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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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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 142±28.4 W; p<0.001), higher relative 
PWC170 (3.42±0.52 vs 2.40±0.46 W/kg; p<0.001), higher 
estimated VO2max (54.0±4.8 vs 42.5±5.2 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 pNN50, 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: ACE I/D and NOS3 G894T polymorphisms should 
not be 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.

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

HRV was evaluated using a short-term resting ECG recording 
of at least 5 minutes during quiet wakefulness and stable 

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 
BanII 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 
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assessed using the paired t-test or Wilcoxon test. Multivariable 
regression and correction for multiple comparisons were not 
performed in the 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 

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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Parameter Football players (n=168) Controls (n=60) p
Age, years 15.2 ± 1.1 15.1 ± 1.0 0.58
Height, cm 170.4 ± 7.6 168.9 ± 7.2 0.21
Body weight, kg 62.8 ± 8.4 64.1 ± 9.1 0.34
BMI, kg/m² 21.6 ± 2.1 22.4 ± 2.3 0.07
Fat mass, % 14.8 ± 3.6 19.2 ± 4.1 <0.001
Muscle mass, % 53.9 ± 4.2 49.8 ± 4.5 <0.001
Total body water, % 56.1 ± 3.9 52.4 ± 4.2 <0.001

Table 1. Baseline characteristics of the examined adolescents.

Figure 1. Heart-rate recovery after standardized exercise testing in football players and controls.

Figure 2. SDNN dynamics after 3-month personalized training-load correction.

Figure 3. Dynamics of sympathovagal balance after 3-month personalized training-load correction.
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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/m² 86.2 ± 8.1 82.4 ± 7.9 78.9 ± 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 6.9 ± 1.1 0.04

Table 6. Echocardiographic parameters in football players according to ACE I/D genotype.

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
HRR1, beats/min 43.6 ± 11.3 25.3 ± 10.4 <0.001
HRR3, beats/min 65.6 ± 12.2 45.6 ± 11.6 <0.001
HRR5, beats/min 81.8 ± 12.5 60.2 ± 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 ± 4.8 42.5 ± 5.2 <0.001

Table 2. Cardiovascular response to standardized exercise testing.

Gene / parameter Football players (n=168) Controls (n=60) p
ACE II / 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, χ²; 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, χ²; p 0.003; 0.95 0.0001; 0.99 -

Table 3. Distribution of ACE I/D and NOS3 G894T genotypes and alleles.

Parameter II (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 ± 11.4 46.8 ± 10.2 <0.001
pNN50, % 28.6 ± 6.2 22.9 ± 5.8 18.4 ± 5.1 <0.001
LF, ms² 710 ± 140 820 ± 150 940 ± 160 0.002
HF, ms² 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 4. HRV parameters in football players according to ACE I/D 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 52.4 ± 11.0 41.2 ± 9.8 <0.001
pNN50, % 26.4 ± 6.0 21.0 ± 5.6 15.9 ± 5.0 <0.001
LF, ms² 760 ± 150 860 ± 160 980 ± 170 0.004
HF, ms² 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 5. HRV parameters in football players according to NOS3 G894T genotype.
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Parameter GG (n=87) GT (n=68) TT (n=13) p
LVEDD, mm 51.2 ± 3.1 50.2 ± 3.0 49.1 ± 2.9 0.02
LVESD, mm 31.8 ± 2.7 31.5 ± 2.6 31.3 ± 2.6 0.62
IVS, mm 9.7 ± 0.8 9.6 ± 0.8 9.4 ± 0.7 0.46
LVPW, mm 9.6 ± 0.7 9.6 ± 0.7 9.5 ± 0.7 0.88
LVMI, g/m² 84.9 ± 8.0 82.0 ± 7.8 79.1 ± 7.5 0.03
LVEF, % 63.0 ± 3.7 63.3 ± 3.8 63.7 ± 3.9 0.71
E/A 1.83 ± 0.23 1.74 ± 0.22 1.63 ± 0.21 0.02
E/e′ 6.2 ± 0.9 6.6 ± 1.0 7.1 ± 1.1 0.02

Table 7. Echocardiographic parameters in football players according to NOS3 G894T genotype.

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

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

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.

Parameter GP-1 baseline GP-1 after GP-2 baseline GP-2 after GP-3 baseline GP-3 after
LVEDD, mm 51.3±3.1 51.8±3.2 50.2±3.0 50.6±3.1 49.0±2.9 49.2±3.0
LVMI, g/m² 84.6±8.1 86.9±8.3* 81.9±7.8 83.2±8.0* 78.8±7.4 79.4±7.5
LVEF, % 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 1.88±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 9. Echocardiographic dynamics after personalized correction.

Adaptation type Functional profile Recommended loads Restrictions Medical monitoring

Economical
High adaptive reserves, low 
resting heart rate, high HRV, 
diastolic function

Full aerobic and mixed loads;
planned increase in volume
and intensity

Avoid abrupt increases
in training volume

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

Compensated
Moderate reserves; signs of
regulatory strain with preserved
performance

Stepwise load progression;
mandatory recovery
microcycle

the frequency of high-
intensity loads

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

Strained
Reduced reserves, increased
resting heart rate, low HRV,
sympathicotonia

Predominantly moderate-
intensity aerobic loads;
prolonged recovery

Avoid high-intensity
overload during signs of
fatigue

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

Table 10. Practical scheme for personalized training-load correction.

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, 
HRV, 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 

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 
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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.

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 I/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, HRR1, PWC170 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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