63 (52.5%) 0.34
ACE HWE, ¥% p 0.12; 0.94 0.04; 0.98 -
NOS3 GG/GT/TT 87/68/13 28/26/6 0.61
NOS3 G, n (%) 242 (72.0%) 82 (68.3%) 0.52
NOS3 T, n (%) 94 (28.0%) 38 (31.7%) 0.52
NOS3 HWE, % p 0.003; 0.95 0.0001; 0.99 -

Table 4. HRV parameters in football players according to ACE /D genotype.

Parameter 11 (n=46) ID (n=82) DD (n=40) P
SDNN, ms 156 £22 142 £20 128 18 <0.001
RMSSD, ms 64.2+12.1 55.6+114 46.8 £10.2 <0.001
pNN350, % 28.6+6.2 229+58 18.4+5.1 <0.001
LF, ms? 710 £ 140 820 + 150 940 + 160 0.002
HF, ms? 520+ 110 430 £ 100 350+ 90 <0.001
LF/HF 1.42+0.31 1.68 £0.35 1.96 +0.38 <0.001
Table 5. HRV parameters in football players according to NOS3 G894T genotype.

Parameter GG (n=87) GT (n=68) TT (n=13) p
SDNN, ms 150.4 £ 21 138.3+£20 122.1+18 <0.001
RMSSD, ms 60.1+11.7 524+11.0 412+9.8 <0.001
PNNS50, % 26.4+6.0 21.0+5.6 159+5.0 <0.001
LF, ms? 760 + 150 860 + 160 980+ 170 0.004
HF, ms? 470 £ 105 390 £ 95 320 + 85 <0.001
LF/HF 1.55+0.33 1.80 £ 0.36 2.06 £ 0.40 <0.001
Table 6. Echocardiographic parameters in football players according to ACE I/D genotype.

Parameter II (n=46) ID (n=82) DD (n=40) P
LVEDD, mm 51.8+3.2 50.6 +3.1 49.4+3.0 0.01
LVESD, mm 32.1+£2.8 31.6+2.7 31.2+£2.6 0.19
IVS, mm 9.8+0.8 9.6+0.8 9.4+0.7 0.14
LVPW, mm 9.7+0.7 9.6 +0.7 9.5+0.7 0.32
LVM, g 156 £ 18 150+ 17 144 £ 16 0.02
LVMI, g/m? 86.2 + 8.1 82.4+79 789+7.6 0.01
LVEF, % 62.8+3.6 63.2+3.7 63.6+3.9 0.42
E/A 1.86 +0.24 1.78 £0.22 1.69 £0.21 0.03
E/e’ 6.1£0.9 6.5+1.0 69=+1.1 0.04
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Table 7. Echocardiographic parameters in football players according to NOS3 G894T genotype.

Parameter GG (n=87) GT (n=68)
LVEDD, mm 51.2+3.1 50.2+3.0
LVESD, mm 31.8+2.7 31.5+2.6
IVS, mm 9.7+ 0.8 9.6 £ 0.8
LVPW, mm 9.6+0.7 9.6+0.7
LVMI, g/m? 84.9+ 8.0 82.0+7.8
LVEE, % 63.0+£3.7 63.3+3.8
E/A 1.83 £0.23 1.74+£0.22
E/e’ 6.2+0.9 6.6+1.0

Table 8. HRV dynamics after personalized training-load correction.

TT (n=13) p

49.1+2.9 0.02
313426 0.62
94+0.7 0.46
9.5+0.7 0.88
79.1+7.5 0.03
63.7+3.9 0.71
1.63 +0.21 0.02
71+1.1 0.02

Profile SDNN baseline SDNN after RMSSD baseline \[RMSSD after LF/HF baseline LF/HF after
GP-1, n=60 148.1£23.2 162.3+25.1* 58.6+11.8 68.2+12.4* 1.63+0.35 1.38+0.31*
GP-2, n=72 134.2+21.4 144.1+£22.4%* 50.9+11.1 56.3+11.7* 1.89+0.38 1.65+0.36*
GP-3,n=36 118.4+19.3 122.7+£20.1 42.1£9.6 44.0+9.8 2.12+0.41 2.05+0.39

Note: * statistically significant within-group change compared with baseline (p<0.05). Between-profile differences and the profile x time interaction
are presented as exploratory and require additional verification using a repeated-measures model based on individual-level data.

Table 9. Echocardiographic dynamics after personalized correction.

Parameter GP-1 baseline GP-1 after GP-2 baseline GP-2 after GP-3 baseline GP-3 after
LVEDD, mm 51.343.1 51.843.2 50.243.0 50.6+3.1 49.0+2.9 49.2+3.0
LVMI, g/m? 84.6+8.1 86.9+8.3* 81.9+7.8 83.2+8.0* 78.8+7.4 79.4+7.5
LVEEF, % 63.1+3.7 63.4+3.8 63.3+3.8 63.6+3.9 63.6+3.9 63.7+4.0
E/A 1.78+0.22 1.884+0.23* 1.69+0.21 1.77+0.22* 1.58+0.20 1.61+0.21
E/e’ 6.3£1.0 5.8+0.9* 6.8+1.1 6.3+1.0* 7.4+1.2 7.2+1.1
Table 10. Practical scheme for personalized training-load correction.

Adaptation type Functional profile Recommended loads Restrictions Medical monitoring

High adaptive reserves, low

Economical resting heart rate, high HRV, planned increase in volume
diastolic function and intensity
Moderate reserves; signs of Stepwise load progression;
Compensated regulatory strain with preserved mandatory recovery
performance microcycle
Reduced reserves, increased Predominantly moderate-
Strained resting heart rate, low HRV, intensity aerobic loads;

sympathicotonia

correction. In GP-3, the index remained high, indicating relative
persistence of sympathetic predominance and lower plasticity
of the adaptation response. However, this observation requires
confirmation in a randomized or externally validated study.

Table 9 shows that after load correction, diastolic parameters
improved in GP-1 and GP-2: E/A increased and E/e’ decreased.
Changes in GP-3 were minimal, confirming lower adaptive
plasticity of the unfavorable genetic-functional profile.

The practical scheme demonstrates that the correction
algorithm was based on the combination of functional status,
HRYV, recovery indices and genetic profile. The genetic profile
was not used to exclude adolescents from sport; it served only
as an additional instrument for selecting monitoring frequency,
recovery duration and caution when increasing high-intensity
loads.

Discussion.

The obtained results confirm that adolescent football players
have a more economical cardiovascular functional profile
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Full aerobic and mixed loads;

prolonged recovery

Avoid abrupt increases
in training volume

Monitoring every 3-4 months:
HRYV and resting heart rate

the frequency of high-
intensity loads

Monitoring every 2-3 months:
HRYV, ECG and diastolic function

Avoid high-intensity
overload during signs of
fatigue

Monitoring every 1-2 months:
HRYV, ECG and echocardiography

than non-athletes: lower resting heart rate, higher physical
performance, better estimated aerobic capacity and faster
post-exercise recovery. These data are consistent with the
contemporary concept of training-induced adaptation in young
athletes, in which not only peak response but also recovery
kinetics and autonomic regulation are of key importance
[3,4,16-18].

An important finding is the absence of significant differences
in ACE I/D and NOS3 G894T frequencies between football
players and controls. This means that these polymorphisms
should not be interpreted as criteria for sports selection or as a
"genetic passport” of a football player. Their relevance appears
at another level, namely as modifiers of the individual adaptation
profile in adolescents who are already engaged in training.

ACE DD and, to a lesser extent, NOS3 T-allele carriage were
associated with a less favorable autonomic profile: decreased
SDNN, RMSSD, pNN50 and HF, and increased LF/HF. From a
physiological perspective, this may reflect lower parasympathetic
reserve and greater dependence of heart rhythm on sympathetic



activation. For sports medicine this is particularly important
because reduced HRV and delayed recovery are considered
sensitive markers of functional overstrain, especially in team
sports [4,16,18].

Echocardiographic differences mainly concerned diastolic
parameters and left ventricular mass index with preserved
ejection fraction. It is important to emphasize that these shifts
did not correspond to pathological diastolic dysfunction but
rather reflected a less favorable adaptation profile within
preserved systolic function. The combination of an unfavorable
genetic-functional profile with low HRV, high LF/HF and less
favorable diastolic indices is a basis for more frequent dynamic
control.

The practical value of the study lies in the transition from
simple description of genetic associations to a monitoring
algorithm: stratification of the adaptation profile, individualized
load correction and repeated assessment of dynamics. After
correction, the most pronounced positive changes were
observed in GP-1 and GP-2, whereas GP-3 required a more
cautious approach: gradual load progression, mandatory
recovery, and monitoring of HRV, resting heart rate, HRR and
diastolic parameters every 6-8 weeks. At the same time, the
interventional stage was observational in nature; therefore, the
reported changes should not be interpreted as direct evidence of
the algorithm’s effectiveness.

Special attention should be paid to the small number of NOS3
TT carriers. Despite the consistency of the direction of changes
in HRV and echocardiography, results for this subgroup should
not be interpreted as definitive evidence of an unfavorable effect
of the TT genotype. It is more appropriate to consider them a
clinically meaningful signal for further testing in a multicenter
sample with prespecified statistical power.

Multivariable regression analysis at the individual-data level
was not performed in this journal version; therefore, the results
are not presented as an independent predictive model. The
obtained data should be interpreted as genotype-dependent
associations that require further confirmation with adjustment
for age, BMI, training experience, training volume and body
composition. This is particularly important because these factors
may simultaneously influence HRV, physical performance
indices, and echocardiographic parameters.

Limitations of the study.

The limitations of the study include the inclusion of only
male adolescents, the regional nature of the sample, absence
of independent external validation of the algorithm, the small
number of NOS3 TT carriers, estimated rather than directly gas-
analytically measured VO2max, absence of a randomized control
group for the interventional stage, absence of multivariable
regression and correction for multiple comparisons, and
the possible influence of sleep, nutrition, psychoemotional
stress and training-season phase. These limitations do not
reduce the practical relevance of the study, but they require
cautious interpretation and further confirmation in multicenter
investigations. Therefore, conclusions regarding post-correction
training-load dynamics are hypothesis-generating and should be
verified in studies with randomization, external validation, and
a prespecified multivariable statistical model.
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Conclusion.

Compared with non-athletes, adolescent football players
demonstrate a more economical profile of cardiovascular
adaptation: lower resting heart rate, higher PWC170 and
estimated VO2max, and faster heart-rate recovery after
standardized exercise testing.

2. The distribution of ACE 1/D and NOS3 G894T genotypes
does not differ between football players and controls, excluding
their direct role as markers of sports specialization or sports
selection.

3. Within the football-player group, ACE DD and, to a lesser
extent, NOS3 T-allele carriage were associated with a less
favorable autonomic and diastolic profile: decreased SDNN,
RMSSD, pNN50 and HF, increased LF/HF, decreased E/A and
increased E/e’. The results for NOS3 TT require confirmation in
a larger sample.

4. After individualized training-load correction based on the
genetic and functional profile, positive dynamics of HRV and
diastolic function were observed mainly in athletes with favorable
and intermediate genetic profiles. Given the observational
design, these data do not prove the causal effectiveness of
training-load correction. Integration of ACE/NOS3 genotyping
with ECG, echocardiography, HRV, HRR and PWC170 may be
considered a promising direction for personalized monitoring,
but it requires further external validation.

Practical recommendations.

1. Medical monitoring of adolescent football players should
include regular assessment of HRV, HRRI1, PWCI170 and
echocardiographic diastolic parameters together with ECG and
standard clinical control.

2. Carriers of ACE DD and/or the NOS3 T allele should
undergo more frequent monitoring of resting heart rate, SDNN,
RMSSD, LF/HF and diastolic parameters, especially in the pre-
competitive and competitive periods. At the same time, genetic
testing should be used only as an additional monitoring tool
and should not be applied to exclude an adolescent from sports
participation.

3. In the economical adaptation type, planned intensity
progression is acceptable while maintaining recovery days. In
compensated and strained types, more gradual load progression,
limitation of high-intensity training frequency, longer recovery
and repeated monitoring after 6-8 weeks are recommended.
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the Declaration of Helsinki. The study protocol was approved by
the Ethics Committee of Samarkand State Medical University
(Protocol No. 11, January 20, 2021). Written informed consent
was obtained from the parents or legal representatives of
the adolescents; the adolescents themselves provided age-
appropriate assent to participate in the study.

Contflict of interest.

The authors declare no conflict of interest.
Funding.

The study received no external funding.



REFERENCES

1. Martinez M.W, Kim J.H, Shah A.B, et al. Exercise-induced
cardiovascular adaptations and approach to exercise athletes.
Journal of the American College of Cardiology. 2021;78:1453-
1470.

2. Kim J.H, Martinez M.W, Guseh J.S, et al. A contemporary
review of sudden cardiac arrest and death in competitive and
recreational athletes. The Lancet. 2024;404:2209-2222.

3. Sporis G, Jukic I, Milanovic Z, et al. Physiological adaptations
and cardiovascular responses in youth soccer players. Frontiers
in Physiology. 2021;12:638781.

4. Sporis G. Heart rate variability and training adaptation in
adolescent athletes. Biology of Sport. 2022;39:621-629.

5. Barlow M, Spence A.L, George K, et al. Multi-marker
approaches to detect maladaptive cardiovascular responses to
training in youth. Translational Pediatrics. 2022;11:1321-1334.
6. Pelliccia A, Sharma S, Gati S, et al. 2020 ESC Guidelines on
sports cardiology and exercise in patients with cardiovascular
disease. European Heart Journal. 2021;42:17-96.

7. Sharma S, Papadakis M, Finocchiaro G, et al. Sudden cardiac
death in athletes: facts and fallacies. Journal of Cardiovascular
Development and Disease. 2023;10:68.

8. Zorzi A, Vessella T, De Lazzari M, et al. Screening young
athletes for diseases at risk of sudden cardiac death: role of
stress testing for ventricular arrhythmias. European Journal of
Preventive Cardiology. 2020;27:311-320.

9. Ahmetov LI, Hall E.C.R, Semenova E.A, et al. Advances in
sports genomics. Advances in Clinical Chemistry. 2022;107:215-
263.

288

10. Augustine D.X, Petersen S.E, Sharma S, et al. Right
ventricular assessment of the adolescent footballer's heart.
BMC Cardiovascular Disorders. 2024;24.

11. Ballin M, Neovius M, Ortega F.B, et al. Genetic and
environmental factors and cardiovascular disease risk in
adolescents. JAMA Network Open. 2023;6:¢2343947.

12. Barretta F, Mirra B, Monda E, et al. The hidden fragility
in the heart of the athletes: a review of genetic biomarkers.
International Journal of Molecular Sciences. 2020;21:6682.

13. Silva R.C, Ayres F.M, Gigonzac T.C.V, et al. Genetic
polymorphisms of the ACE gene associated with elite athletes:
an integrative systematic review. Genetics and Molecular
Research. 2024.

14. Varillas-Delgado D, Del Coso J, Lara B, et al. Genetic
profile in genes associated with cardiorespiratory fitness in elite
athletes. Genes. 2021;12:325.

15. Wei Q, Li Y, Zhang Y, et al. The ACE and ACTN3
polymorphisms in female soccer athletes. Scientific Reports.
2021;11:15365.

16. Halson S.L. Monitoring training load to understand fatigue
in athletes. Sports Medicine. 2014;44:S139-S147.

17. Turner A.N, Brazier J, Bishop C, et al. Data-informed training
practices in elite youth athletes. Strength and Conditioning
Journal. 2021;43:76-89.

18. Turner A.N, Comfort P, McMahon J. Monitoring
neuromuscular and cardiovascular adaptation in team sports.
Sports. 2023;11:55.



	Title

