Veselik A.K. et al.
Exercise Breathing Reserve in Cross-Country Skiers: Ventilatory Capacity vs. Ventilatory Demand

Kypran meanko-6monorudeckux nccnenoBanuid. 2026. T. 14, Ne 3. C. 53-63. @ ®
Journal of Medical and Biological Research, 2026, vol. 14, no. 3, pp. 53—63.

Original article
UDC 612.216.2:612.084:57.04:57.023
DOI: 10.37482/2687-1491-2291

Exercise Breathing Reserve in Cross-Country Skiers:
Ventilatory Capacity vs. Ventilatory Demand

Alla K. Veselik!'*/, Nina G. Varlamova?, Evgeny R. Bojko*

Pnstitute of Physiology of Komi Science Centre of the Ural Branch of the Russian Academy of Sciences,
FRC Komi SC UB RAS, Syktyvkar, Russia

lyeselik.ak@mail.ru™, https://orcid.org/0000-0001-8376-7570

*nivarlam@physiol.komisc.ru, https://orcid.org/0000-0003-1444-4684

3boiko60@inbox.ru, https://orcid.org/0000-0002-8027-898X

Abstract. Breathing reserve (BR), defined as the difference between ventilatory capacity and ventilatory demand
during exercise, is an indicator of respiratory limitations. However, it is unclear which of the two factors has the great-
est impact on BR in cross-country skiers during cardiopulmonary exercise testing on a bicycle ergometer (CPET). The
purpose of this study is to investigate how ventilatory capacity and ventilatory demand influence BR during CPET in
highly-trained cross-country skiers. Materials and methods. Current members of the Komi Republic national cross-
country skiing team (n =46; aged 22.6 + 4.7) underwent spirometry and CPET at the beginning of the preparatory training
period. BR was calculated at rest and during CPET — at the anaerobic threshold and at peak exercise. The athletes were
divided into two groups with low BR (<20%) and normal BR (>20%) at peak exercise. Results. The two groups showed
no lung function differences. However, at peak exercise, the low BR group demonstrated statistically significant higher
breathing frequency, minute ventilation, ventilatory equivalent for carbon dioxide, respiratory exchange ratio, and lower
end-tidal carbon dioxide partial pressure. BR directly correlated with forced vital capacity, forced expiratory volume in the
first second and the Tiffeneau index at peak exercise. BR demonstrated an inverse correlation with breathing frequency
and minute ventilation throughout the test, as well as with oxygen consumption (except at peak exercise). Thus, in cross-
country skiers, exercise intensity significantly influences the relationship between ventilatory capacity and BR, while
the relationship between ventilatory demand and BR remains constant. Importantly, low BR at peak exercise, even with
comparable exercise capacity in the groups of skiers, is associated with increased ventilatory demand.
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Annomauus. JlprxarensHbiii pe3eps (/IP) — mokazarens pecriupaTopHbIX OTpaHHYSHHN, OTIPEIEIISIEMbIH KaK pa3-
HUIIA MKy BEHTHISILIMOHHOW €MKOCTBIO M BEHTWISLIMOHHBIM 3aIIpOCOM BO BpeMsl (hruznueckoit Harpy3ku. OqHako
HESICHO, KAKOW M3 3TUX JIBYX (PaKTOPOB OKa3bIBaeT HAMOObIIee BO3CHCTBIE HA [IP y JIBDKHUKOB-TOHIIIMKOB TIPH Be-
JIO’PTOMETPUYCCKOM MaKCUMaJILHOM CTYTIIeHIaToM Harpy3odHoM Tecte (BOM). Ilesib paboThl — N3ydnTh, KaK BEHTH-
JISILIMOHHBIE EMKOCTB U 3a1poc BiusAoT Ha /[P B BOM y BbICOKOTPEHHPOBAaHHBIX JIbKHUKOB-TOHITUKOB. MaTepuaJibl
U MeTobl. JlelicTByIOIINE UIeHbI HAIlMOHANBHOI cOopHOl Pecrry6iuku Komu o JIbDKHBIM FOHKaM (72 = 46; Bo3pact
22,6+4,7 roga) mpoXomwIH cnupoMeTpuio 1 BOM B Hauane MOATOTOBUTEIBLHOTO 3Tana TPEHHPOBOYHOTO ITUKIIA.
JIP paccuuThIBajicsl B TIOKO€ W BO Bpemsi BOM — Ha aHa3poOHOM TIOpOTre W MpH MUKOBOM Harpy3ke. CIIOpPTCMEHBI
ObUIM pa3zieneHsl Ha rpymnbl ¢ HU3kuM (<20 %) u HopmaibHbM (>20 %) JIP npu nukoBoii Harpyske. Pe3yabTarbl.
BerienenHble rpymbl He pa3inyaiuch 10 MoKazaTresiM (GyHKIIMK BHEHIHETO AbixaHus. OIHAKO y TPYIIBI ¢ HU3KHM
JIP mipu IMKOBO# HArpy3Ke BBISBICHBI: CTATUCTHYCCKH 3HAYMMO 00Jiee BRICOKHE YaCTOTA JIbIXaHUs, MUHYTHBIH 00b-
€M JIBIXaHWsl, BEHTWIAIIHOHHBIN SKBUBAJICHT 110 YIVICKHCIOMY Ta3y, JbIXaTeIbHBIH KOO(D(MHUINCHT U CTaTHCTHYCCKU
3HAYUMO OoJiee HU3KOE NaplHajibHOE JaBJIeHHe YITIEKUCIIOro Ta3a B KOHIIE Bbloxa. [P uMen npsiMble Koppessinuu
¢ (hopcUPOBAHHOM KU3HEHHOH EMKOCTBIO JIETKUX, 00bEMOM (hOPCHPOBAHHOTIO BBLI0OXA 3a MEPBYIO CEKYHIY U UHJICK-
com TuddHo mpu mukoBoi Harpy3ke. Habmonanacs oOparHast cBs3b [IP ¢ 9acToToli ¥ MUHYTHBIM OOBEMOM JIbIXaHHS
Ha MPOTSDKEHUH BCETO TECTa, a TAKXKe C TOTPEOICHIEM KHICIoposia (KpoMe MMKOBOH Harpy3ku). Takum oOpaszoM, y
JBDKHUKOB-TOHIIIMKOB HHTEHCUBHOCTE (PU3MUECKON HATPY3KH CYIICCTBEHHO BIHSCT HA CBS3b MEXKITY BEHTIIISIIUOH-
HOM eMKoCThI0 U /[P, B TO Bpemsi Kak CBsI3b MEK/y BEHTWISIIMOHHBIM 3aripocoM U [IP octaercs nocrosHHON. BakHo
OTMETHTB, 4TO HU3KUH [P 1ipu muKoBOH HarpysKe, Jaske MpH CpaBHUMOH (rznueckoif paboToCIOCOOHOCTH MEXKIY
rpyInaMH JIbDKHUKOB, ACCOLMUPOBaH C IMOBBILIEHHBIM BEHTUIALMOHHBIM 3aIIPOCOM.

Knroueswie cnosa: ovixamenvhulii pe3eps, 8blCOKOKGATUDUYUPOBAHNbLE TbIHCHUKU-2OHWUKY, (DU3UYECKAs HA-
2pY3Ka, 6en03peoMempUtecKull mecm, QyHKYUs HeUuHe20 ObIXAHUSA, 1e204HAS GEHMUNAYUS

@unancuposanue. ViccnenoBanue MpoBEJICHO B paMKax HayYHO-HCCIIENOBATENbCKOW paboThl MHCTHTYTA
¢usmonornn KomMu Hay4HOTO TIeHTpa Ypalbckoro otaelieHus Poccuiickoit akagemun Hayk (2022-2026 robr)
Ne 1021051201877-3.

Hna yumuposanua: Becenuk A.K., Bapnamosa H.I., boiiko E.P. [lpixarensHslil peseps npu (uzndeckoit
Harpy3ke y JbDKHUKOB-TOHIIUKOB: BEHTUWISIIIUOHHAA €EMKOCTDb U BGHTI/IHHL[I/IOHHI:Jﬁ 3arpoc 1/ >KypHan Me}lI/IKO-6I/IO-
smorunaeckux uccaepoanuii. 2026. T. 14, Ne 3. C. 53-63. https://doi.org/10.37482/2687-1491-7291
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Introduction
In endurance sports, achieving maximal athletic
performance requires optimal cardiovascular

and respiratory function. While cardiovascular
conditioning is often considered the primary
determinant of success, emerging evidence suggests
that the respiratory system can also impose significant
limitations on functional capacity [1-3]. Specifically,
the ability to maintain an adequate breathing reserve
may be critical for preventing respiratory muscle
fatigue and ensuring sufficient oxygen delivery.
Breathing reserve (BR) reflects the dif-
ference between an individual’s maximum
ventilatory capacity (maximum voluntary venti-
lation (MVV)) and the ventilatory demand (min-
ute ventilation, Ve) required during exercise.
Ventilatory capacity is influenced by the respiratory
system structure and mechanics and potential
pathological conditions, while ventilatory
demand is driven by the need for increased
breathing rate and tidal volume in response to
exercise [1]. In clinical settings, a BR of 20% or less
is often used as a threshold to identify individuals
with potential ventilatory limitations [1, 3-7].
Cross-country skiing is a particularly demanding
endurance sport, characterized by exceptionally high
metabolic rates and ventilation requirements [8].
While a definitive threshold for ventilatory
limitation in athletes remains undefined, an average
BR 0f 20.1% has been reported in young male en-
durance-trained athletes at peak exercise [3],
with some studies reporting that elite athletes routinely
exhibit BR values below 20% during maximal
exertion [5, 6]. This makes cross-country skiers
potentially susceptible to exercise-induced respiratory
limitations, which could cause reduced exercise
tolerance [9, 10]. Some studies suggest that higher
BR correlates with higher maximal oxygen uptake
(VO,, ) and forced expiratory volume in 1 s (FEV)
in untrained individuals [11], and that BR decrease
below threshold is induced by higher Ve rather than
lower MVV [11]. Also, in older adults with obesity,
a low BR group (BR < 30%) is characterized by
higher VO, and peak exercise capacity compared
to a high BR group (BR > 45%) [12]. However, it
is unclear whether the same conclusions apply
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to highly-trained cross-country skiers. In this
research, we investigate which of the two factors —
ventilatory capacity or ventilatory demand — has
the greatest impact on breathing reserve in cross-
country skiers at peak exercise.

Materials and methods

Study population. The study included
qualified athletes, active members of the national
Komi Republic cross-country skiing team (males,
n = 46). Qualification criteria for the athletes
included membership in the national team, training
consistently with a qualified coach following a
sport-specific program, and regular participation
in both official regional and national competitions.
The exclusion criteria were the presence of personal
history of cardiovascular diseases, chronic or acute
diseases, taking medications known to affect lung
function or exercise test parameters at the time of the
examination. The examination was conducted at the
beginning of the preparatory training period (June),
on days when the athletes did not participate in
training or competitions. The athletes were advised
to minimize physical activity the day prior to the test.

Ethics approval. All athletes provided a
voluntary informed consent to participate in the
study. The study protocol was approved by the
Ethics Committee of the Institute of Physiology
of Komi Science Center of the Ural Branch of
the Russian Academy of Sciences (November 15,
2021). The study was conducted in accordance
with the Ethical Principles of the World Medical
Association (Declaration of Helsinki).

Lung function. Before the testing, body mass
and height of the athletes were measured. All
tests were carried out indoors: air temperature,
relative air humidity and atmospheric pressure were
22.2+1.8 °C, 65.0+7.4% and 726.3+106.8 mm Hg,
respectively. Lung function was assessed using
a portable microprocessor-based spirometer
(SMP-21/01-R-D, Russia). The device was
calibrated according to the manufacturer’s
instructions with a 3-liter calibration syringe. The
examination was performed by an experienced
spirometry technician. The lung function was
measured prior to the exercise test at rest in a
sitting position. The following parameters were
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determined by selecting the maximum values
achieved in one of three successful maneuvers:
forced vital capacity (FVC, L), FEV, (L/min),
peak expiratory flow (PEF, L/s), forced expiratory
flow at 25% and 75% of FVC (FEF ; and FEF_,
L/s), and the ratio of forced expiratory volume in
1 s to vital capacity (FEV /VC, %). Repeatability
criterion was set as FVC+0.150 L. Reference
values for spirometry were calculated according
to ECCS93 [13].

Exercise test. The athletes performed
“maximal effort” cardiopulmonary exercise testing
on a bicycle ergometer (CPET) (Ergoselect 100,
Ergoline GmbH, Germany). The test included
the following stages: 1) baseline measurements,
without load in a sitting position on a bicycle
ergometer (3 min); 2)cycling without load
(1 min); 3) incremental load stage, starting from
120 W with an increase in load by 40 W every 2 min
(rotation speed: 60 rpm); 4) recovery stage (3 min
after load completion). The following parameters
were measured by an automated gas analysis
system (Jaeger Oxycon Pro, VIASYS Healthcare
GmbH, Germany) during the test: heart rate (HR,
bpm), Ve (L), respiratory frequency (BF, 1/min),
inspiratory tidal volume (VTin, L), expiratory
tidal volume (VTex, L), oxygen consumption
(VO,, mL/min), carbon dioxide output (VCO,,
mL/min), respiratory exchange ratio (RER),
and end-tidal carbon dioxide pressure (P_CO,,
kPa). The test involved sequential recording of
data in breath-by-breath mode, averaging over
15-second intervals.

The anaerobic threshold (AT) was detected
using the V-slope method, with the additional
criterion being that the respiratory exchange
ratio (RER) reached and surpassed 1.0 [14—16].
Maximum voluntary ventilation (L/min) was
calculated using the formula MVV = FEV -40
[1]. Breathing reserve (%) was calculated as
BR = (1 — Ve/MVV)-100 [3]. The ventilatory
equivalent for carbon dioxide (Ve/VCO,) was cal-
culated. All parameters were recorded or
calculated at rest, at AT and peak exercise
(maximal oxygen consumption) stages. Based
on the calculated BR value, depending on the
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extent of BR use, the athletes were divided into
two groups: the group with low BR at peak
exercise (BR <20%) and the group with normal
BR at peak exercise (BR > 20%).

Statistics. Statistical analysis was performed
using Statistica 8.0 (StatSoft Inc, 2007). The
Shapiro-Wilk test was used to assess normal
distribution of the parameters. The Mann-Whitney
U test was used for comparing variables with non-
normal distribution, and the Student’s #-test for
variables with normal distribution. Robust strictly
standardized mean difference (SSMD) was used
to measure the effect size. Spearman correlation
was used for analyzing the relationship between
variables. Significance level was set at p < 0.05.
The results are presented as median (Me) and
percentiles [Q; O,].

Results

The athletes with low BR (<20%) comprised
26.1% (95% CI 13.41-38.77) of the total group.
The groups did not differ significantly in height,
age, or body mass (p > 0.05) (7able 1).

No significant differences in lung function
parameters were observed between the BR <20%
and BR > 20% groups (except for FEV, and MVYV,
as these values are inherent components of BR
calculation).

No significant differences were observed
between the groups in the graded exercise test
parameters or BR values at rest and AT (p > 0.05).
Differences between groups emerged at peak
exercise stage (Table 2).

The group with low BR demonstrated
higher Ve (p = 0.001), BF (p = 0.018), RER
(p=0.001), Ve/VCO, (p = 0.040), and lower P_ CO,
(»p = 0.004) at peak exercise. The groups did
not exhibit significant differences in inspiratory
and expiratory tidal volumes, heart rate, and
oxygen consumption at peak exercise (p > 0.05).
A non-significant trend towards higher values
of carbon dioxide output (» = 0.068) and power
output (p = 0.072) at peak exercise was observed
in the group with low BR.

The BR fell below the threshold, on average,
41.8 s before reaching VO, . On average, BR
decreased by 61.37% in the normal BR group
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Table 1
Baseline characteristics of athletes with normal (BR > 20%)
and low (BR < 20%) breathing reserve at peak exercise, Me [Q; O.]
HcxonHble XapaKTePUCTUKH CIIOPTCMEHOB ¢ HOPMAJIbHBIM (>20 %)
U HU3KUM (20 %) IbIXaTeILHBIM Pe3epBOM NPU NUKOBOW Harpyske, Me [Q; O.]
Parameter BR >20% BR <20% SSMD
(n=34) (n=12) robust p

Age, years 20.0[19.0; 25.0] 21.5[19.0; 26.0] 0.231 0.745
Body mass, kg 71.8 [67.0; 75.0] 71.3 [69.8; 72.8] —0.100 0.863
Height, cm 178.0 [175.0; 181.0] 174.0 [171.8; 178.3] —0.640 0.066
FVC, % predicted 107.4 [96.5; 122.5] 104.6 [89.7; 119.9] —0.096 0.232
FEV,, % predicted 114.1 [106.6; 123.9] 96.6 [87.9; 117.0] —0.755 0.012*
FEV /VC, % predicted 95.0 [89.7; 104.1] 85.0 [77.1; 100.0] —0.537 0.070
PEF, % predicted 109.9 [96.8; 118.9] 112.4 [88.5; 129.2] 0.079 0.857
FEF,,, % predicted 112.4 [99.3; 125.3] 112.0 [83.3; 134.3] —0.011 0.597
FEF ., % predicted 132.41109.7; 173.6] 141.2 [98.9; 176.4] 0.124 0.822
MVYV, L/min 207.0[191.2; 218.4] 168.6 [157.4; 200.6] —1.091 0.002*

Note: Values expressed as percentages of predicted values were calculated relative to reference values (ECCS93);
+ indicates statistically significant differences between parameters according to the Student’s #-test.

Table 2
Results of the graded exercise test in cross-country skiers with normal (BR > 20%)
and low (BR <20%) breathing reserve at peak exercise, Me [Q; Q,]
Pe3yabTaThl CTYNEeHYATOr0 HATPY304HOI0 TECTA Y JIBIKHUKOB-TOHIMKOB ¢ HOPpMaJIbHbIM (>20 %)
U HU3KUM (20 %) IbIXaTe/IbHBIM Pe3epBoM NpU NUKOBOWH Harpyske, Me [Q; O,]
Parameter BR > 20% BR E 20% SSMD p
(n=34) n=12) robust
Load, W 320 [320; 360] 340 [320; 380] 0.400 0.402
BR, % 28.9[25.0; 38.4] 8.7[3.8; 14.0] -1.714 <0.001*
Ve, L/min 142.0 [122.0; 152.0] 154.0 [145.0; 176.5] 0.390 <0.001*
BF, 1/min 45.5[39.0; 53.0] 52.0 [48.5;59.0] 0.531 0.018"
VTex, L 3.04 [2.74; 3.51] 2.89 [2.70; 3.48] —-0.201 0.658
VTin, L 2.88 [2.61; 3.41] 2.82[2.61; 3.23] —0.084 0.739
VO,, mL/min 4286.0 [4025.0; 4540.0] 4188.0 [3998.0; 4649.5] —0.168 0.899
VCO,, mL/min 4631.5[4166.0; 4981.0] 5071.0 [4368.0; 5555.0] 0.439 0.163
Ve/VCO,, % 30.1 [28.4; 31.0] 31.8[29.4; 35.2] 0.397 0.040"
P_CO,, kPa 3.92 [3.73; 4.03] 3.57 [3.40; 3.88] —0.899 0.004~
RER, % 1.12[1.07; 1.15] 1.19[1.14; 1.21] 0.867 <0.001*
HR, bpm 180.0 [175.0; 182.0] 181.0 [174.0; 187.5] 0.098 0.568

Note: + indicates significant differences according to the Student’s #-test; # indicates significant differences according

to the Mann-Whitney U test.



Becenuk A.K. u ap.

JlpIxarenbHblil pe3epB IpH pru3ndeckoi Harpy3Ke y JIBDKHUKOB-TOHIINKOB. ..

and by 83.86% in the low BR group compared to
initial levels.

Table 3 presents the results of a correlation
analysis investigating the relationship between BR
and lung function and parameters measured during
the graded exercise test stages.

BR positively correlated with FEV, and FEV /VC
at AT and peak exercise (p < 0.01) and with FVC
only at peak exercise (p < 0.01), and did not
correlate with other lung function parameters
(PEF, FEF,,, FEF.,). A negative correlation was
found between BR and BF, Ve, Ve/VCO, along the

Table 3

Correlation of breathing reserve with lung function and graded exercise test parameters
in cross-country skiers (n = 46) at rest, anaerobic threshold, and peak exercise

Koppessiuust AbIXaTeJIbHOTO pe3epBa ¢ GyHKIMeli BHEIIHEro AbIXaHUs M NapaMeTPaMH CTYIeHYATOr0 HATPy304HOIo TecTa
Y JAbLKHUKOB-TOHIIHMKOB (12 = 46) B COCTOSTHUM MOKOSI, HA AaHA3POOHOM MOpPOre M MPH MUKOBOH HArpy3Ke

Statistical Test stage
Parameter
parameter At rest Anaerobic threshold Peak exercise

R 0.159 0267 0.380

FVC, L » 0.291 0.072 0.009

‘ R 0.263 0.552 0.627
FEV,, L/min p 0.077 <0.001 <0.001
R 0.023 0.363 0.432

FEV/VC, % p 0.878 0.013 0.003
R 0.042 0.029 0.081

PEF, L/s » 0.782 0.851 0.594
R 20,099 ~0.041 0.103

FEF,;, L/s » 0.511 0.785 0.495
R 20,066 0.002 0.050

FEF., L/s » 0.664 0.987 0.740
BE Umin R ~0.371 ~0.492 ~0.460

: » 0.011 <0.001 0.001
Ve Limin R ~0.891 0.607 —0.545

; » <0.001 <0.001 <0.001

R ~0.160 0,001 0.169

VTex, L » 0.290 0.998 0.262

) R 20392 20,074 0.167
VTin, L » 0.007 0.624 0.269

. R ~0.760 ~0.372 0101

VO,, mL/min » <0.001 0.011 0.505
) R ~0.544 0307 0247

VCO, , mL/min P <0.001 0.038 0.099
R ~0.324 ~0.305 0383

Ve/VCO, » 0.279 0.039 0.009
R 20,039 0.248 0.416

P CO,, kPa » 0.799 0.096 0.004
R 20,049 0249 —0.548

RER » 0.748 0.097 <0.001

R 20,023 20252 0,100

HR, bpm ) 0.881 0.091 0.508

Note: Peak exercise — moment of maximal oxygen consumption; statistically significant correlations are given in bold

(R — Spearman correlation coefficient, p — significance level).
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test (p < 0.01). BR was associated with VTin at
rest (p = 0.007) and was not associated with VTex.
A negative correlation was found between BR and
both VO, and VCO, at rest and AT (p < 0.001).
However, these relationships were not significant
at peak exercise. BR showed no significant
correlation with HR, but was associated with
P..CO, and RER at peak exercise (p < 0.01).

Discussion

Firstly, although 26.1% of the athletes showed
their BR decrease below the 20% threshold at
peak exercise, they did not demonstrate superior
lung function. Instead, the group with low BR
showed increased ventilatory demand, evidenced
by higher values of RER, BF, Ve, Ve/VCO, and
lower P, CO, at peak exercise. Secondly, while
lung function impact on BR was sufficient only
at peak exercise, BR correlation with Ve and BF
was continual throughout all stages of the test.
At the same time oxygen consumption was
negatively associated with BR only until AT,
making BR independent of VO, .

Our study demonstrated that approximately a
quarter of the athletes experienced a decrease in
BR below the 20% threshold at peak exercise.
B.J. Petek et al. [6] established that this level
of breathing reserve is frequently observed in
endurance athletes of all ages. The breathing
reserve in our study (26.2+13.5% at peak exercise)
was similar but slightly higher to that reported in
B.J. Petek et al. (20.1£13.8%) [6] in a group of
endurance-trained male athletes aged 1830 years.

Athletes demonstrate high capacity of the
respiratory system and the absence of respiratory
function limitations in resting conditions [17, 18].
In our study, differences were found between low
and normal BR athletes in terms of FEV (MVV).
A decrease in BR along with low values of FEV, and
PEF indicates a restrictive role of respiratory function
during exercise [4]. However, since FEV, is a
component of the BR calculation formula, differences
between the groups in this parameter were expected.

Ventilatory work is recognized as a significant
contributor to cardiovascular responses during
high-intensity exercise. Specifically, a primary
mechanism involves the introduction of inspiratory
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reserve volume [17]. Given the lack of differences
in inspiratory and expiratory depth between
the groups, it can be assumed that utilization
of ventilatory capacity reserves might not be a
determining factor for reaching the BR threshold
at peak exercise.

The results (7able 3) indicate that significant
correlations were found between BR and FVC,
FEV , and FEV /VC at peak exercise. These findings
suggest that individuals with high ventilatory
capacity may better manage BR at high exercise
intensities. This confirms the findings of J. McNeill
et al. [11], who observed a negative association
between low lung function and low peak BR. Since
FVC reflects the strength and functional power of
respiratory muscles, athletes with greater muscle
mass tend to exhibit higher FEV, and FVC values
[19]. Also, in endurance sports greater respiratory
muscle endurance is observed [17]. In the work
of M.T. Opina et al. [12], the authors found that
untrained individuals with greater muscle mass
exhibited lower peak exercise breathing reserve.
Resting BR was positively associated with resting
VTin, suggesting that inspiratory volume reserve is
a key determinant of BR in this context. Given that
professional athletes often exhibit increased resting
tidal volumes [20], this relationship highlights the
potential influence of inspiratory muscle adaptation
on respiratory mechanics.

No significant differences were found in HR
between the groups at any stage of the test. This
suggests that breathing reserve in athletes primarily
reflects ventilatory response, statistically not
correlating significantly with cardiovascular activity.

It is known that achieving VO, in highly
skilled athletes during exercise test occurs within
the increased anaerobic metabolism (anaerobic
training zone) [21]. In this zone, breathing intensity
increases sharply due to evolving metabolic
acidosis. This is a compensatory mechanism
aimed at removing carbon dioxide from the blood
[5, 21, 22]. At peak exercise, the athletes with
low BR exhibited the following characteristics:
higher RER, hyperventilation/dyspnea, driven by
increased breathing frequency, enhanced carbon
dioxide elimination (lower P_ CO,), and reduced
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breathing efficiency (higher Ve/VCO,). It is shown
that BF serves as a marker of the athlete’s physical
effort to overcome the load [23]. Notably, the influence
of breathing frequency on minute ventilation growth
was more pronounced than that of the depth of
inspiration or expiration (tidal volume).

In our study similar exercise test parameters
and BR were maintained by both groups from rest
to the anaerobic threshold, indicating comparable
performance at submaximal intensities. Peak
exercise did not differ within the groups, however,
only 19.6% of the athletes in the BR > 20% group
were able to overcome or start performing the
400 W load, while in the BR < 20% group this
value was 46.7%. In skilled athletes, when
performing  high-intensity loads, increased
intrathoracic and abdominal pressure may be
observed, which hinders an increase in the volume
of inhalation, even with increased ventilatory
demand and activation of the respiratory muscles
[24]. Achieving complete utilization of breathing
reserve during exercise is considered energetically
suboptimal due to the increased oxygen demands
of the respiratory muscles [24]. This can lead to
shortness of breath and muscle fatigue [25], as well
as a decrease in venous blood return and cardiac
output, a key indicator of athlete fitness [20, 26].
It is likely that the lack of association between
BR and VO, at peak exercise stage is explained
by a significant, disproportionately to oxygen
consumption, increase in minute ventilation. Thus,
the complete mobilization of BR appears to be the
ultimate mechanism for maintaining the ability to
perform at high-intensities.

Limitations. This study involved a relatively
small, but homogeneous group of male cross-
country skiers during early preparation training,
limiting extrapolation to other populations.
Inspiratory and expiratory reserve volumes were
indirectly assessed via breathing depth dynamics
due to incomplete data. While calculating MVV
and BR is debatable (similar to actual MVV
tests), its applicability is supported by research
[27]. The 20% BR threshold effectiveness for
assessing ventilatory limitation in skilled athletes
requires further research. The AT was identified
using a combined approach: the V-slope method
complemented by the criterion that RER should
reach and surpass 1.0 [14-16]. We emphasize
that there is no universal agreement on how to
determine the AT, however this approach ensures
that the test achieved a submaximal intensity [28],
and minimizes errors that may appear during
noninvasive AT identification, especially in
athletes [3]. To overcome these constraints, future
research should employ a more comprehensive
gas-exchange analysis validated by blood lactate
concentrations [14, 15] in different groups of
athletes.

Conclusion. The obtained data emphasize the
significance of ventilatory capacity in determining
BR at peak levels of a graded exercise test in
cross-country skiers. Moreover, the sustained
ventilatory demand proves to be a key influence
on BR dynamics during the exercise test. Thus, a
low BR (<20%) in athletes might be a result of a
greater ventilatory demand at peak exercise, rather
than superior lung function.
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