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Wykaz skrotow:

ATz — z ang. aerobic threshold — prog tlenowy dla stgzenia mleczanu we Krwi

odpowiadajacy 2 mmol/l

AT4— z ang. anaerobic threshold — prog beztlenowy dla st¢zenia mleczanu we krwi

odpowiadajacy 4 mmol/l

ATT — z ang. adipose tissue thickness — grubos¢ podskornej tkanki thuszczowej
GXT — z ang. graded excercise test — test stopniowany o wzrastajgcej intensywnosci
Hb — z ang. haemoglobin — hemoglobina

HbO> — z ang. oxyhaemoglobin — utlenowana hemoglobina

HR — z ang. heart rate — czestos¢ skurczoéw serca

HRAaT - Zang. heart rate at anaerobic threshold — cz¢sto$¢ skurczow serca na poziomie

progu beztlenowego

LA — z ang. lacid acid — st¢zenie mleczanu we krwi

LT — z ang. lactatic threshold — prog mleczanowy

MAP — z ang. maximal aerobic power — maksymalna moc tlenowa
Mb — z ang. myoglobin — mioglobina

MbO, — z ang. oxymyoglobin — utlenowana mioglobina

mDmax — z ang. Modified Maximum Distance method- zmodyfikowana metoda Dmax

do wyznaczania indywidual nego progu beztlenowego

MLSS - z ang. maximal lactate steady state — stan maksymalnej réwnowagi

mleczanowey
NIRS — z ang. near-infrared spectroscopy — spektroskopiaw bliskiej podczerwieni
RER — z ang. respiratory exchange ratio — wspotczynnik wymiany oddechowej

SmO, — z ang. muscle oxygen saturation — utlenowanie migéni



SmO,AT4 — z ang. muscle oxygenation at anaerobic threshold corresponding to

4 mmol/L lactate — SmO. wyznaczone dla4 mmol progu beztlenowego

SmO.Dmax — z ang. muscle oxygenation at anaerobic threshold corresponding to

Modified Maximum Distance method — SmO>wyznaczone dla progu beztlenowego mDmax

SMOzntr — Z ang. half time for SmO: to return to resting level — potowa czasu
potrzebnego do powrotu SmO2 do poziomu spoczynkowego

ASmO2—r6znica SMO2 migdzy warto$ciami spoczynkowymi a minimalnymi podczas

wysitku
THb — z ang. total haemoglobin — hemoglobina catkowita
TOI — z ang. tissue oxygenation index — indeks utlenowania tkanek

TSIt — z ang. anaerobic threshold determined from muscle oxygenation — prog

beztlenowy wyznaczony z pomiaréw utlenowania mig$ni
VOzmax — z ang. maximal oxygen uptake — maksymalny pobér tlenu

WARNT — z ang. Wingate Anaerobic Test — test wydolnosci beztlenowej Wingate
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Streszczenie w jezyku polskim
Ocena uzytecznosci pomiaréw utlenowania mie¢sni do monitorowania odpowiedzi

wysilkowej wysoko wytrenowanych zawodnikow i 0s6b nietrenujacych

W ostatnich kilkunastu latach do praktyki treningowel wprowadzono mobilne urzadzenia
pomiarowe, ktore wykorzystuja $wiatto podczerwieni (ang. near-infrared spectroscopy,
NIRS) do oceny stopnia utlenowania mioglobiny w cytoplazmie migéni i hemoglobiny w
naczyniach krwiono$nych mikrokrazenia mig$niowego (ang. muscle oxygen saturation,
SmOy). Pomiary NIRS podczas wysitku dostarczajag w czasie rzeczywistym informacji o
lokalnym wykorzystaniu tlenu w pracujacych migsniach, natomiast w okresie restytucji
powysitkowej pozwalajg oceni¢ czas, w ktorym SmO, wraca do stanu spoczynkowego.
Majac na wzgledzie zalety tej nowej, nieinwazyjnej metody w diagnostyce wysitkowej, jako
cel badan przyjeto ocene uzytecznosci pomiaréw utlenowania migsni do okreslania
fizjologiczngl odpowiedzi organizmu u wysoko wytrenowanych zawodnikéw i 0sob
nietrenujgcych na rdznego rodzaju wysitki testowe. Badaniami objg¢to tacznie 79 osoby (26
kobiety i 53 mgzczyzn) o zréznicowanym stopniu wytrenowania. Wsérod badanych
zawodnikow liczng grupe stanowili czotowi sportowcy nalezacy do Kadry Narodowej
Polski. Badani wykonali testy: submaksymalny odpowiadajacy stanowi maksymalnej
rownowagi mleczanowej (MLSS), supramaksymalny (test Wingate, WANT) i maksymalny
o stopniowanej intensywnosci. W zalezno$ci od rodzaju testu wykonano pomiary: wymiany
gazowe (wentylacji minutowej pluc, poboru tlenu i wydalania dwutlenku wegla),
utlenowania migéni (SmO3), catkowitej hemoglobiny (THb) i czgstosci skurczow serca(HR)
oraz oznaczenia st¢zenia mleczanu we krwi (LA). Przeprowadzona analiza wynikéw
potwierdzita praktyczng uzyteczno$¢ pomiarow SmO2 W ocenie odpowiedzi wysitkowej
organizmu na wysitki o statej intensywnosci, odpowiadajace stanowi maksymalnej
rownowagi mleczanowej. Pomiary utlenowania migsni podczas WANT charakteryzowaty
si¢ niskg warto$cig w ocenie wydolno$ci beztlenowej. Nie stwierdzono takze istotnych
roéznic miedzyptciowych w zakresie deoksygenacji ani tempa reoksygenacji mi¢sni podczas
wysitku maksymalnego i w fazie restytucji. W wysitku maksymalnym wskazniki
utlenowania migsni (SmO2 Minimum i A SmO3), jako lokalne parametry w obrebie migsnia,
nie sg bezposrednio zwigzane z wielkoscig VO2max ani z maksymalng moca tlenows, CO
potwierdza brak istotnych korelacji z tymi zmiennymi, odzwierciedlajgcymi
ogoblnoustrojows, wysitkowa odpowiedz organizmu. Wyznaczenie wartosci SmO2 dla

progow mleczanowych (AT2, mDmax, AT4 1 LT) umozliwia stosowanie nieinwazyjnych
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pomiaréw SmO2 (podobnie jak pomiaréw HR) do fizjologicznej kontroli obcigzen w
réznych programach treningowych. Podobnie potwierdzono, ze mozliwa jest implementacja
zalecen dotyczacych intensywnosci wysitku w oparciu 0 SmO: Z normoksji do warunkéw
hipoksji normobarycznegl (ok. 3000 m n.p.m) u wysoko wytrenowanych zawodnikow
SKIMO podczas submaksymalnego wysitku wytrzymatosciowego. Wyniki badan wlasnych
wskazuja ponadto na brak mozliwosci doktadnego szacowania stezenia mleczanu we krwi

W oparciu o pomiary SmO..

Slowa kluczowe: spektroskopia w bliskigj podczerwieni, testy wydolnosci beztlenowej i
tlenowe, progi mleczanowe, deoksygenacja i reoksygenacja migsni, hipoksja

normobaryczna
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Streszczenie w jezyku angielskim

Assessment of the usefulness of muscle oxygenation measur ements for monitoring the

exerciseresponsein highly trained athletes and untrained individuals.

Over the past decade, portable measuring devices have been introduced into training
practice; these utilise near-infrared spectroscopy (NIRS) to assess the degree of myoglobin
oxygenation in muscle cytoplasm and haemoglobin oxygenation in the blood vessels of the
muscle microcirculation (muscle oxygen saturation, SmO:z). NIRS measurements during
exercise provide real-timeinformation on local oxygen utilisation in working muscles, while
during the post-exercise recovery period they allow the time taken for SmO: to return to
resting levels to be assessed. Given the advantages of this new, non-invasive method in
exercise diagnostics, this study aimed to evaluate the usefulness of muscle oxygenation
measurements in determining the physiological response of the body in highly trained
athletes and untrained individuals to various types of exercise tests. The study included a
total of 79 participants (26 women and 53 men) with varying levels of fithess. Among the
athletes studied, a substantial proportion were €elite athletes representing the Polish National
Team. The subjects performed the following tests: a submaximal test corresponding to the
maximal lactate steady state (MLSS), a supramaximal test (Wingate test, WANT) and a
maximal test of graded intensity. Depending on the type of test, the following measurements
were taken: gas exchange (minute ventilation, oxygen uptake and carbon dioxide output),
muscle oxygenation (SmOQ:), total haemoglobin (THb) and heart rate (HR), as well as blood
lactate concentration (LA). Analysis of the results confirmed the practical utility of SmO-
measurements in assessing the body's exercise response to constant-intensity exercise
corresponding to the state of maximal lactate equilibrium. Measurements of muscle
oxygenation during WANT were characterised by low values in the assessment of anaerobic
capacity. No significant gender differences were found in terms of muscle deoxygenation or
the rate of muscle reoxygenation during maximal exercise and in the recovery phase. During
maximal exercise, muscle oxygenation indices (SmO. Minimum and ASmO2), as local
parameters within the muscle, are not directly related to VO.max or maximal aerobic power,
as confirmed by the absence of significant correlations with these variables, which reflect
the body's systemic exercise response. Determining SmO: values corresponding to lactate
thresholds (AT2, mDmax, AT4 and LT) supports the application of non-invasive SmO:
monitoring analogous to heart rate monitoring - for physiological control of training loads

in various training programmes. Similarly, it has aso been confirmed that it is possible to
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implement exercise intensity recommendations based on SmO: from normoxia to
normobaric hypoxia conditions (approx. 3000 m as.l.) in highly trained SKIMO athletes
during submaximal endurance exercise. Furthermore, the present findings indicate that it is
not possible to accurately estimate blood lactate concentration based on SmO:

measurements.

Keywords: near-infrared spectroscopy, anaerobic and aerobic exercise testing, lactate

thresholds, muscle deoxygenation and reoxygenation, normobaric hypoxia
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1. Wstep

Od widlu lat wskaznikiem najczgséciej stosowanym do oceny ogolnej wydolnoSci
fizyczng oraz stanu wytrenowania zawodnikow w sportach wytrzymatosciowych jest
maksymalny pobor tlenu (ang. maximal oxygen uptake, VO.max). Wspodtczesna mobilna
technologia umozliwia pomiary poboru tlenu zar6wno w warunkach laboratoryjnych jak i
terenowych. Jednak metody bezposredniego wyznaczenia putapu tlenowego zwigzane sg z
kosztownym sprzetem pomiarowym jak i z udzialem wykwalifikowanego personelu do
obstugi aparatury pomiarowej. Ponadto, wymagaja one wysokiej motywacji badanego do
wykonania wysitku maksymalnego. Innymi wskaznikami wykorzystywanymi do oceny
wydolnosci fizycznej i monitorowania treningu sa: stezenie mleczanu we krwi (ang. lactate,
LA) oraz czestos¢ skurczow serca (ang. heart rate, HR). Oznaczenia LA wymagajg pobrania
krwi wlosniczkowej, co z uwagi na komfort zawodnikow wigze si¢ z ograniczong
czestotliwoscig pobran. Natomiast powszechnie stosowane pomiary HR, oprocz
niekwestionowanej przydatno$ci przede wszystkim w dyscyplinach wytrzymalosciowych,
maja takze pewne ograniczenia. Na przyktad praktyka treningowa wykazata stosunkowo
niskg uzyteczno$¢ pomiaréw HR w kontroli treningow: interwatowego, sity migsniowej,
krotkich wysitkow supramaksymalnych, a takze treningu w zréznicowanym terenie, gdzie
wystepuja podbiegi i zbiegi (Born i in., 2017). Dodatkowo HR jest zalezne od wielu
czynnikow zwigzanych ze stanem emocjonanym, stopniem wypoczynku lub nawodnieniem
badanej osoby czy tez z warunkami otoczenia (temperatura i wilgotno$¢, pora dnia,

wysokos$¢ nad poziomem morza i inne).

W ciggu ostatnich kilkunastu lat do praktyki treningowej zostaly wprowadzone
mobilne urzadzenia pomiarowe, ktore wykorzystuja $swiatto podczerwieni (ang. near-
infrared spectroscopy, NIRS) do oceny stopnia utlenowania mioglobiny w cytoplazmie
mie$ni i hemoglobiny w naczyniach krwiono$nych mikrokrazenia migsniowego (ang.
muscle oxygen saturation, SmOy) (Perrey i Ferrari, 2018). Monitoring nasycenia mie$ni
tlenem dostarcza w czasie rzeczywistym informacji o jego wykorzystaniu podczas wysitku.
Jest to pomiar lokalny, ktérego poziom utlenowania mig$ni w zadanym tescie wysitkowym
zalezy od lokalizacji monitora NIRS (Paquettei in., 2018). Pierwsze opracowania naukowe
z wykorzystaniem NIRS u sportowcow (wytrenowani wioslarze) opublikowano w 1992 roku
(Chance i in., 1992). Dopiero wdrozenie przeno$nych, bezprzewodowych migsniowych
oksymetrow w 2006 roku spowodowato szybki rozwoj tej metody pomiarowej i nada
obserwuje si¢ jg dalszy postep (Biddulph i in., 2023; Farzam i in., 2018; Gandia-Soriano i
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in., 2022). Ostatnio, podobne urzadzenie wdrozyli do praktyki sportowe takze polscy
konstruktorzy, a oksymetr ich projektu jest dost¢pny na rynku.

Zdaniem wielu autoréw pomiary z uzyciem NIRS sg prostym, bezpiecznym i szybkim
sposobem umozliwiajagcym zaro6wno ocen¢ mozliwosci wysitkowych w krétkotrwatych
maksymalnych wysitkach (Cettolo i in., 2007; Perrey, 2022b), jak i wyznaczanie tzw. stref
intensywnosci treningowej (Borges i Driller, 2016; Crum i in., 2017; Driller i in., 2016;
Driller i in., 2016). Dodatkowo wspotczesne oksymetry daly mozliwo$¢ prowadzenia
pomiaréw podczas wysitkow startowych w réznych dyscyplinach sportu np. u tyzwiarzy
szybkich (Hettinga i in., 2016), kanadyjkarzy czy kajakarzy (Paguette i in., 2018) oraz
wio$larzy (Mehmet Topal i in., 2023).

Urzadzenia do pomiaru utlenowania migéni posiadaja wbudowang pamieé
umozliwiajaca rejestracje treningu. Ponadto takie ich cechy jak nieinwazyjno$¢ pomiaru,
tacznos¢ bezprzewodowa z rejestratorami HR, smartfonami czy komputerami przeno$nymi,
niewielkie rozmiary i wodoszczelno$¢, wysoka czgstotliwos¢ probkowania oraz przystepna
cena sprawiaja, ze trenerzy chetnie wdrazaja je do praktyki treningowej. Podczas gdy
odpowiedz HR i poboru tlenu na zadang intensywnos$¢ wysitku jest opdzniona, to Index
Saturacji Tkanek (ang. tissue oxygenation index - TOI) daje szybsza informacje zwrotng
(ang. rapid feedback) o reakcji migsni na aktualne obcigzenie treningowe (Borni in., 2017).
Szczegoblnie interesujgce sg ostatnie wyniki badan Paquette i in. (2018), w ktorych autorzy
wykazali, ze u kanadyjkarzy i kajakarzy monitorowanie utlenowania mig¢sni, byto istotne
jako wyznacznik zdolnosci startowej. Warto doda¢, ze pomiary SmO> moga by¢ pomocne
do okreslania obcigzen treningowych (m. in. intensywnos$ci wysitku, tempawypoczynku jak
I czasu trwania treningu) u kajakarzy (Paguette i in., 2020), tyzwiarzy szybkich (Hettinga i
in., 2016), ptywakow (Dalamitrosi in., 2021; Jonesi in., 2018), kolarzy (Jonesi in., 2015;
Neary i in., 2002), wspinaczy sportowych (Dindorf i in., 2023; Kodejska i in., 2016), a takze
u triathlonistow (Olcina i in., 2019). Z uwagi na duza wartos¢ diagnostyczng pomiaréw
utlenowania mig$ni w wyzej wymienionych badaniach, istnigje potrzeba oceny przydatnosci
pomiarow utlenowania migéni do monitorowania obcigzen treningowych w innych

dyscyplinach sportowych.

1.1. Urzadzenia NIRS
Technologia NIRS, oparta na spektroskopii w bliskiej podczerwieni dostarcza w

sposob nieinwazyjny informacji o zmianach w utlenowaniu i hemodynamice w tkance
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mig$niowej (Boushel i in., 2001; Ferrari i in., 2011; Stocker i in., 2016). Sygnaty NIRS sa
wynikiem S$redniej wazonej nasycen tlenem hemoglobiny (ang. haemoglobin, Hb) w
naczyniach krwiono$nych (mate tetnice, t¢tniczki, naczynia wlosowate, zyly, mate zyty)
oraz mioglobiny (ang. myoglobin, Mb) we wtdknach migsniowych (Grassi i Quaresima,
2016; McCully i Hamaoka, 2000). Podkresli¢ nalezy, ze wptyw na sygnat NIRS ma grubos¢
podskornej tkanki thuszczowej (ang. adipose tissue thickness - ATT). Wykazano, ze 5 mm
grubo$¢ zmniejsza penetracj¢ Swiatta podczerwieni o ok. 20% (Cayot i in., 2021; Van Der
Zwaard i in., 2016), dlatego algorytmy w urzadzeniach NIRS skonstruowane sg w taki
sposob, aby wyeliminowac ten czynnik (Hamaokai in., 2011). Urzadzenia wykorzystujace
technologi¢ NIRS monitorujg ré6zne wskazniki, lecz w badaniach sportowcow gléwnie
zwraca si¢ uwage na utlenowanie tkanek migsniowych (SmO2) oraz hemoglobing catkowitg
(ang. total haemoglobin, THb). Wskaznik SmO: jako stosunek utlenowanej hemoglobiny
(ang. oxyhaemoglobin, HbO-) i mioglobiony (ang. oxymyoglobin, MbO,) do hemoglobiny
calkowitej, odzwierciedla zmiany w dostarczaniu i zuzywaniu tlenu w mig¢$niach. Natomiast
wskaznik wartosci THb, ktory nie jest zwigzany z intensywnoscig wysitku, stuzy ocenie

lokalnej objetosci krwi (Pereirai in., 2007).

Nalezy podkresli¢, Zze charakterystyka zmian parametrow NIRS odzwierciedla zmiany
mikronaczyniowe w miegsniach, a analiza wskaznikow okreslonych z wykorzystaniem
spektroskopii w bliskigg podczerwieni wraz z innymi wskaznikami krazeniowo-
oddechowymi pozwala na lepsze zrozumienie mechanizmu transportu tlenu w trakcie
wysitku. Nie mnigj, wcigz prowadzone sg badania nad znormalizowanym wskaznikiem,
ktory pozwalatby na pelng ocene dostarczania i wykorzystaniatlenu w migéniach (Keir i in.,
2022; Stocker i in., 2017).

1.2. Zastosowanie technologii NIRS do pomiaru utlenowania mie$ni w
sporcie

Pomiar utlenowania tkanki mig$niowel dostarcza informacji o transporcie i
wykorzystaniu tlenu w migsniach (McCully i Hamaoka, 2000). Czas, w ktorym wskaznik
utlenowania migéni wraca do wartosci spoczynkowych, odzwierciedla dynamiczng
rownowage pomiedzy dostarczaniem a zuzywaniem tlenu. Wydluzanie si¢ czasu
potrzebnego do restytucji wskaznika utlenowania mig$ni do warto$ci spoczynkowych
oznacza deficyt tlenu, zwlaszcza w przypadku wysitkow 0 wysokig intensywnos$ci

(Hamaoka, 2013). Nalezy jednak pamigtac, ze jest to pomiar miejscowy, poniewaz Wyniki
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badan wykazaly znaczne roznice w utlenowaniu mig$ni podczas tego samego wysitku

testowego w zaleznosci od lokalizacji monitora NIRS (Paguettei in. 2018).

Pierwsza praca przegladowa O zastosowaniu technologii NIRS do pomiaru
utlenowania mie$ni W sporcie dotyczyta nastepujacych dyscyplin: narciarstwo apejskie,
biegi przelajowe, wioslarstwo, podnoszenie ci¢zarow, kolarstwo i tyzwiarstwo szybkie
(Quaresimai in., 2003). Tematyke wykorzystania spektroskopii w bliskigl podczerwieni w
monitorowaniu obcigzen treningowych i w projektowaniu planéw treningowych w
dyscyplinach wytrzymatosciowych podjat Neary (2004), natomiast m.in. w judo, pitce
noznej i zeglarstwie przedstawili Perrey i Ferrari (2018). W ostatnigj przytoczoneg pracy
przegladowej tylko 6 z 57 cytowanych badan zostato opublikowanych przed 2007 rokiem,
co wskazuje, ze badanie utlenowania migéni przy pomocy NIRS jest stosunkowo nowym

zagadnieniem.

Pomiary w technologii NIRS dostarczajg istotnych informacji trenerom i zawodnikom
o reakcji mig¢éni na wysitek jak i ich regeneracji oraz dodatkowo jest to metoda nieinwazyjna,
a sprzet jest lekki, przenosny, wodoszczelny i odpowiedni do treningdw w terenie. Odczyty
z monitora zegarka umieszczonego np. na nadgarstku umozliwiaja na biezaco $ledzenie
zmian utlenowania mi¢sni. TO pozwala na oceng intensywnosci wykonywanych ¢wiczen i
jest pomocne podczas treningu biegowego czy na ptywalni (Born i in., 2017; Dalamitros i
in., 2021; Paguette i in., 2019). Pomiar przeptywu krwi i utlenowania tkanki mig¢$niowe;j
umozliwia dostosowanie czasu przerw lub czasu trwania poszczegodlnych wysitkow w
trakcie treningu (Feldmann i in., 2020; Frikhai in., 2016). Technologia NIRS zatem moze
by¢ z powodzeniem wykorzystywana w treningu wytrzymatosciowym jak i krotkotrwatych
wysitkach o wysokiej intensywno$ci oraz w treningu sity migsniowej. Jest to mozliwe,
poniewaz jako$¢ odbieranego sygnatu jest dobra, nawet podczas wykonywania
dynamicznych wysitkow. Wykazano, ze w warunkach terenowych SmO: jest bardzig
precyzyjnym wskaznikiem zapotrzebowania metabolicznego migsénia niz HR (Born i in.
2017).

Na koncowy wynik sportowy ma wptyw wiele zmiennych, niektore z nich mozna
modyfikowaé¢ w trakcie treningu poprzez intensywnos¢ wykonywanych ¢wiczen (procent
obcigzenia maksymalnego) czy ilos¢ powtorzen i serii. Za szczegdlnie pomocne nalezy
uzna¢ pomiary utlenowania mig$ni do ustalania czasu restytucji pomiedzy wysitkami,

zwlaszcza w treningu sity migéniowej (Pereira i in., 2007). Podczas kilkusekundowych
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wysitkow, w tego rodzaju treningu, klasyczne pomiary takie jak np. HR czy stgzenie LA
cechuja si¢ ograniczong przydatnoscig. W tym zakresie pomocne sg pomiary utlenowania
migsni, ktore sg czule na zmiany metaboliczne w pracujgcym migsniu nawet podczas
supramaksymalnych wysitkow (Miranda-Fuentes i in., 2021). Zastosowanie oksymetrow
pozwoli zatem ustali¢ optymalne obcigzenie nawet w tego rodzaju treningu, w tym liczbe

powtorzen czy serii jak i czas przerwy wypoczynkowej (Gémez-Carmonai in., 2020).

1.3. Kierunki rozwoju badan z zastosowaniem technologii NIRS

Wedtug Ferrari i in. (2011) pomiary SmO2 i THb moglyby by¢ w przysztosci
wykorzystywane nie tylko w procesie treningowym, ale i w rehabilitacji. W pi$miennictwie
sg opisane rowniez badania dotyczace zastosowania technologii NIRS jako narzedzia
monitorujacego terapi¢ U pacjentdéw z chorobami kardiologicznymi (Hamaoka, 2013).
Analiza utlenowania mig$ni moze by¢ tez pomocna do diagnostyki choroby zwigzanej z
utrudnionym przeptywem krwi przez te¢tnice biodrowa, czestej u kolarzy (van Hooff i in.,
2022). Stosowanie oksymetrow wraz z pomiarami wskaznikow oddechowych, EKG, EMG
itp. moze da¢ pelniejszy obraz zmian zachodzacych w trakcie wysitku fizycznego,

szczegolnie u 0s6b z chorobami uktadu krazenia (Hamaokai McCully, 2019).

Najnowsze prace wykazuja dobra przydatno$s¢ pomiar6w NIRS/fNIRS do oceny
funkcjonowania mézgu u zawodnikéw roznych dyscyplin sportowych (Perrey, 2022a).
Aktywnos$¢ mozgu okreslana przy pomocy $wiatla podczerwieni moze by¢ wykorzystywana
jako wskaznik obcigzenia wewnetrznego oceniajacego zmeczenie i stres (Herold i in., 2020)
oraz wyznacznik czasu przerw podczas aktywnosci fizycznej (Tiberini i in., 2021). Pomiary
tego typu moga by¢ uzyteczne u oséb poddawanych duzym przecigzeniom, miarg ktorych
jest nawet wielokrotno$¢ przyspieszenia ziemskiego (Formuta 1, piloci akrobacji lotniczey).
Pomiary NIRS pomocne sg takze w dyscyplinach gdzie istnige wysokie ryzyko
wstrza$nienia mozgu (boks, snowboard, rugby) lub w warunkach hipoksji (narciarstwo
wysokogorskie, sporty zimowe) (Champigneullei in., 2022; Churchill i in., 2017; Tiberini i
in., 2021). Regularny wysitek sportowy zwigksza wprawdzie aktywnos$¢ mozgu (Perrey,
2013), jednak coraz popularniejsze dlugotrwate wysitki (ironman, ultramaraton) i
towarzyszgce im czesto przetrenowanie, mogg wptywac negatywnie na funkcjonowanie

moézgu (Blaini in., 2019), co potwierdza zasadno$¢ prowadzenia tego typu badan.

Duzg zaletg stanowi mozliwos¢ pomiaréw SmO, w warunkach naturalnych np. na

wodzie u kajakarzy i wioslarzy czy tez torze tyzwiarskim lub natrasie biegowsej i kolarskie
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(Borgesi Driller, 2016; Hesford i in., 2013; Paquette i in., 2020; Spencer i in., 2012). Daje
to mozliwos$ci oceny odpowiedzi organizmu zawodnika na stosowany wysilek startowy. Z
kolel analiza zapisu utlenowania migéni podczas wysitkow stopniowanych moze by¢

pomocna przy ustalaniu stref intensywno$ci wysitku w obcigzeniach treningowych (Cayot i

in., 2021; Feldmann A. i in., 2022; Keir i in., 2022; Rodrigo-Carranzai in., 2021).

Badacze wskazuja na potrzebe dalszego rozwoju technologii NIRS, w tym takze
zaprojektowania odziezy sportowej wyposazonej w zminiaturyzowane oksymetry zasilane
promieniowaniem stonecznym, ktore tworzytlyby mape¢ utlenowania réznych migsni w
trakcie wysitku. To mogtoby ulatwi¢ ocene aktywnos$ci pracujacych migsni lub analize
ekonomii wykonywanego wysitku w trakcie treningéw (Hamaoka i in., 2011; Hamaoka i
McCully, 2019; Perrey i Ferrari, 2018).

Kolgnym aspektem jest wykorzystanie technologii NIRS w warunkach hipoksji
(Perrey i in., 2024). Hipokga to stan, w ktorym utlenowanie organizmu lub wybranych
tkanek jest niedostateczne. Jedng z naturalnych przyczyn niedotlenieniajest przebywanie na
duzych wysokosciach, gdzie ci$nienie atmosferyczne jest nizsze i obniza si¢ ci$nienie
parcjalne tlenu we krwi (hipoksja hipobaryczna). Stan hipoksji mozna réwniez uzyskac
poprzez obnizenie zawartosci tlenu w powietrzu, co rOwniez obniza ci$nienie parcjalne tlenu
we krwi, przy zachowaniu ci$nienia atmosferycznego (hipoksanormobaryczna) (Duci in.,
2011; Faiss i in., 2014). Strefy treningowe okreslane czgsto na podstawie HR i LA w
laboratorium w normoksji, czesto muszg uwzglednia¢ korekte wartosci tych wskaznikow
dostosowujac ich odpowiedz do warunkow wysokogorskich. Wprawdzie w piSmiennictwie
dostgpne sa prace dotyczace kinetyki zmian SmO> w zmiennych warunkach
wysokosciowych (Bourdillon i in., 2009; Horiuchi i in., 2022; Rodriguez i in., 2019; Rupp i
in., 2019), lecz zaledwie kilka porownuje utlenowanie miesni podczas wysitku w normoksji
1 hipoksji. Co ciekawe, autorzy tych badan sugerowali podobng reakcj¢ utlenowania migsni
na wysitki interwatowe 1 o wzrastajacej intensywnos$ci, niezaleznie od wysoko$ci nad
poziom morza (Albertus-Camara i in., 2024; Solsona i in., 2022; Subudhi i in., 2007).
Sugeruje to, ze pomiary utlenowania mig¢$ni moga by¢ stabilnym wskaznikiem
wykorzystywanym do optymalizacji treningu w rdéznych warunkach wysokosciowych.
Naturalna hipoksja jest czgsto wykorzystywana jako skuteczny czynnik wpltywajacy na
poprawe wydolnosci fizycznej w roznych dyscyplinach sportowych, szczegdlnie 0

charakterze wytrzymatosciowym. Jednak istotna jest tutg) ocena czasu uzyskania peinej
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aklimatyzacji do okreslonej wysokosci, co powoduje trudnos¢ w realizacji treningu w

pierwszych dniach pobytu na wysokosci.

1.4. Uzasadnienie prowadzonych badan

W ostatnich latach podejmowano proby wyznaczenia progu beztlenowego w sposob
nieinwazyjny, wykorzystujac m.in. wskaznik SmO» (Cayot i in., 2021; Driller i in., 2016;
Farzam i in., 2018; McMorries i in., 2019; Raeigh i in., 2018; G. Xu i in., 2011).
Potwierdzono wysoka zgodno$¢é pomiedzy wyznaczonym SmOpar progiem (ang. muscle
oxygenation breakpoint) a progiem wyznaczonym w oparciu o st¢zenie mleczanu we krwi
w badaniach biegaczy dlugodystansowych i triathlonistow (Snyder i Parmenter, 2009),
kolarzy (Drilleri in., 2016) i biegaczy (Borni in., 2017).

Wykazano wysoka zgodno$¢ wartoSci progu beztlenowego wyznaczonego z
pomiarow SmO2 i LA u o0sob trenujacych rekreacyjnie, przy niskich obcigzeniach
wysitkowych, bedacych czesto ponizej wartosci progowych u sportowcoéw (McMorriesi in.,
2019). Roéznice w wielkosci progu w wymienionych grupach uzasadniaja potrzebg
oszacowania 1 porOwnania intensywnosci progowej roéwniez na podstawie zmian
utlenowania pracujgcych mig$ni w grupie wysoko wytrenowanych sportowcow i 0sob

nietrenujacych (studentow).

Podkreslenia wymaga fakt, ze algorytmy wyznaczania progu beztlenowego w
oparciu o przebieg zmian SmOz czesto sg ztozone (McManusi in., 2018), lub nie sg w ogodle
ujawniane przez producentow urzadzen NIRS (Farzam i in., 2018). Z uwagi na tatwosc¢
wyznaczenia 1 praktyczng przydatnos¢ progow beztlenowych wyznaczanych w oparciu o
stezenie mleczanu we krwi (Jamnick i in., 2018; Sandersi in., 2020), w pracy wtasnej uznano
za celowe zastosowanie tef metody dla wyznaczenia progu beztlenowego dla utlenowania
miegs$ni (SmO2aT). Analogicznie wyznacza si¢ np. wartosci progowe HR (HRaT) na potrzeby
treningu wytrzymatosci. W dostepnym pismiennictwie nie napotkano prac podejmujacych
tematyke porownania SmOzat W reprezentatywnych grupach wysoko wytrenowanych
sportowcow 1 zdrowych, nietrenujacych osob. Porownanie wynikoéw tak roznych grup
umozliwi zobrazowanie roznic w odpowiedzi wysitkowej SmOzat w zaleznosci od poziomu
wytrenowania. Ponadto w pismiennictwie poswigconym wykorzystaniu technologii NIRS
niewiele jest prac prowadzonych z udziatem elity zawodnikow z réznych dyscyplin
sportowych 1 podejmujacych tematyke roznic mig¢dzyptciowych. To sprawilo, ze w

badaniach wiasnych za szczeg6lnie warto§ciowe uznano udzial wybitnych sportowcow z
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réznych dyscyplin sportowych. Wyniki uzyskiwane u najlepszych zawodnikow moga
stanowi¢ istotny punkt odniesienia dla trenerow jak i dostarczy¢ cennych informacji dla

badaczy.

W praktyce treningowej w oparciu o wskazniki z testu wysitkowego o stopniowanym
obcigzeniu czgsto Wyznacza si¢ strefy intensywnosci treningowej, ktore sg szczegdlnie
przydatne w ocenie intensywno$ci wysitku i doborze obcigzen wysitkowych (Crum i in.,
2017; Feldmanni in., 2022; Perrey, 2022b; Raleigh i in., 2018; Vasguez-Bonillai in., 2022;
Wang i in., 2012). W treningu wytrzymatoSci stosuje si¢ na przyktad submaksymalne
obcigzenia o stalej intensywnosci, weryfikowane czgsto przez kryteria uzyskania stanu
maksymalnej rownowagi mleczanowegj (ang. maximal lactate steady state, MLSS). Z
praktycznego punktu widzenia dla trenerow i zawodnikow, istotnym jest zatem czy
mig$niowe monitory tlenu (ang. muscle oxygen monitor) wykorzystujace NIRS umozliwiaja
skuteczny i precyzyjny dobdér obcigzenia wysitkowego dla intensywnego treningu
tlenowego zblizonego do MLSS. Z dotychczasowych badan wynika, ze mozliwe jest
doktadne okreslenie stanu MLSS u zdrowych 0sob na podstawie pomiaru NIRS (Keir i in.,
2015). Z kolei Snyder i Parmenter (2009) wykazali, ze prog beztlenowy (SmOoar)
umozliwia poprawne wyznaczenie predkosci biegu dla 30 min wysitku na poziomie MLSS.
Ponadto w praktyce treningowej wioslarzy obcigzenie na poziomie MLSS stanowi jedno z
podstawowych kryteriow doboru intensywnosci do treningu wytrzymatosci, dlatego za
celowe uznano probg weryfikacji MLSS za pomocg pomiaréw SmO2i THb w tej dyscyplinie
sportu.

W dyscyplinach wytrzymatosciowych powszechnie wykorzystywany jest trening
wysokogorski. Dobor obcigzen treningowych, szczegdlnie w poczatkowej fazie adaptacji do
zmiennych warunkow wysokos$ciowych jest utrudniony ze wzgledu na zrdznicowang
reakcje uktadu krazenia (HR) oraz LA. Wykazano, ze SmO2 podczas krétkotrwatych
sprintow w réoznych warunkach hipoksji normobarycznej pozostawato stabilne i in., 2022,
Solsona i in., 2022), nie ma natomiast badan porownujacych odpowiedz SmO> podczas
dhuzszych wysitkow. Monitorowanie intensywno$ci wysitku w oparciu o HR bywa w tym
okresie mato precyzyjne, ze wzgledu na podwyzszong odpowiedz podczas wysitkow
submaksymalnych. Podobne ograniczenia dotycza interpretacji LA (Lasshofer i in., 2021).
Ciekawe zatem wydaje si¢ uzyskanie odpowiedzi na pytanie czy tzw. monitory tlenu mogg
stanowic ,,ztoty standard” w doborze intensywnos$ci wysitku na wysokosci, co wptyne¢to na

podjecie badan wlasnych porownujacych reakcje fizjologiczng organizmu (SmO2, LA i HR)
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w warunkach normoksji i hipoksji normobaryczng. W zwigzku z tym podjeto probe oceny
zasadno$ci przeniesienia wyznaczonych stref treningowych w warunkach normokgi, na

warunki hipoksji, co jest istotnym zagadnieniem z punktu widzenia praktyki treningowsy.

Wyzej opisane rosngce zainteresowanie technologia NIRS w badaniach z zakresu
fizjologii wysitku fizycznego uzasadnia potrzebe prowadzenia dalszych badan z
wykorzystaniem nieinwazyjnych pomiardw utlenowania migsni. Szczegdlnie istotne wydaje
si¢ podjecie tego tematu u wysoko wytrenowanych zawodnikow, gdzie precyzyjne

dozowanie obcigzenia wysitkowego stanowi 0 efektywnosci treningu.
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2. Cdl pracy i pytania badawcze

W publikacjach wtasnych zaprezentowanych w koncepcji rozprawy doktorskie,
podjeto probe poszerzenia obecnego stanu wiedzy z zakresu metabolizmu wysitkowego i
wykorzystania tej wiedzy w praktyce treningowej u wysoko wytrenowanych zawodnikow

réznych dyscyplin sportowych oraz 0sob nietrenujacych.

Celem glownym badan byla ocena uzytecznos$ci pomiardw utlenowania miesni
(SmO2) do okreslania fizjologicznej odpowiedzi organizmu wysoko wytrenowanych
zawodnikow 1 o0sob nietrenujagcych na wysitki testowe. Ocenie poddana zostata
deoksygenacja mig$ni (wysitkowe obnizenie SmO2), reoksygenacja migsni (tempo restytucji
SmO2) w wysitkach submaksymalnych, maksymalnych i supramaksymanych oraz
wysitkowe zmiany calkowitej hemoglobiny (THb) w wysitku submaksymalnym (MLSS).
Ponadto zweryfikowano mozliwosci przenoszenia wyznaczonych stref intensywnosci

wysitku pomigdzy warunkami normoksji 1 hipoksji w oparciu 0 SmOo.
Pytania badawcze

1. Jaka jest uzyteczno$¢ pomiardw utlenowania migsni (SmO2 i catkowitej
hemoglobiny THb) w ocenie reakcji fizjologicznych na submaksymalne wysitki o
statej intensywnos$ci? (Publikacja 1)

2. Czy i jakie zaleznosci wystepuja pomiedzy utlenowaniem miesni a wynikami
osigganymi w te$cie wydolnos$ci beztlenowej Wingate? (Publikacja 2)

3. Czy zachodza roznice w deoksygenacji i reoksygenacji migsni w odpowiedzi
wysitkowej na test o stopniowanej intensywnosci w zaleznosci od ptci (Publikacja 2)
I poziomu wytrenowania? (Publikacja 3)

4. Czy i jakie zaleznoSci wystepuja pomigedzy SmO. a pozostalymi wskaznikami
wysitkowymi w tescie o stopniowanej intensywnosci? (Publikacja2 i 3)

5. Jaka jest praktyczna przydatnos¢ wyznaczonych wartosci progowych utlenowania
mies$ni? (Publikacja3i 4)

6. Czy intensywnos$¢ wysitkku u zawodnikow narciarstwa wysokogorskiego,
wyznaczona w oparciu 0 SmO, w warunkach normoksji jest uzyteczna w doborze
tlenowych obcigzen treningowych (odpowiadajacych MLSS) w warunkach hipoksji

normobarycznej? (Publikacja 4)
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7. Czy szacowanie stezenia mleczanu we krwi podczas stopniowanych wysitkow w
oparciu 0 nieinwazyjne pomiary utlenowania migsni wykazuje dostateczng

przydatno$¢ dla praktyki treningowej? (Dane niepublikowane)
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3. Material i metody badan

3.1. Charakterystyka badanych grup

Badania przeprowadzono po uzyskaniu zgody Komisji Etyki Badan Naukowych
Instytutu Sportu — Panstwowego Instytutu Badawczego (nr. KEBN-22-71-KR i KEBN-24-
97-KR). Badaniami obje¢to tacznie 79 osob (26 kobiet i 56 me¢zczyzn) 0 zréznicowanym
stopniu wytrenowania (publikacje 1-4). W badaniach uczestniczyly zawodniczki i
zawodnicy w kategoriach od juniora do seniora, reprezentujacy rézne dyscypliny sportowe,
zardwno o charakterze wytrzymatosciowym (wio$larstwo, tyzwiarstwo szybkie, narciarstwo
wysokogorskie), jak 1 szybko$ciowym (tyzwiarstwo short-track), a takze zdrowi,
nietrenujacy studenci AWF. Wsérod badanych liczng grupe stanowili czolowi sportowcy
(elita) z wymienionych dyscyplin sportowych, nalezacy do Kadry Narodowej Polski. Przed
przystapieniem do badan kazdy uczestnik zostat poinformowany o celach i metodach badan,
wyrazit pisemng zgod¢ na udziat w nich oraz zostal dopuszczony do wykonywania

maksymalnego wysitku przez lekarza.

Podczas badan temperatura otoczenia wahata si¢ od 18 do 22°C. Wszyscy uczestnicy
wykonywali testy wysitkowe o statej porze dnia, migdzy godzing 10.00 a 16.00. Badanych
poinformowano, aby nie wykonywali intensywnych treningdéw w dniu poprzedzajacym

badanie, a ostatni positek spozyli co ngimnig 2 godziny przed testem wysitkowym.

3.2. Metody badan
3.2.1. Rodzaje testow wysitkowych

W badaniach wykorzystano nastepujace testy wysitkowe:

e 0 statej, submaksymalngj intensywnosci, tzw. test stanu maksymalnej rownowagi
mleczanowej (MLSS) na ergometrze wioslarskim i biezni mechanicznej,

e 0 stopniowanej intensywnosci na ergometrze wioslarskim, rowerowym lub biezni
mechaniczne, maksymalny, wykonywany do odmowy,

e Wingate, supramaksymalny test wydolnosci beztlenowej na konczyny dolne
(WANT, ang. Wingate Anaerobic Test).

W zalezno$ci od rodzaju testu, wykonano pomiary: wymiany gazowe (wentylacji
minutowe ptuc, poboru tlenu i wydalania dwutlenku wegla), utlenowania migsni (SmQO»),
catkowitej hemoglobiny (THD) i czestosci skurczow serca (HR) oraz oznaczenia st¢zenia

mleczanu we krwi (LA).
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Test submaksymalny o stalej intensywnosci (ML SS)

Czotowka wioslarzy wykonata submaksymalny test na ergometrze wioslarskim typu
Concept 2 (Morrisville, USA) ze statg moca i indywidualnym, stalym tempem wiostowania,
opisany przez Klusiewicza (2005). Wysitek ten zostal podzielony na trzy odcinki 10
minutowe (tacznie 30 minut), po ktorych nastepowata 1 minutowa przerwa napobranie krwi
wlosniczkowej. Test poprzedzony byt 5minutowa rozgrzewka z intensywnoscia
odpowiadajacg HR 130 sk/min. Przerwa mi¢dzy rozgrzewka a zasadniczym obcigzeniem
wysitkowym wynosita 2 minuty. Jako obcigzenie wysitkowe MLSS przyjeto moc
odpowiadajaca 84+1% progu beztlenowego (AT4) (Publikacjanr 1).

Narciarze wysokogorscy wykonali takze submaksymalny test MLSS, lecz na biezni
mechaniczng (HP Cosmos Sports & Medica GmbH, Nussdorf-Traunstein, Niemcy).
Kazdemu z zawodnikéw wyznaczono na podstawie stopniowanego testu maksymalnego na
biezni mechanicznej indywidualne, progowe utlenowania migsni (SmO2) w normoksji.
Nastgpnie w warunkach hipoksji (3000 m n.p.m.) dobierana byta predkosc¢ i kat nachylenia
biezni podczas testu MLSS, tak aby intensywno$¢ wysitku wynosita 90-105% SmO: z progu
ANT z normoksji (Publikacjanr 4).

MLSS zdefiniowano za Heckiem i in. (1985), jako najwyzsze st¢zenie mleczanu we
krwi, ktore nie wzrasta powyzej 1,0 mmol/l, w czasie ostatnich 20 minut wysitku o statej
mocy. Opisany test jest czesto realizowany w praktyce treningowej przez polskich
zawodnikow na roéznych stopniach zaawansowania sportowego jako obciazenie
odpowiadajace intensywnemu treningowi tlenowemu w sStanie wzglednej réwnowagi

miedzy produkcja a utylizacjg mleczanu we Krwi.
Testy maksymalne o stopniowanej intensywnosci

Wioslarze wykonali test wysitkowy na ergometrze wioslarskim typu Concept 2
(Morrisville, USA) w wersji ,,do odmowy”. Test ten jest rutynowo stosowany przez polskich
wioslarzy i polega na wykonaniu stopniowanych obcigzen 0 czasie trwania 3 minut
przedzielonych 30 sekundowg przerwa na pobranie krwi wlosniczkowej (Klusiewicz i in.,
2014) (Publikacjanr 1).

W badaniach tyzwiarek i tyzwiarzy szybkich oraz studentéw AWF zastosowano test
stopniowany 0 wzrastajacej intensywnosci (ang. graded exercise test, GXT) bez przerw

wypoczynkowych, wykonywany do odmowy na cykloergometrze Cyclus2 (RBM
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elektronik-automation GmbH, Niemcy). Test rozpoczynano od mocy wynoszacej 30—70 W
I w kolginych 3 minutowych wysitkach obcigzenie zwigkszano o 30-50 W. Wielkos¢
poczatkowego obcigzenia oraz przyrost mocy byty indywidualnie dostosowywane do pici,
masy ciata oraz poziomu wytrenowania uczestnikéw, tak aby uzyska¢ mozliwie zblizony
calkowity czas trwania proby dla wszystkich badanych (okoto 17-18 minut). Badani zostali
poinstruowani, aby kontynuowa¢ wysilek do momentu calkowitego wyczerpania,
definiowanego jako niemozno$¢ utrzymania wymaganej mocy pomimo werbalnej
motywacji. Po zakonczeniu testu uczestnicy wykonywali przez 3 minuty wysitek o niskiej
intensywnosci (0,5 W/kg masy ciata) w ramach aktywnego schtodzenia. Celem tej fazy byto
stopniowe obnizenie obcigzenia ukladu sercowo-naczyniowego oraz zapobieganie

wystapieniu reakcji ortostatycznej (Publikacja nr 3).

U narciarzy wysokogorskich wykonano test stopniowany o wzrastajacej
intensywnosci na biezni mechanicznej HP Cosmos Saturn (HP cosmos sports & medical
GmbH, Nussdorf-Traunstein, Niemcy) w warunkach normoksji (87 m n.p.m., FiO; =
20,8%). Kazdy etap trwat 4 minuty, przedzielony 1 minutowa przerwa na pobranie krwi
wlosniczkowe;j. Predkos¢ poczatkowa byta dobrana indywidualnie dla kazdego zawodnika
(8-10 km/h) i wzrastata co 2 km/h, ze stalym nachyleniem kata biezni (1,5%) (Publikacja4).

Opisane testy stopniowane umozliwity pomiar VOxmax, a takze wyznaczenie progu
tlenowego dla stezenia mleczanu we krwi 2 mmol/l (AT2) oraz beztlenowego dla stezenia
mleczanu 4 mmol/l (AT4) i progow indywiduanych: zmodyfikowany Dmax (mDmax) i

prog mleczanowy (LT).
Test supramaksymalny wydolnosci beztlenowej

W badaniach tyzwiarzy szybkich zastosowano test Wingate na cykloergometrze
Monark 874E (Monark Exercise AB, Szwecja), ktory poprzedzata standardowa 5 minutowa
rozgrzewka. Przerwa migdzy testem a rozgrzewka wynosita minimum 2 minuty
wypoczynku, po ktorej tyzwiarki i tyzwiarze szybcy wykonywali 30 sekundowy wysitek na
cykloergometrze z obcigzeniem dobranym indywidualnie do masy ciata (7,5% masy ciata).
Zadaniem badanych byto uzyskanie po komendzie ,,START” jak najwigkszej czgstosci
pedatowania i utrzymywanie jej do konca testu. Za pomoca sprzgzonego z cykloergometrem
programu komputerowego (MCE 5.1 — JBA Z. Staniak) wyliczone zostaly podstawowe
parametry mechaniczne wysitku, tj. wykonana praca i uzyskana moc maksymalna

(Obminski i in., 2016) (Publikacjanr 2).
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3.2.2. Pomiary wykonywane podczas badan

Pomiary antropometryczne

Wysokos$¢ ciata zostata zmierzona za pomoca antropometru. Masa ciata i komponenty
ciata badanych (zawartos¢ tkanki thuszczowej i bezttuszczowej masy ciata) zostaty okre§lone
metodg elektrycznej bioimpedancji (BIA) przy uzyciu analizatora model BC-420 MA firmy
Tanita (Japonia).

Pomiary wymiany gazowej

Podczas stopniowanych, maksymalnych, testow wysitkowych w sposob ciagly
rejestrowane byly wskazniki wymiany gazowej (wentylacja minutowa ptuc, pobor tlenu i
wydalanie dwutlenku wegla) metoda oddech za oddech (BxB) ergospirometrem MetaMax
3B lub MataLyzer 3B firmy Cortex (Cortex Biophysk GmbH, Niemcy) oraz czestosé¢
skurczow serca (HR). Wczesniejsze badania (Macfarlane i Wong, 2012) potwierdzity, ze
Zastosowany system pomiarowy jest niezawodny i doktadny w zakresie pomiaru poboru
tlenu. Przed kazdym testem wykonano kalibracj¢ przeptywu za pomoca 3-litrowel pompy
(5530 series, Hans Rudolph, Inc., MO, USA) oraz jednopunktowa kalibracj¢ gazowa
wzgledem powietrza atmosferycznego. Okresowo, zgodnie z zaleceniem producenta
urzadzenia wykonywano takze dwupunktowa kalibracj¢ mieszanka gazowa o znanym

sktadzie (15% O2, 5% COz, reszta N>).

Maksymalny pobor tlenu (putap tlenowy, VO.max) zdefiniowano jako najwyzsza
$rednig warto$¢ poboru tlenu uzyskang w 30-sekundowym przedzial e pomiarowym podczas
testu wysitkowego. Jako kryteria osiggniecia VO2max przyjeto: plateau VO2 pomimo
wzrostu obcigzenia, stezenie mleczanu we krwi po wysitku >8 mmol/l, wskaznik wymiany
gazoweg (RER) >1,1 oraz osiggni¢cie skorygowanej wiekowo maksymalnej czestosci
skurczéw serca wyrazonej wzorem: HRmax = 220 - wiek zawodnika. Jezeli podczas testu
spelnione zostaly co najmniej dwa z powyzszych kryteridw, osiagniety wysitek i pobor tlenu

uznano za maksymalne.

Oznaczenia st¢zenia mleczanu we krwi (LA) i pomiary czestosci skurczow serca

(HR)

W zastosowanych testach, zaleznie od rodzaju wysitku, pobierano krew z ptatka ucha
lub opuszki palca w spoczynku, bezposrednio po kazdym wysitku oraz w 3 minucie po

zakonczeniu testu W celu oznaczenia st¢zenia mleczanu (LA) aparatem Super GL 2 (Dr
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Miiller, Niemcy). Czestos¢ skurczow serca rejestrovano w sposob ciagly w tescie
submaksymalnym i testach maksymalnych przy uzyciu sytemu Cortex wykorzystujacego
nadajniki Polar Electro Oy, Finlandia

Pomiary utlenowania mi¢sni (SmQ2) i calkowitej hemoglobiny (THb)

Podczas testow wysitkowych Monitory NIRS (Moxy monitors; Fortiori Design LLC,
Hutchinson, MN, USA) umieszczano na aktywnym mig¢$niu, to jest na bocznej czesci
brzusca mig$nia obszernego bocznego, Fotografia 1. (10-15 cm powyzej proksymalnej
granicy rzepki). Monitory zostaly ustabilizowane i zabezpieczone samoprzylepnym
plastrem po wczesniejszym usuni¢ciu owlosienia i odtluszczeniu skoéry. Dodatkowo u
studentow przeprowadzono pomiar grubosci faldu skorno-thuszczowego w migscu, w
ktorym umieszczono monitor Moxy. Tego pomiaru nie wykonywano u tyzwiarzy szybkich,
poniewaz warto$ci wskaznika BMI (kobiety 21,3£1,0 i mezczyzni 22,3+1,2 kg/m?) byty w
zakresie przyjetych norm.

Fotografia 1. Sposob stabilizacji monitora Moxy na mig$niu obszernym bocznym.

Monitor Moxy jest monitorem spektroskopii w bliskigg podczerwieni (NIRS).
Wykorzystuje nowy typ algorytmu opartego na modelowaniu metoda Monte Carlo,
uwzgledniajacy wpltyw nieznanej grubosci tkanki thuszczowej. System wykorzystuje cztery
dhugosci fal: 680, 720, 760 i 800 nm, oraz dwa odstgpy migdzy emiterami a detektorem: 12,5
I 25 mm. Podczas spoczynku, wysitku jak i restytucji rgestrowano utlenowanie migs$nia

(SmOy) i catkowitg hemoglobing (THb). Pomiary utlenowania migs$nia z 2 sekundowych
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interwatow byly wyswietlane ,,on-line”” na ekranie komputera, smartfonaczy tez rejestratora
HR (zegarek Garmin).
Nasycenie tlenem odnosi si¢ do procentowej zawartosci hemoglobiny i mioglobiny,

ktore zawierajg tlen, co opisuje nastepujacy wzor:

SMO2 (%) = Utlenowana hemoglobina + mioglobina 100
moz (%) = Catkowita hemoglobina + moglobina x

Drugi wskaznik THb jest wskaznikiem lokalnej objetosci krwi (Ferrari i in., 2011).
Dane SmO: do dalszych analiz byty usredniane z pomiaréw dokonywanych co 2 sekundy
wyrazone w skali od 0 do 100%. Obliczono réwniez réznice (A) SmO2 pomiedzy
wartosciami spoczynkowymi a wysitkowymi. U kazdej z badanych osdb za minimalny i
maksymalny SmO: przyjeto za Paquette i in. (2019) najnizsze i najwyzsze 5 sekundowe
warto$ci $rednie osiggane w catym badaniu.

Wysitkowe wartosci SmO- zostaty okreslone jako deoksygenacja. Przyktadowy zapis
utlenowania mig$nia obszernego bocznego wraz z procedurg wyznaczania czasu powrotu do
50% maksymalnej warto$ci utlenowania mig¢$nia podczas restytucji (ang. half recovery time,
tempo reoksygenacji, HRT) po tescie wysitkowym o stopniowanej intensywnosci
przedstawiono na Rycinie 1. Bezposrednio po testach wysitkowych zastosowano aktywny
wypoczynek ,,cool down” (lekki wysitek z obcigzeniem 0,5 W/kg wykonywany przez 3
minuty po zakonczeniu testu), ktorego celem bylo unikniecie szoku ortostatycznego. W
spoczynku pomiary byty wykonywane w pozycji siedzacej, przy stalym ustawieniu konczyn
dolnych.
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Rycina 1. Metoda wyznaczania czasu niezb¢dnego do powrotu do 50% maksymalnej
wartos$ci utlenowania migsnia podczas restytucji (HTR) po teScie o stopniowanej intensywnosci u
jednego z badanych studentow, wedtug metody Nagasawy (2013).

Ocena odczucia ciezkosci wysitku

Skala RPE Borga (1982) (ang. ratings of perceived exertion) stosowana do oceny
postrzegania cigzkos$ci wysitku postuzyta do oceny intensywnosci ¢wiczen w tescie MLSS
u wioslarzy. Skalatasktada si¢ z ocen od 6 do 20 i byta wezes$niej wykorzystywana m.in. w
badaniach wioslarzy (Marriott i Lamb, 1996). Podczastestu byta umieszczonaw widocznym
migjscu, przed badanymi, a oceny dokonywano na 15 sekund przed zakonczeniem kazdego

obcigzenia wysitkowego oraz na zakonczenie badania.

3.3. Statystyczna analiza danych
W pierwszel publikacji sprawdzono normalnos¢ rozktadéw i jednorodno$é wariancji
danych empirycznych wykorzystujac testy Shapiro — Wilkai Bartletta oraz wizualng analize
wykresow. Zostala przeprowadzona jednoczynnikowa analiza wariancji dla powtarzanych
pomiarow dla zmiennych LA, HR, SmO: oraz THb. Przed interpretacja wynikow tej analizy
wykonano dodatkowo test Mauchleya. Jezeli wynik tego testu byt negatywny, wiarygodno$¢
obliczen zweryfikowano za pomocg wieloczynnikowej analizy wariancji (4 Wilksa), ktora

nie jest wrazliwa na naruszenie warunku symetrii potgczonej. W koncowym etapie obliczen
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zastosowano test Tukeya, ktory umozliwit szczegdtows interpretacje¢ istotnych statystycznie
réznic pomigdzy Srednimi wartosciami badanych zmiennych. Wartos¢ efektu (ang. effect
Size) oceniono na podstawie wartoéci czastkowego eta kwadrat (7p%) W nastepujacy sposob:
0.01 < 7p2 < 0.09 — mata wartos$¢ efektu, 0.09 < 7752 < 0.25 — $rednia warto$é¢ efektu, i 77,2 >
0.25 — duza warto$¢ efektu (Cohen, 2013). Oceng subiektywnej cigzkosci wysitku w skali
RPE Borga badano za pomocg analizy wariancji Friedmana.

W kolginych publikacjach oceniono statystyczng istotno$¢ roznic za pomocg testu
Studenta wraz z obliczeniem wielkosci efektu Cohena (d) oraz wspotczynnika korelacji
wewnatrzklasowej (ICC). Odpowiednio dla danych, ktére nie posiadaty rozktadow
normanych zastosowano test U Manna — Whitneya. Sit¢ zwigzkéw pomigdzy zmiennymi
wyznaczono za pomocg testu korelacji rang Spearmana (R) lub wspotczynnikoéw korelacji
Pearsona (r) oraz obliczono warto$ci wspotczynnikéw determinaciji (R?). Wykresy rozrzutu
analizowano pod katem niezaleznos$ci obserwacji, liniowo$ci oraz obecno$ci warto$ci
odstajacych. W celu zobrazowania zgodnosci pomigdzy zmiennymi przedstawiono wykresy
Blanda-Altmana. Przyj¢to poziom istotnosci statystycznej o = 0,05.

Wszystkie analizy statystyczne przeprowadzono z wykorzystaniem pakietow
statystycznych JASP (JASP Team, Amsterdam, Holandia, werga0.17.2) oraz Statistica13.0
(TIBCO Software Inc., Palo Alto, CA, USA).

4. Wyniki badan

Publikacja nr 1: ,,The use of muscle near-infrared spectroscopy to assess the aerobic

training loads of world-class rowers”

Celem badania bylo okreslenie przydatnosci spektroskopii w bliskiej podczerwieni
(NIRS) do oceny intensywno$ci wysitkow tlenowych o stalej intensywnosci, okresowo

wykonywanych w programie szkolenia wioslarzy.

Podczas trwajgcego 30 minut wysitku submaksymalnego (Test MLSS) w interwatach
10 minutowych obserwowano wzrost stezenia LA i HR. Wartoséci tych parametrow w
30 minucie wysitku byly istotnie statystycznie wyzsze niz w 10 minucie wysitku. W
odpowiedzi metabolicznej odnotowano LA wynoszace 2,94+1,11 mmol/l (wyrazone jako
warto$¢ érednia z pomiarow w 10, 20 i 30 minucie), Tabela 1. U wszystkich zawodnikow
wraz z wydluzaniem czasu trwania wysitku SmO2 ulegalo stopniowemu obnizeniu.
Najnizsze, rejestrowane wartosci SmO2 u 5 wioslarzy byly ponizej 10%, podczas gdy u
pozostatych 3 miescity si¢ w przedziale 25-30%, Rycina 2. Zarejestrowane obnizenie SmO2
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wyrazone jako rdznica w stosunku do wartos$ci spoczynkowej (ASmO2) wynosito 51,5+£2,7%

w 10 minuciei 54,4+2,6% w 30 minucie, Tabela 1.

W kolginych minutach 30 minutowego testu wysitkowego obserwowano stopniowy
wzrost subiektywnego odczucia ciezkosci wysitku ocenianego w skali RPE Borga. W 10
minucie wio$larze ocenili wysitek jako wysitek ,,umiarkowany/troche cigzki” (12,7+0,5), w
20 minucie jako wysitek ,troch¢ ciezki” (13,6+£0,8) a w 30 minucie jako ,troche
ciezki/cigzki” (14,1+1,0). Analiza statystyczna nie wykazata jednak istotnych réznic w THb
I W ocenie odczuwane;j ciezkosci wysitku w zaleznosci od kolgjnych, 10 minutowych etapow

testu, Tabela 1.

Tabela 1. Moc srednia, stezenie mleczanu we krwi (LA), czesto$¢ skurczéw serca (HR),
utlenowanie migénia obszernego bocznego (SmOy), catkowita hemoglobina (THb) i subiektywna
ocenawysitku w skali Borga (RPE) zarejestrowane podczas 30 min testu (MLSS) u badanych
wioslarzy (n=8), srednia+SD.

Zmienna/Czas 10 min (SrledniaiSD) 20 min (SrzedniaiSD) 30 min (Sr;dniaiSD)
Moc érednia (W) 320,4+11,7 321,1+11,9 321,5+12,0

LA (mmol/l) 2,33+0,30%° 2,98+0,40%3 3,51+0,4912
HR (sk/min) 158,8+3,223 164,4+3,5%3 169,043,412
SmO; (%) A 14,0+3,13 12,6+3,2° 11,1+£2,8%2
ASmO> (%) B 51,5+2,7° 52,9+3,1° 54,442 62
THb (g/dI) 13,073+0,084 13,068+0,085 13,074+0,082
RPE (6-20) 12,7+0,5 13,6+0,8 14,1+1,0

Indeks gorny w odpowiednim wierszu wskazuje pomiar istotny statystycznie (p < 0,05), A
- wartosci rejestrowane ,,on line” podczas testu, B — roznica w utlenowaniu miesnia
(4 SMO; - wartos¢ spoczynkowa minus wartos¢ wysitkowa).
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Rycina 2. Wartosci utlenowania mig$nia obszernego bocznego (SmQ2) podczas testu 30 min
(MLSS) na ergometrze wioslarskim u badanych wios$larzy (n=8).

Publikacja nr 2: ,,Usefulness of portable device to establish differences in muscle
oxygenation between the Wingate test and graded exercisetest: effect of gender on anaerobic

and aerobic capacity in speed skaters.”

Celem pracy byto poréwnanie utlenowania mie$nia obszernego bocznego (SmOz) u
tyzwiarek i tyzwiarzy szybkich podczas dwoch testow wysitkowych: supramaksymalnego
Wingate (WANT) i o stopniowane] intensywnosci (GXT). Oceniono roéwniez odpowiedz
SmO: na obydwa wysitki testowe w zaleznosci od pici. Ponadto okreslono przydatnosé
pomiarow utlenowania migéni do oceny wydolnosci beztlenowej i tlenowej tyzwiarek i
tyzwiarzy szybkich.

W tescie WANT wykazano istotne statystycznie roznice w zakresie mocy
maksymalnej 1 pracy (wyrazonych w wartosciach bezwzglednych i w przeliczeniu na masg
ciata) w zaleznosci od pici, Tabela 2. Podobniew tescie GXT wykazano istotne statystycznie
roznice w zakresie mocy maksymalnej 1 pulapu tlenowego (wyrazonych w wartos$ciach
bezwzglednych i w przeliczeniu na mase ciala) w zaleznosci od ptci, Tabela 3.

Natomiast podczas obu testow nie zaobserwowano istotnych réznic w utlenowaniu
miegs$nia obszernego bocznego migdzy tyzwiarkami a tyzwiarzami szybkimi, Tabela2i 3, co
potwierdza, ze pte¢ nie byla czynnikiem roznicujacym warto$ci wskaznikdéw utlenowania

migs$nia obszernego bocznego.
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Tabela 2. Wartosci wybranych wskaznikow zarejestrowanych podczas testu Wingate u

badanych tyzwiarek i tyzwiarzy szybkich, srednia+SD.

Zmienna Lyzwiarki (n=13)  Lyzwiarze (n=14) p

Pmax (W) 676+ 55 916 + 100 <0,0001
Pmax (W/KQ) 11,2+ 0,7 12,4+ 0,8 0,0004
Praca (J) 16130 + 925 21768 + 2300 0,0003"
Praca (J/kg) 268 + 15 297 + 15 <0,0001
SmO; spoczynkowe (%) 59,3+ 6,5 61,2+ 6,2 0,4501
SmO2 Minimum (%) 8,6+35 9,7+5,.2 0,5478
SmO2 Maximum (%) 70,3+ 9,6 71,6+ 45 0,6605
A SmO2 (%) 50,7+ 8,1 51,5+7,9 0,7853
SMO2 HTR (s) 243+114 22,7+45 0,6799Y

A SmO; (%) — réznica miedzy SmO- spoczynkowym a minimanym

SmMO, HTR (8) — potowa czasu potrzebna do powrotu SmO> do poziomu spoczynkowego

p — istotna ro6znica statystyczna pomiedzy tyzwiarkami i lyzwiarzami

Y _test U Manna—-Whitney

Tabela 3. Wartosci wybranych wskaznikéw zarejestrowanych podczas testu 0 stopniowane
intensywnosci u badanych tyzwiarek i tyzwiarzy szybkich, srednia+SD.

Zmienna Lyzwiarki (n=13) Lyzwiarze (n=14) p

Pmax (W) 243 + 18 353+ 45 <0,0001
Pmax (W/kg) 4,04+0,33 4,77 +0,43 <0,0001
VOz2max (I/min) 3,18+ 0,26 4,53+ 0,42 <0,0001
VOzmax (ml/kg/min) 52,1+ 4,6 62,0+ 4,8 <0,0001
SmO, spoczynkowe (%) 65,2+ 9,6 64,3+ 7,7 0,7825
SmO2 Minimum (%) 13,4+ 6,8 12,3+ 6,6 0,6917
SmO, Maximum (%) 76,5+ 5,2 76,6 £ 5,7 0,9316
A SmO2 (%) 51,9+ 10,7 52,0+ 11,0 0,5934Y
SMO2 HTR (s) 29,8+ 13,1 226+87 0,0894Y

Prmax — moc maksymalna

A SmO2 (%) — réznica migdzy SmO- spoczynkowym a minimalnym

SmMO; HTR (S) — potowa czasu potrzebna do powrotu SmO2 do poziomu spoczynkowego

p - istotna roznica statystyczna pomiedzy tyzwiarkami i tyzwiarzami

U- test U Manna-Whitney
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Tylko w tescie GXT zaobserwowano istotne statystycznie korelacje migdzy potowa
czasu potrzebng do powrotu SmO. do poziomu spoczynkowego (SmO: HTR) a
maksymalnym poborem tlenu wyrazonym w wartosciach bezwzglednych (r = -0,40, p <
0,05) i wzglednych (r = -0,39, p < 0,05) oraz pikiem mocy w warto$ciach bezwzglednych i
wzglednych (odpowiednio r = - 0,40, r = - 0,49, p < 0,05), Tabela 4. W tescie Wingate

natomiast tempo reoksygenacji nie zalezato od poziomu VOmax i piku mocy, Tabela 4.

Tabela 4. Wartosci wspotczynnikow korelacji Spearmana miedzy maksymalnym poborem
tlenu (V Ozmax) oraz pikiem mocy (Ppeak) z testu o stopniowanej intensywnosci a wybranymi
wskaznikami utlenowania mig$nia obszernego bocznego (SmOy) zarejestrowanymi podczas testu
Wingate i testu GXT u badanych tyzwiarek i tyzwiarzy szybkich (n=27). W nawiasach

przedstawiono przedziat wartosci dla wspotczynnika korelacji.

Zmienna VO2max Ppeak
(I/min) (ml/kg/min) W W/kg
Test Wingate
- 0,05 20,01 0,17 0,19
0 1 1 ) L
SmOz Minimum (%) 45" "034)  (-039-037) (-0,22-052) (-020 - 0,53)
0,08 0,10 0,11 0,07
0 1 L ) L
A SmO2 (%) (-031-045) (-029-046) (-047-028) (-0,44—0,32)
0,18 0,17 0,19 0,33
SmO2 HTR (3) (-021-052) (-052-022) (-053—0.24) (-0,630,06)
Test stopniowany (GXT)
— 20,06 028 0,15 0,06
0 H b ] L
SmOz Minimum (%) 43" 033)  (-060-011) (-0,24—050) (-0,33—0,24)
0,10 0,19 0,03 10,04
0 H L ] L
A SmO2 (%) (-029-046) (-020-053) (-041-035) (-0,41-034)
-0,40"
-0,40* -0,39* ! -0,49*
SmOz HTR () (-0.68—-002) (0,67 -0,01) ('%%82)‘ T (0,73--014)

A SmO3 (%) — réznica miedzy SmO- spoczynkowym a minimanym

SmO; HTR (s) — potowa czasu potrzebna do powrotu SmO; do poziomu spoczynkowego

* -p<0,05
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Nie stwierdzono istotnych korelacji migdzy wskaznikami utlenowania migéni a
wskaznikami zdolnos$ci wysitkowej w tescie Wingate (mocg maksymalna, praca i indeksem
zmgczenia, Tabela 5.

Tabela 5. Wartosci wspotczynnikow korelacji Spearmana pomigdzy wybranymi

wskaznikami zarejestrowanymi podczas testu Wingate u badanych tyzwiarek i tyzwiarzy szybkich
(n=27). W nawiasach przedstawiono przedziat wartosci dla wspotczynnika korelacji.

Zmienna Moc Max Praca Indeks zme¢czenia
(W) (W/kg) J) (J/kg) % W/s

A SmO» 0,05 0,34 0,10 0,31 -0,36 -0,19

o (-0,34 - (-0,05 - (-0,29 - (-0,08 - (-0,65 — (-0,53 -
(%) 0,42) 0,64) 0,46) 0,62) 0,02) 0,20)
SMO, 0,10 0,05 0,06 0,02 0,20 0,02

HTR (9 (-0,29 — (-0,34 - (-0,33 - (-0,36 — (-0,19 — (-0,36 —
0,46) 0,42) 0,43) 0,40) 0,54) 0,40)
SmO: 0,13 0,13 0,17 0,16

. , 0.03 . 002 , ,

Minimum (-0,26 — ' (-0,26 — ! (-0,22 - (-0,23 -

%) 0.49) (0,35-0,41) 0.49) (-0,36 -0,40) 052) 05)

A SmO; (%) — réznica miedzy SmO- spoczynkowym a minimanym

SmO; HTR (s) — potowa czasu potrzebna do powrotu SmO; do poziomu spoczynkowego

Istotne statystycznie roznice dla tyzwiarek i tyzwiarzy szybkich tacznie (n=27)
stwierdzono w spoczynkowych oraz minimalnych wartosciach SmO2 (deoksygenacji), ktore
byty istotnie wyzsze po tescie WANT niz po tescie GTX 1 wynosily odpowiednio 64,7+8,5%
i 12,846,6% oraz 60,2+6,3% oraz 9,2+4,4%. Natomiast roéznica (ASmO2) miedzy
warto$ciami spoczynkowymi jak 1 minimalnymi oraz potowa czasu potrzebna do powrotu
SmO: do poziomu spoczynkowego (SmO2 HTR)nie roznity si¢ istotnie w zalezno$ci od

rodzaju testu wysitkowego zaré6wno, Rycina 3.
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Rycina 3. Utlenowanie mig$nia obszernego bocznego (SmO2): w spoczynku i minimalna
warto$¢ wysitkowa, roznica mi¢dzy spoczynkowa i minimalng wysitkowa wartoscig (A SmO>) oraz
potowa czasu potrzebna do powrotu SmO, do poziomu spoczynkowego (SmO; HTR).

Publikacja nr 3: , Estimation of lactate thresholds for muscle oxygenation in high-
trained speed skaters, and healthy, non-training individuals”

Glownym celem badan byto okreslenie utlenowania mig$ni (metoda spektroskopii w
bliskigy podczerwieni, NIRS) na poziomie progéw mleczanowych (tlenowego i przemian
beztlenowych) u kobiet i mezczyzn: wysoko wytrenowanych tyzwiarek i tyzwiarzy szybkich
oraz zdrowych, nietrenujacych osob studentek i studentow. Ponadto, oceniono w jakim
stopniu utlenowanie mig$ni na poziomie progu beztlenowego oraz po wysitku

maksymalnym jest zalezne od poziomu wytrenowania.

Lyzwiarki 1 tyzwiarze szybcy cechowali si¢ wyzsza wydolnoscig fizyczng w
porownaniu do studentek i studentow, co potwierdzily istotne réznice miedzy grupami w
zakresie mocy maksymalnej na poziomie VOzmax (ang. maximal aerobic power, MAP) i
VOz2max, Tabela6.
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Tabela 6. Maksymalne warto$ci wybranych wskaznikow zarejestrowanych podczas testu o
stopniowanej intensywnos$ci w badanych grupach tyzwiarek i tyzwiarzy szybkich (n=27) oraz

studentek i studentow (n=29), $rednia+SD.

Zmienna Lyzwiarki Studentki Lyzwiarze Studenci
(n=13) (n=13) (n=14) (n=16)

Czastestu (min:s) 16:59 + 1:51 16:51+ 2:10 18:05+ 2:07 | 18:32+2:17
MAP (W) 243 + 18* 169 + 22 353 + 45* 258 £32
MAP (W/kg) 4,04 + 0,33* 2,82+ 0,37 4,77+0,43* | 3,10+0,45
VOz2max (I/min) 3,18 + 0,26* 2,28+ 0,28 453+0,42* | 358+0,54
VOomax (ml/kg/min) 52,1+ 4,6* 38,0+ 3,7 62,0 + 4,8* 42,9+ 6,7
Mleczan (mmol/l) 13,1+1,3* 10,7+ 1,7 13,5+ 2,3* 11,8+ 1,8

MAP — maksymal na moc tlenowa

Mleczan — powysitkowe stezenia mleczanu we krwi

* - roznice istotne statystycznie migdzy tyzwiarkami a studentkami oraz tyzwiarzami a

studentami (p < 0,05)

Wartosci mocy dla progu tlenowego jak i trzech najczesciej stosowanych progow
beztlenowych: AT4, mDmax i LT (W jak i W/kg) byly istotnie wyzsze u tyzwiarek i
tyzwiarzy szybkich w odniesieniu odpowiednio do studentek i studentéw. Procentowe

wartosci utlenowania migs$ni na poziomie wymienionych progéw beztlenowych byly istotnie

nizsze u tyzwiarek szybkich anizeli u studentek. Takich r6znic nie obserwowano w

odniesieniu do progu tlenowego. U tyzwiarzy szybkich i studentow chociaz omawiane wyzej

roznice nie byly istotne statystycznie, to wykazywaty podobny kierunek zmian, Tabela 7.
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Tabela 7. warto$ci wybranych wskaznikow wyznaczonych dla progu tlenowego i progéw

beztlenowych w badanych grupach tyzwiarek i tyzwiarzy szybkich (n=27) oraz studentek 1
studentow (n=29), $rednia+SD.

Zmienna Lyzwiarki Studentki Lyzwiarze Studenci
(n=13) (n=13) (n=14) (n=16)

Pat2 mmoL (W) 122 + 35* 68 £22 201 + 35% 103 £28
Pat2mmoL (W/kg) | 2,00 + 0,64* 1,14+ 0,34 2,72 +£0,57* 1,25+0,43
Pata (W) 183 £21* 114 £19 267 £41* 173 £ 27
Pata (W/kQ) 3,04+ 0,41% 1,90+029 | 3,62+046% | 2,08=0,40
Pmpomax (W) 180 £ 22* 112+ 13 263 £43* 173 £ 22
Promax (W/kg) | 3,00 + 0,45% 1.88+025 | 3,56+044*% | 2,08+0.33
PLT (W) 169 + 21* 105 + 12 253 + 48% 177 + 22
Pt (W/KkQ) 2,82 + 0,44* 1,77 £ 0,29 3,41 +0,48* 2,13+0,29
SMO:2 2mmot (%) 48,8+ 11,2 52,2+13,1 42,5+ 7,7 45,0+ 13,2
SmOaat4 (%) 32,7+11,5% | 452+11,1 28,3+ 8,6 30,5+ 15,5
SMO2mpmax (%) 31,0 £9,2% 443 +£10,3 294+ 6,5 32,5+133
SmOaLt (%) 33,9 +£9,6*% 45,6 +£10,5 30,4+ 7,1 31,8+ 13,1

Pat2 mmoL — prog tlenowy (mleczan = 2 mmol/l)

Pata — prog beztlenowy (mleczan = 4 mmol/l)

Pmbmax — zmodyfikowany prog beztlenowy Dmax

PLt— prog mleczanowy

* -roznice istotne statystycznie miedzy tyzwiarkami a studentkami oraz tyzwiarzami a studentami

(p < 0,05)
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Jedynie tyzwiarki szybkie wykazaty istotnie wigksze spadki utlenowania migéni
(ASmO») dla progow beztlenowych: ATs4, mDmax i LT w pordwnaniu do studentek,
Rycina4. U mezczyzn obserwowano podobne zmiany lecz nie byly one istotne

statystycznie, Rycinab.

Rycina 4. Utlenowanie mig$ni na poziomie progu tlenowego (AT?) i trzech progéw
beztlenowych (AT., mDmax, LT) wyrazonych jako A (SmO- spoczynkowe minus SmO, progowe)
w grupie studentek i tyzwiarek, * - réznica istotna statystycznie (p < 0,05).

Rycina 5. Utlenowanie mig¢$ni na poziomie progu tlenowego (AT>2) i trzech progow
beztlenowych (ATs, mDmax, LT) wyrazonych jako A (SmO- spoczynkowe minus SmO. progowe)
w grupie tyzwiarzy i studentow.
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U tyzwiarek i1 tyzwiarzy szybkich, w poréwnaniu odpowiednio do studentek i
studentow, w GXT obserwowano istotnie wigksze spadki utlenowania mig$ni wyrazone jako
rdéznica pomiedzy poziomem spoczynkowym i minimalnym (A), Rycina 6 i 7. Ponadto u
tyzwiarek w odniesieniu do studentek stwierdzono istotnie nizszg wartos¢ minimalng

utlenowania migs$ni, Rycina 6.

Rycina 6. Utlenowanie mig$ni (SmO>): w spoczynku, wartosci minimalne, a takze rdznica
pomig¢dzy warto$cig spoczynkowg a minimalng (A) oraz maksymalne warto$ci w okresie restytucji
podczas testu o stopniowanej intensywnosci u studentek i tyzwiarek, * - réznica istotna
statystycznie (p < 0,05) miedzy studentkami i tyzwiarkami.



Rycina 7. Utlenowanie mig$ni (SmO2): w spoczynku, wartosci minimalne, réznica pomiedzy
warto$cig spoczynkowa a minimalng (A) oraz maksymalne warto$ci w okresie restytucji podczas
testu o stopniowanej intensywnosci u studentow i tyzwiarzy, * - r6znica istotna statystycznie (p <
0,05) pomiedzy studentami i tyzwiarzami.

Ple¢ nie roznicowata wprawdzie tempa restytucji w odniesieniu do uzyskania potowy
czasu potrzebnego do powrotu SmO. do poziomu spoczynkowego (SmOgzuTr), tO
stwierdzono jednak wyzsze tempo reoksygenacji SmO2 (%/S) u tyzwiarek szybkich w

poréwnaniu do studentek, Rycina8i 9.

Rycina 8. Potowa czasu powrotu utlenowania mie$ni do poziomu spoczynkowego
(SmMOz+Tr) W badanych grupach studentek i tyzwiarek szybkich oraz studentoéw i tyzwiarzy
szybkich.



Rycina 9. Tempo reoksygenacji utlenowania mi¢sni (SmO2) w grupach studentow i
lyzwiarzy, * - rdznica istotna statystycznie (p < 0,05) mi¢dzy studentkami i tyzwiarkami.

Publikacja nr 4: ,, Transferability of exercise intensity based on muscle oxygenation

from normoxiato hypoxiain ski-mountaineering athletes - exploratory study”

Podstawowym zamierzeniem autorow bylo sprawdzenie przydatnosci pomiaréw
utlenowania mig$ni w warunkach réznej dostgpnosci tlenu w praktyce treningowej u wysoko
wytrenowanych zawodnikéw narciarstwa wysokogorskiego. W tym celu w oparciu o
pomiary SmO>, HR i LA podczas GXT w normoksi, w warunkach |aboratoryjnych
okreslono ATs i indywidualne strefy intensywnosci wysitku. Nastepnie dokonano
weryfikacji wyznaczonych wskaznikow podczas testu MLSS w warunkach hipoksji
normobarycznej odwzorowujacej wysokos$¢ ok. 3000 m n.p.m. Zadaniem badanych byto
utrzymywanie takiego samego SmO; jak przy ATs w normoksji. Zamierzeniem bylo
udzielnie odpowiedzi na pytanie: czy SmO jest bardzig stabilnym wskaznikiem

intensywnos$ci wysitku niz HR lub LA, gdy zmienia si¢ wysoko$¢ nad poziomem morza.

Podczas testu MLSS, gdy intensywnos¢ wysitku byla utrzymywana w oparciu o
utlenowanie migsni (SmO2AT4) u 11 z 15 (73%) zawodnikow stezenie mleczanu we krwi
nie wzrosto o wiecej niz 1 mmol/l. Czgstos¢ skurczow serca w hipoksji byta znacznie nizsza
(o 15 sk./min) niz w normoksji, przy tym samym SmQO2, nie wykazano natomiast istotnych
statystycznie roznic W stgzeniach LA. Analiza zgodnosci metod wykazata umiarkowang
zgodnos$¢ pomiaréw stezenia mleczanu (ICC = 0,56; 95% CI: 0,24-0,85) oraz niska do
umiarkowanej zgodnos¢ HR (ICC = 0,40; 95% CI: —0,75-0,80). Zgodnos¢ pomiedzy
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porownywanymi warunkami oceniono réwniez za pomoca wykresow Bland—Altmana,

Rycinal0i 11.

Rycina 10. Wykres Blanda-Altmana przedstawiajacy zgodnos¢ pomigdzy st¢zeniem
mleczanu we krwi (LA) na progu beztlenowym (AT4) w normoksji, a $rednimi warto$ciami
podczas testu ML SS w hipoksji, odpowiadajacymi rownowaznym warto§ciom SmOs..

Rycina 11. Wykres Blanda-Altmana przedstawiajacy zgodno$¢ pomigdzy czgstoscia
skurczéw serca (HR) na progu beztlenowym (AT4) w warunkach normoksji, a srednimi
warto$ciami podczas testu MLSS w warunkach hipoksji, odpowiadajacymi rownowaznym
warto§ciom SmOs-.
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W badaniach wtasnych (dane niepublikowane) wykazano rowniez w grupach kobiet
(tyzwiarki 1 studentki, n=25) i me¢zczyzn (tyzwiarze i studenci, n=30) istotng, dodatnia,
zalezno$¢ migdzy utlenowaniem migsni a st¢zeniem mleczanu we krwi. Nalepig te¢
zalezno$¢ zarowno w przypadku kobiet jak i mezczyzn opisuje regresja wykladnicza.
Analizastezenia LA i ASmO> dla grup kobiet jak i mgzczyzn wykazata stosunkowo niskie
wartosciach wspotczynnika determinacji (R?) dla tych zaleznosci (0,528 u kobiet i 0,597 u

mezczyzn), co wynikato ze znacznego rozrzutu wartoSci tych wskaznikoéw, Rycina 12.

Rycina 12. Zalezno$¢ pomigdzy stgzeniem mleczanu we krwi a utlenowaniem mig$nia
obszernego bocznego wyrazonego jako A (réznica miedzy SmO- spoczynkowym i wysitkowym)
podczas testu o stopniowanej intensywnosci w grupach kobiet n=25 (A) i me¢zczyzn n=30 (B),
uwzgledniono jedynie petne 3 minutowe wysitki.
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5. Dyskuga

Waznym osiggni¢gciem sposrod czterech opublikowanych prac, stanowigcych
podstawe postgpowania 0 nadanie tytutu doktoranauk o kulturze fizycznej, byto wykazanie,
ze u elity wioslarzy senioréw monitory utlenowania migs$ni byly wiarygodnym i przydatnym
narzedziem dla wyznaczania intensywnos$ci treningowej, a szczegOlnie obcigzen na
poziomie stanu MLSS (Publikacja1l). Wartym podkreslenia jest fakt, ze opisang technologie
pomiaréw utlenowania mig$ni za pomocg NIRS cechuje nicinwazyjnos¢ i niskie koszty. W
przytoczonych badaniach wioslarzy wysoka intensywno$¢ treningu tlenowego w wysitku na
ergometrze wioslarskim charakteryzowata si¢ istotnym obnizeniem SO, pomiedzy 10 a 30
minuta wysitku. Wyrazone jako réznica w stosunku do wartosci spoczynkowej (ASmO2)
wynosito od 51,5+2,7% w 10 minucie do 54,4+2,6% w 30 minucie (Tabela 1, Rycina2). W
odroznieniu od przytoczonych badan wio$larzy polskich, Snyder i in. (2009) w 30
minutowym submaksymalnym wysitku na biezni mechanicznej, nie zaobserwowali
istotnego obnizenia SmO2 zaré6wno dla obcigzenia odpowiadajagcego MLSS jak i nieco
powyzej maksymalnej rownowagi mleczanowej. Podobne wartosci ASmO2 do badan
wlasnych wioslarzy zaobserwowano u kanadyjkarzy w warunkach naturalnych (Paquette i
in. 2018). Wskaznik ten (monitor Moxy takze umiejscowiony na migéniu obszernym
bocznym), podczas dwoch kontrolnych przejazdéow na dystansie 200, 500 lub 1000 m na
wodzie wynosit u tych zawodnikow odpowiednio 52+17% i 51+18%. Mniejszg wartos$¢
ASmO2, czyli réznice SMO2 migdzy wartosciami spoczynkowymi a minimalnymi podczas
wysitku, obserwowali wymienieni autorzy u kajakarzy, u ktorych zaangazowanie mig¢$ni
konczyn dolnych podczas wiostowania na podobnych dystansach byto mnigjsze niz u
kanadyjkarzy i ASmO, wynosita odpowiednio 46+26% oraz 43+14%.

Kolgine istotne zagadnienie w badaniach witasnych, stanowita weryfikacja
przydatnosci stezenia catkowitej hemoglobiny we krwi (THD), mierzonego metoda NIRS,
jako wskaznika do oceny reakcji fizjologiczng organizmu na intensywne wysitki
wytrzymatosciowe. Uzyskane wyniki wykazaty mata warto§¢ diagnostyczng wskaznika
THb do oceny odpowiedzi organizmu w tescie MLSS. Wartosci tego wskaznika, w
przeciwienstwie do SmO>, nie uleglty istotnym zmianom w kolginych 10 minutowych
odcinkach wysitku testowego (Tabela 1). Podobnie, brak zaleznosci THb ze zmianami
poboru tlenu i HR stwierdzono podczas testu o stopniowanej intensywnosci (Crum i in.
2017).

48



Pogtebiong analiz¢ stanowila proba odpowiedzi na pytanie czy poziom utlenowania
miesni jest zalezny od stopnia wytrenowania i ptci. Ponadto oceniono utlenowanie migsni w
zalezno$ci od rodzaju testu wysitkowego: supramaksymalnego oraz maksymalnego. W
badaniach wzig¢ta udziat elita tyzwiarek i tyzwiarzy szybkich, specjalizujacych si¢ w
sprinterskich lub dtugich dystansach startowych (Publikacja nr 2). Przeprowadzono ocene
korelacji miedzy SmO> a najistotniejszymi wskaznikami wysitkowymi: mocg maksymalna
i pracg w tescie WANT oraz pikiem mocy i VOmax w tescie GXT (Tabela 4 i 5).
Stwierdzono, ze wskazniki SmO; nie korelowaty istotnie z wielko$cig mocy maksymalne;j
w tescie WANT, co sugeruje ograniczong przydatno$¢ diagnostyczng NIRS w ocenie
zdolnosci do generowania mocy w wysitkach supramaksymalnych. Warto podkresli¢, jak
wynika z badan, ze tego rodzaju pomiary moga mie¢ jednak istotne znaczenie w doborze
wielko$ci obcigzenia treningowego np. w interwatach o wysokiej intensywnosci (Paquette i
in., 2021).

Rowniez VO2max w tescie GXT nie wykazywat istotnych zalezno$ci z utlenowaniem
miesni, CO wskazuje, ze w wysitkach maksymalnych pomiar odpowiedzi wysitkowej catego
organizmu, okreslany przez VO2max, nie byt bezposrednio zwigzany z warto$ciami
wskaznikow utlenowania migsni (SmOz Minimum i A SmO.) mierzonymi lokalnie
(Tabela4).

U tyzwiarek 1 tyzwiarzy szybkich w opisanych powyzej testach wysitkowych
mierzono takze szybko$¢ reoksygenacji, okreslang jako potowa czasu (wyrazanego w
sekundach), jaki jest potrzebny do powrotu utlenowaniamigséni do poziomu spoczynkowego
(SMO2HTR). Po tescie WANT nie stwierdzono zalezno$ci pomiedzy szybkos$cia reoksygenacji
a wielkoscig maksymalnego poboru tlenu wyrazonego w warto$ciach bezwzglednych jak 1
przeliczonych na mase¢ ciata. Z kolei Nagasawa (2013) obserwowal wolniejszg
reoksygenacje SmO2 po tescie WANT u biegaczy dtugodystansowych w poréwnaniu z grupa
sprinteréw 1 grupa kontrolng zdrowych, nietrenujacych osob.

Odmienne wyniki uzyskano w tescie GXT, gdzie czas reoksygenacji migsnia
(SMO2uTR) istotnie, ujemnie korelowat z VO,max oraz z maksymalng mocg tlenowg (Pmax).
Ujemna korelacja wskazuje, ze zawodnicy o wyzszej wydolnosci tlenowej uzyskuja krotszy
czas powrotu utlenowania migsni po zakonczeniu wysitku. Podobnie Ichimurai in. (2006)
wykazali, ze tempo reoksygenacji migsni po tescie rampowym, byto szybsze u zawodnikow
z wyzszym VO2max.

Interesujagcym  zagadnieniem nierozpoznanym dostatecznie, bylo udzielenie

odpowiedzi na pytanie czy w badanych grupach tyzwiarek i tyzwiarzy szybkich wskazniki
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utlenowania migéni zarejestrowane podczas wysitkow o charakterze beztlenowym (w tescie
WANRT) i tlenowym (w tescie GXT) byty zalezne od pici (Tabela2i 3). Nie zaobserwowano
jednak istotnych roéznic miedzyplciowych w zakresie utlenowania mi¢$ni w obu testach,
pomimo istotnie wyzszych wartosci wskaznikoéw wydolnosciowych u mezczyzn.
Prawdopodobnie niezaleznie od pici badanych wraz ze wzrostem wytrenowania poprawie
ulegaja czynniki usprawniajace dostarczenie tlenu do pracujagcych migéni. Istotne znaczenie
przypisuje si¢ w tym przypadku wzrostowi kapilaryzacji miesni i objetos$ci krwi wptywajace)
na pojemno$¢ minutowa serca, a takze objetosci krwinek czerwonych, czy tez catkowite)
masy hemoglobiny (Heinickei in., 2001; Ma czewska-Lenczowskai in., 2013; Steiner i in.,
2019; Zelenkovai in., 2019).

Istotng kontynuacj¢ badan wiasnych stanowila proba okre§lenia czy SmO:2
wyznaczone dla czesto stosowanych progow beztlenowych (opartych o stgzenie mleczanu
we Krwi) moze stanowi¢ nieinwazyjny, przydatny wskaznik do kontroli obcigzen
treningowych (Publikacja nr 3). Powszechnie do wyznaczenia progu beztlenowego
wykorzystuje si¢ stezenia mleczanu we krwi, uznawane za tzw. ,,ztoty standard”. Jednak
szczegolne zalety maja metody wyznaczenia progu beztlenowego nie wymagajace
pobierania krwi. W ostatnich latach, czgsto wykorzystuje si¢ w tym celu wskaznik SmO2 w
oparciu o technologie NIRS (Borgesi Driller, 2016; Cayot i in., 2021; Farzam i in., 2018;
McMorries i in., 2019; Raeigh i in., 2018). Praktyczne wykorzystanie tego wskaznika
wzrasta, co wynika z niskiego koszt pomiaru NIRS za pomocg mobilnej aparatury, ktorg
moze obstugiwac trener lub zawodnik, umozliwiajac ciggle pomiary w czasie rzeczywistym
treningu.

Z przytoczonych powyzej wzgledow podejmowano zaréwno proby oznaczania
progu betlenowego w oparciu 0 przebieg zmian SmO- jak i walidacji tych metod. Na
przyktad Grassi i in. (1999) obserwowali istotng korelacje pomigdzy progiem dla
utlenowania migsni (TSIt) a progiem mleczanowym wyznaczonym dla stezenia mleczanu
we krwi wynoszgcego 4 mmol/l. Podobnie Driller i in. (2016) wskazywali na dopuszczalny
poziom zgodno$ci miedzy TSIt a tradycyjnie wyznaczonymi progami mleczanowymi w
liczng grupie biegaczy i kolarzy o zréznicowanym poziomie wytrenowania. Odmienne
wyniki badan uzyskat Cayot i in. (2021) wykazujac, ze wyznaczone na podstawie SmO>
progi Dmax (ang. maximum distance) jak i mDmax (ang. modified maximum distance) nie
s zalecane do rutynowego szacowania progu beztlenowego na podstawie sygnatu NIRS z
powodu niewystarczajacej test-retest powtarzalnosci. Roéwniez Raleigh i in. (2018) nie

stwierdzili zgodno$ci progu wyznaczonego z pomiaroOw Utlenowania migéni (TSIt) z
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progiem LT. Brak zgodnosci progu TSIt z progiem mleczanowym mozna wigzac¢ z faktem,
ze deoksygenacja mierzona jest na niewielkim obszarze pracujacego migsnia do $ledzenia
odpowiedzi mikrokrazenia podczas wysitku, natomiast wyznaczanie mleczanowych progow
beztlenowych jak 1 wentylacyjnego, odzwierciedlaja catkowita odpowiedz fizjologiczng
organizmu na zadany wysilek. Podczas wysitku na cykloergometrze oprocz migénia
obszernego bocznego (ktorego deoksygenacje mierzono) pracujg tez inne migsnie, ktore
takze wplywajg na wytwarzanie mleczanu.

Przytoczone odmienne wyniki badan nad przydatnoscig progéw wyznaczonych z
pomiaréw utlenowania migsni (TSIt) sktonity do badan witasnych. Jednym z gléwnych
celow tych badan bylo sprawdzenie jakie wartosci SmO2 odpowiadaja czesto stosowanym
progom mleczanowym (progowi tlenowemu, Dmax, mDmax, ATs i LT) u osoéb 0
zroznicowanym poziomie wytrenowania. Podkresli¢ nalezy, ze w dostepnym pismienictwie
dotyczacym tego zagadnienia, prowadzono badania wytacznie wérod oséb wytrenowanych
(Farzam i in., 2018; McMorries i in., 2019; Raleigh i in., 2018) lub u os6b trenujacych
rekreacyjnie (Cayot i in., 2021).

Przyjeto, Ze Wyznaczone w ten sposob progowe wartosci SmO2 moga by¢ pomocne
do fizjologiczng kontroli réznych obcigzen treningowych. Progowe SmO; wyrazano w
wartosciach bezwzglednych (SmO2%) lub jako roéznice miedzy wartoscig spoczynkowa a
wartoscig progowa (ASmO2%) (Ryciny 3-6). Wykazano, Zze na poziomie progu
beztlenowego wigksza warto$¢ diagnostyczng ma utlenowanie migéni wyrazone jako
ASmO2%, niz jako SmOx%. Wynika to z duzego indywidualnego zroéznicowania warto$ci
spoczynkowych SmO», majacego wpltyw na wielkos¢ progowej deoksygenacji. U badanych
o wyzszej wydolnosci fizycznej (tyzwiarki i tyzwiarze szybcy) obserwowano wigksze
obnizenie ASmO2% na poziomie progu beztlenowego niz u studentek i studentow (Tabela
7). Anaogicznie, jak w przypadku progu beztlenowego, po wysitku maksymalnym wigksze
obnizenie ASmO2% stwierdzono u badanych o wyzszej wydolnosci fizycznegy.

Taki sam sposob wyrazania deoksygenacji migsnia (ASmO2%) zastosowat Cayot i
in. (2021) takze wykazujac, ze wigksza zdolnos¢ do deoksygenacji pracujacych miesni w
wysitkach maksymalnych uzyskiwaly osoby trenujace w poréwnaniu do 0sob
nietrenujagcych. Okushima i in. (2016) z kolei dowiedli, ze osoby trenujace, z wyzszym
VO2Peak, charakteryzuje wicksza zdolno$¢ do sprawnego wykorzystania tlenu przez
pracujace migsnie, gdy obserwuje si¢ wigksza deoksygenacje podczas wysitku
maksymalnego w porownaniu do 0séb z nizszym poziomem wydolnosci tlenowej. W innych

badaniach (Paguette i in. 2018) pomiary deoksygenacji rowniez wyrazone jako ASmO>
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potwierdzity, ze sprawno$¢ migsni do ekstrakcji tlenu nawet silnig determinuje zdolnos¢
startowg kajakarzy i kanadyjkarzy sprinter6w anizeli VO2maX.

Kolgine w cyklu badania dotyczyty oceny uzyteczno$ci pomiarow SmO. do
monitorowania odpowiedzi wysitkowej w warunkach sztuczneg hipoksji (Publikacja nr 4).
W tym celu poréwnano odpowiedz wysitkowag SmO> w warunkach w normoksji i
symulowanej hipoksji normobarycznel (ok. 3000 m n.p.m.). Analizowano rézne obcigzenia
wysitkowe, przy statym poziomie SmO> (Rycina10i 11). W warunkach sztucznej hipoksji
kryterium MLSS zostato spelnione u wigkszosci zawodnikéw (73% badanych). Dane te
potwierdzity, ze U czotowych zawodnikoéw narciarstwa wysokogorskiego (ang. ski
mountaineering, SKIMO), pomiary SmO. odzwierciedlajac rownowage metaboliczng na
niewielkim obszarze pracujacego migénia, mogag by¢ pomocnym narzedziem podczas
treningu w warunkach wysokos$ciowych. Dodatkowo nalezy podkresli¢, ze SmO2 bylo w
wigkszym stopniu niezalezne od wysokosci niz HR, ktére czgsto jest stosowane do
monitorowaniatreningu (Hochachkai in., 2002; Koistineni in., 1995). Zazwycza] obserwuje
si¢ wzrost HR w hipoksji jako mechanizm kompensacji, co jest wynikiem nizszej
dostgpnosci tlenu i koniecznosci utrzymania perfuzji tkanek (Engeleni in., 1996).

Podsumowujac, badania wlasne wykazaty, ze biezace wartosci SmO:, ktérych
pomiar jest mozliwy w warunkach terenowych, byty jedynie w niewielkim stopniu zalezne
od wysokosci, podczas gdy HR wykazywalo mnigjsza stabilno$¢ wraz ze wzrostem
wysoko$ci nad poziomem morza (Rycina 101 11). To sprawia, ze SmO2 pomimo ograniczen
zwigzanych z duza indywidualng zmiennoscia moze ulatwi¢ kontrole intensywnosci
wysitku, gdyz uwzglednia osobnicze odpowiedzi zawodnikéw na trening w warunkach
hipoksji. Nasze obserwacje potwierdzity wyniki badan innych autorow (Albertus-Camara i
in., 2024; Rodriguez i in., 2019; Solsonai in., 2022; Subudhi i in., 2007) wykorzystujacych
technologi¢ NIRS, ktorzy rowniez wskazywali, ze SmO2 moze by¢ mniej podatne nazmiany
w warunkach hipokgji niz HR czy LA. Odmienne reakcje podczas wysitku realizowanego z
mocg odpowiadajacg MLSS w réznych symulowanych warunkach wysokosciowych w
ostatnim czasie obserwowali inni autorzy (Beevera i in. 2024). Typowe wskazniki
intensywnosci, takie jak HR, wentylacja czy LA, pozostawaly zblizone, niezaleznie od
poziomu symulowanej wysokosci.

Ostatnim istotnym, praktycznym aspektem podjetym w badaniach wiasnych (dane
niepublikowane) byta ocena doktadnos$ci estymacji stezenia mleczanu we krwi w oparciu o
SmO.. Tak oszacowane stgzenia LA obarczone byly duzym bledem u kobiet i me¢zczyzn, O

potwierdzaty wartosci wskaznika R? zaréwno u kobiet jak i mezczyzn (Rycina 12). Na
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ogblng liczb¢ 174 pomiarow w 22 przypadkach btad estymacji stezenia mleczanu
przekraczal nawet dwukrotnie warto$ci zmierzone, a jedynie 15 przypadkow
charakteryzowat btad ponizej 10%. Byl to czynnik, ktéory uniemozliwit doktadne

oszacowanie stezenia mleczanu we krwi z pomiaréw deoksygenacji.
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6. Wnioski

1. Pomiary utlenowania migéni (SmQO32) stanowia uzyteczne narzedzie W ocenie odpowiedzi
wysitkowe] organizmu na wysitki o stalej intensywnosci. Istotna jest nie tylko biezaca
warto$¢ deoksygenacji mies$ni lecz takze analiza dynamiki zmian SmO:. (przyrostu,
obnizenia lub plateau) w kolginych minutach wysitku w celu weryfikacji zatozonego

obcigzenia treningowego (Publikacja 1).

2. Uzyskane wyniki wykazaty malg wartos¢ diagnostyczng wskaznika THb do oceny

odpowiedzi organizmu w tescie MLSS (Publikacja 1).

3. Uzytecznos¢ pomiaréw deoksygenacji migsni do oceny wydolnosci beztlenowej u
wytrenowanych zawodnikow jest niewielka, co wynika z braku istotnych korelagji
pomigdzy wskaznikami SmO> a wielkoscig mocy maksymalnej i pracy w tescie Wingate
(Publikacja 2).

4. Wielkos¢ deoksygenacji migsni podczas maksymalnego wysitku w tescie GXT nie
wykazuje istotnych roéznic migdzypiciowych (Publikacja 2). Wyzszy poziom wydolnosci
fizyczng u tyzwiarek szybkich w porownaniu do studentek wptywa na istotnie wicksza
deoksygenacje mig$ni zarowno na poziomie progu beztlenowego (AT4, mDmax i LT) jak i
podczas wysitku maksymalnego. Podobny kierunek zmian aczkolwiek nieistotny

statystycznie, obserwowano takze u tyzwiarzy szybkich i studentéw (Publikacja 3).

5. Tempo reoksygenacji migéni w fazie restytucji po maksymalnym wysitku w tescie GXT
nie wykazuje istotnych réznic migdzyptciowych (PublikacjaZ2 i 3).

6. Wyzsza wydolno$¢ fizyczna okreslana przez VO2max oraz maksymalng moc tlenowa
wigze si¢ z szybszym tempem reoksygenacji mig$ni po wysitku maksymalnym u

wytrenowanych tyzwiarek i tyzwiarzy szybkich (Publikacja2i 3).

7. W wysitku maksymalnym wskazniki utlenowania mig¢$ni (SmO2 Minimum i ASmOy),
jako lokalne parametry w obrgbie migs$nia, nie sg bezposrednio zwigzane z wielkos$cia
VOomax ani z maksymalng moca tlenowa, ktoére odzwierciedlaja ogdlnoustrojowa,

wysitkowa odpowiedz organizmu (Publikacja2i 3).

8. Wyznaczanie SmO. dla progéw mleczanowych (prog tlenowy, mDmax, AT41 LT) moze
by¢ pomocne W praktyce sportowej w doborze i kontroli realizacji obcigzen wysitkowych

podczas r6znych programéw treningowych (Publikacja 3).



9. Wyznaczona intensywno$¢ wysitku w oparciu o warto§ci SmO2 (zblizona do progu
beztlenowego), wykazata zgodno$¢ zarowno w warunkach normoksji jak i hipoks;ji

normobaryczne (Publikacja 4).

10. Wskaznik utlenowania migsni (SmO2) ma ograniczong warto$¢ w szacowaniu st¢zenia
mleczanu we krwi podczas wysitku przy wykorzystaniu obecnych technologii (rejestratora

Moxy) (Dane niepublikowane).
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TN T RO D U C T 1N

For many years, the most common indicator used to evaluate the
general physical capacity and sports performance of rowers has been
maximal oxygen uptake (VO,max) [1]. However, the methods of
direct determination of VO,max involve substantial costs of measur-
ing equipment and participation of qualified staff to carry out exercise
tests. Furthermore, they require high motivation of the participant to
perform the maximum exercise.

Other indicators used to evaluate physical capacity and monitor
training are blood lactate (LA) measurements and recording heart
rate (HR). LA measurements require capillary blood to be collected,
which, due to the need to ensure the comfort of competitors, leads
to a limited frequency of collection. Recording heart rate (HR) during
training and competitions provides the material for the analysis of
the athlete’s response to exercise. Although this method has been
commonly used to monitor training load, it should be stressed that
in addition to the unquestionable usefulness (especially in endurance
sports), it also has some limitations. Training practice has shown
relatively low usefulness of HR measurements in strength training or
interval training, or, according to Born et al. [2], in training in

naturally hilly terrain (uphill and downhill sections). Furthermore,
HR depends on many factors related to e.g. emotional state, degree
of rest and hydration of the person, and environmental conditions
(temperature, humidity, time of day, altitude, etc.). One of the main
limitations of HR monitoring in elite athletes is the low sensitivity of
heart rate (HR) response to exercise loading in fit individuals due to
cardiac muscle development and adaptations. Moreover, analysis
reveals that maximum heart rate can be altered by 3 to 7% with
aerobic training/detraining [31.

In the last few years, portable measuring devices have been intro-
duced into training practice, using near-infrared spectroscopy (NIRS)
to evaluate myoglobin oxygen saturation in muscle cytoplasm and
haemoglobin in blood vessels of muscle microcirculation (muscle
oxygen saturation, SmO,) [4]. Monitoring of oxygen saturation in
muscles provides real-time information about both local muscle oxy-
gen delivery and utilization during exercise or work. This is a local
measurement, during which, as demonstrated by Paquette et al. [5],
there are significant differences in muscle oxygen saturation in a giv-
en test exercise depending on the location of the NIRS device. The
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first scientific studies using NIRS in athletes (trained rowers) were
published in 1992 [6], but it was the implementation of portable
wireless muscle oximeters to measure muscle oxygen saturation in
2006 that stimulated the rapid development of this measurement
method. According to many authors, NIRS measurements represent
a simple, safe, and fast way to evaluate exercise capacity during
short-term maximum contractions [7] and to determine the so-called
training intensity zones [8-10]. Furthermore, modern oximeters allow
the measurements in the sport competition settings in athletes of
various sports such as skaters [11], canoeists, and kayaking [5].

Devices for muscle oxygen saturation measurement have a built-
in memory that allows for recording training parameters and offer
non-invasive measurement, wireless connectivity (e.g. with HR re-
corders or smartphones), small size and waterproofness, high sam-
pling rate and an affordable price that encourage coaches to imple-
ment them in their coaching practice. While the HR and oxygen
uptake responses are characterized by a certain lag, the tissue oxy-
genation index (TOI) provides faster feedback [2]. Particularly inter-
esting are the recent findings [5] which showed that monitoring of
muscle oxygen saturation in canoeists and kayakers can be particu-
larly important as a predictor of sports performance. There are few
such studies, and therefore the need arises to assess the usefulness
of muscle oxygen saturation measurements for monitoring training
loads in other sports. It is worth adding that, according to the oxim-
eter manufacturers, they can be used to evaluate the effects of ex-
ercise intensity and training duration on muscle oxygenation and
recovery rates. In training practice, elite Polish rowers are often ex-
posed to training loads with a power close to the maximal lactate
steady state (MLSS), with their intensity verified with blood lactate
measurements. Taking into account the non-invasive nature and
practical usefulness of NIRS measurements, the present study at-
tempted to verify such a training load using this method. To the best
of our knowledge, few authors [12-14] have dealt with this kind of
problem to date. Therefore, the objectives of this study were (1) to
characterize the changes in oxygenation derived from muscle near-
infrared spectroscopy (NIRS) during aerobic constant-load exercise
with intensities close to maximal lactate steady-state (MLSS) and (2)
to establish reference values in world-class rowers, for such workloads
are often included in rowing training programmes.

MATERIALS AND METHOD'S 155
Subjects
Eight world-class rowers participated in the research. They were elite
athletes from the Polish National Team (including 2 lightweight ath-
letes) preparing to compete in the World Championship. All the
rowers studied were medal winners of world and European champi-
onships or finalists of the European championships and the World
Cup. The basic characteristics of the participants are presented in
Table 1.

The research was carried out during the competition period (in
July 2019) before the World Rowing Championships after obtaining
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TABLE 1. Basic characteristics of the examined rowers (n = 8).

Variable/Group Mean + SD
Age (years) 29.2 + 4.7
Body height (cm) 195 + 3.9
Body weight (kg) 89.5 = 10.0
BMI (kg/m?) 235 +28
Training experience (years) 15.1 + 49

the consent of the Scientific Research Ethics Committee of the Insti-
tute of Sport — National Research Institute.

Exercise tests

The rowers performed two submaximal exercise tests: the progressive
exercise test and the 30-minute test on a Concept 2 rowing ergom-
eter (Morrisville, USA). The progressive test was performed first to
determine the anaerobic threshold for a lactate concentration of
4 mmol/l (AT4). This test is routinely used by Polish rowers and
consists of an incremental workload of 3 minutes, separated by
a 30-second rest for blood sampling [11.

Within 2 to 5 days after the progressive test, the rowers performed
30-minute submaximal exercise (30-minute test) at constant power
and a constant individual stroke rate. This exercise was divided into
three 10-minute intervals, followed by a 1-minute rest for blood sam-
pling. The test was preceded by a 5-minute warm-up with an inten-
sity corresponding to a heart rate of 130 beats/min. The rest between
the warm-up and the main exercise load was 2 minutes. The main
exercise load was assumed to be 84 + 1% of the previously determined
anaerobic threshold (AT4). According to our research [15], the exercise
load adopted using this method in rowers is slightly lower than the
maximal lactate steady state (MLSS). MLSS was defined as in the
study by Heck et al. [16] as the highest concentration of blood lactate
that does not rise above 1.0 mmol/l during the last 20 minutes of
constant-power exercise. The test is often used in the training practice
of Polish rowers at different sports skill levels as a load corresponding
to high-intensity aerobic training in a state of relative equilibrium
between lactate production and utilization.

Blood samples were obtained from the earlobe at rest and im-
mediately after each test effort to determine the lactate concentration
(LA) using the Super GL 2 analyser (Dr Mller, Germany). In the
progressive test, the number of blood samples depended on the
rower’s physical capacity, i.e. the number of exercise steps, and was
different for each athlete. In the 30-minute test, 4 blood samples
were taken (at rest and immediately after each 10-min time interval).
During testing, the heart rate (HR) was also continuously recorded
by means of a Polar S610i heart monitor by Polar Electro Oy (Finland).

Measurements of muscle oxygenation
During the 30-minute test, an NIRS device (Moxy monitors; Fortiori
Design LLC, Hutchinson, MN, USA) was placed on the vastus
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lateralis (VL) muscle that is active during rowing, see Figure 1. Moxy
is a continuous wave. It uses a new type of algorithm that is based
on Monte Carlo modelling. The system uses 4 wavelengths at 680,
720, 760, and 800 nm. It has 2 emitters to detector spacings at
12.5 and 25 mm.

The device was approximately 15 cm above the proximal border
of the patella and was fixed to the right limb with dark 7.5 cm dy-
namic tape. Two indices were recorded both at rest and during ex-
ercise: muscle oxygen saturation (SmO,) and total haemoglobin (THb).
SmO, reflects the dynamic balance between oxygen (O,) consump-
tion and supply, while THb is an indicator of local blood volume
(relative change in blood volume) [17]. The analysis of the results
used mean NIRS measurements for 1.0 minute at rest and 10, 20,
and 30 minutes of exercise. The differences in SmO, (A) between
resting and exercise levels were also calculated.

Rating of perceived exertion

In the research, the Borg scale was used to assess the level of exer-
cise intensity. The scale was made up of grades from 6 to 20 (6-20 in-
terval) [18], which was previously used also in a study of rowers [19].
During the test, the Borg scale was placed in front of the athletes
and the assessment was made at the end of each 10-minute section
of exercise and at the end of the 30-minute test.

Statistical analysis

The statistical analysis was carried out using STATISTICA 12 (StatSoft,
Poland). First, the data were tested for normality of distribution and
homogeneity of variances using the Shapiro-Wilk test and Bartlett's
test. The results confirmed that the data were normally distributed
and that the variances were homogeneous. We performed a one-way
ANOVA for the LA, HR, SmO, and THb scores. Mauchly’s test was
applied prior to the interpretation of the results of each analysis. If
the results of the test were negative, the correctness of the calcula-
tions was also verified by means of multivariate analysis (Wilk's A),
which is not sensitive to violations of the sphericity assumption. In
the final stage of the statistical analysis, we applied Tukey’s test,
which allowed for a detailed interpretation of significant differences
between the mean values of the variables. We estimated effect size
using partial eta squared (npz), which was interpreted as follows:
0.01 < 1,2 <0.09 - small effect size, 0.09 < 1,> < 0.25 — medium
effect size, and an > 0.25 - large effect size [20].

The Borg rating for perceived exertion scale (RPE) was addition-
ally used for subjective evaluation of the physical effort. The re-
sponses of the subjects were analysed by means of Friedman’s
ANOVA. In all the tests used the statistical significance was set at
p < 0.05.

RESU LTS 150
The resting value of SmO, was 65.5 + 1.9%, while that of THb was
13.054 + 0.093 g/dI. During the 30-minute submaximal workload,
statistically significant increments in LA concentration and HR were

FIG 1. Typically used location of the NIRS recorder on the vastus
lateralis muscle.

observed, amountingto 1.18 = 0.61 mmol/l and 10 =+ 5 beats/min,
respectively, in 30 min compared to 10 min. Furthermore, SmO,
decreased significantly by 2.9 + 1.4%, while THb did not change;
see Table 2. The drop of SmO, during 30 minutes of the test was
observed in the first minute of each 10-minute interval. There was
a 1-minute break between each period.

In all cases, as the duration of the exercise increased, SmO, was
gradually decreasing; see Figure 2 and Figure 3. All identified statis-
tically significant differences also turned out to be large, as the values
of the partial eta squared ranged from 0.64 (Sm0,) to 0.83 (HR).
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TABLE 2. Mean power, blood lactate concentration (LA), heart rate (HR), oxygenation of the vastus lateralis (SmO,), total haemoglobin
concentration (THb) values and rating of perceived exertion (RPE) recorded during the 30 min test in the examined rowers (n = 8).

Variable/Time 10 min (Mean = SE) 20 min (Mean = SE) 30 min (Mean = SE)
Mean power (W) 3204 = 11.7 321.1 £ 11.9 321.5 £ 12.0
LA (mmol/1) 2.33 = 0.30%° 2.98 + 0.40'3 3.51 + 0.49!?
HR (beats/min) 158.8 + 3.223 164.4 + 3.5!3 169.0 + 3.4!2
SmO, (%) A 14.0 = 3.13 12.6 = 3.2° 11.1 = 2.8'72
ASmMO, (%) B 51.5 = 2.73 529 = 3.13 54.4 = 2.6%2
THb (g/dI)® 13.073 = 0.084 13.068 + 0.085 13.074 = 0.082
RPE (6-20) 12.7 £ 0.5 13.6 £ 0.8 141 1.0

The upper index in a given row indicates a measurement with a significantly different mean (p < 0.05). ASmO, — % of baseline.
A — values “on line” from the recorder, B — reduction in oxygenation, C — non-significant differences (p < 0.51).

FIG. 2. Individual recording of vastus lateralis muscle oxygenation (SmO,) with blood lactate (LA), total haemoglobin (THb) and heart
rate (HR) in rowers during the 30-minute test on a rowing ergometer (SmO,: lower record, THb: middle record and HR: upper record).

FIG. 3. Individual values of vastus lateralis muscle oxygenation (SmO2) during the 30-minute test on a rowing ergometer in the
examined rowers (n=28).
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The highest muscle oxygenation (SmO,) in rowers 8 and 4 pre-
sented in Figure 3 was accompanied by the lowest blood lactate
concentrations in the examined group (1.65 and 3.09 mmol/l in
30 minutes of exercise, respectively), while in rower 5, the lactate
concentration was 4.20 mmol/Il. The results of Friedman's ANOVA
did not show statistically significant differences (p < 0.11) in the
rating of perceived exertion depending on the stage of the trial; see
Table 2.

DISCU'S'S 1O N /5
In the present study of Polish elite rowers, 84 + 1% of AT4 power
(321 + 34 W) was determined as a submaximal load for 30-minute
exercise. The metabolic response of LA of 2.94 + 1.11 mmol/l was
recorded (expressed as the mean value from measurements for
10, 20, and 30 minutes). The LA increase between 10 and 30 min-
utes was 1.18 = 0.61 mmol/l and exceeded the criteria for the
determination of MLSS [16]. In our previous study of rowers [15],
mean LA concentration for MLSS was higher (3.66 = 0.93 mmol/l)
while in a study of German rowers [21], it was similar (3.0+0.6 mmol/l).
Despite a higher increase in LA than the adopted MLSS criterion, the
exercise used can be found appropriate for high-intensity endurance
training. High intensity of exercise was also evidenced by high HR
values recorded in 30 min of exercise (169 = 10 beats/min) and
a significant cardio-respiratory drift (HR increase between 10 and
30 min was 10 + 5 beats/min).

Based on the presented data, it seems interesting to verify the
usefulness of SmO, and THb measurements using a Moxy device for
the selection and evaluation of high-intensity aerobic exercise. Ac-
cording to the literature, this oximeter is a reliable device to measure
SmO, at low and moderate levels of intensity. Unfortunately, at
higher levels of intensity, there are greater differences in measurement
results, probably due to tissue ischaemia or increased movement
artefacts due to more frequent muscle contractions [9]. Other stud-
ies [22] have documented that both Moxy and PortaMon devices
that are frequently used in scientific research provide physiologi-
cally reliable indicators of tissue oxygen saturation at rest and during
exercise. In conclusion, the study confirmed good reliability of Moxy
measurements, although it should be noted that this device is main-
ly dedicated to training monitoring.

Much attention in the literature has been devoted primarily to
muscle oxygen saturation analysis during graded exercise tests, and
it has been emphasized, among other things, that muscle oxygenation
devices are a useful and reliable tool for determination of the lactate
threshold loads for runners [8]. According to the quoted authors,
these recording devices should be implemented by coaches and
players as portable and non-invasive devices for monitoring changes
in the load at the lactate threshold level in runners. Similarly, other
studies have also indicated an acceptable level of compatibility be-
tween the indices measured using NIRS and the traditionally deter-
mined lactate thresholds for cyclists [10]. Also in a study of long-
distance runners and triathletes, a high correlation between muscle

oxygenation breakpoint and the thresholds determined based on
blood lactate concentration [14] was confirmed. It was also demon-
strated that in cross-sectional studies of people with different aerobic
fitness status, a higher level of VO,max leads to the shift of muscle
oxygen saturation breakpoint in the graded RAMP test towards the
higher values of exercise intensity [23].

On the other hand, the submaximal constant-load intensity is
often used in endurance training. From a practical point of view, it
is especially important whether the muscle oxygen devices dedi-
cated to coaches and athletes allow for the effective and precise
choice of exercise load for heavy-intensity endurance training close
to MLSS, which is often used by rowers. In an interesting scientific
report, Bellotti et al. [12] tested the hypothesis that it is possible to
accurately determine the MLSS status in healthy individuals based
on deoxygenated haemoglobin, an indicator measured by NIRS. It
was demonstrated that MLSS can be accurately estimated by mea-
suring the level of deoxygenated haemoglobin. It was found that the
threshold determined based on SmO, allowed for the correct deter-
mination of the running speed for 30-minute exercise at the level of
maximal steady-state speed [14]. The main advantages of NIRSy; ss
compared to techniques based on blood lactate concentration are
non-invasiveness and time/cost efficiency.

In the summary of the literature data, Perrey and Ferrari [4] also
confirmed that muscle oxygen saturation devices are a reliable and
useful tool for determining training intensity, especially at the level
of MLSS loads. Additionally, the tissue-saturation index (TSI) is char-
acterized by faster feedback compared to HR and VO,, whereas SmO,
measurements are not influenced by many factors such as tempera-
ture, hydration, emotional state, and others. Furthermore, the current
assessment of muscle oxygen saturation using a preview on com-
monly used HR recorders offers opportunities for correcting the ex-
ercise load applied.

It should be noted that in the present study, the high intensity of
aerobic training was characterized by a significant reduction in SmO,
(on average 2.9 = 1.4%) between the 10th and 30th minute of
exercise. As can be seen from Figure 3, the individual reduction in
SmO, concerned all rowers, although it occurred at different percent-
age values of this index. In some rowers, the recorded levels of SmO,
were below 10%. In others, they ranged from 25 to 30%. For com-
parison, in a study of canoeists racing at a distance of 200 and
500/1000 m on water, also with the use of the NIRS Moxy device
located on the vastus lateralis muscle, a decrease in SmO, expressed
as a difference from the resting value (ASmO,) of 52 = 17 and
51 + 18% [5], respectively, was recorded. The data quoted were
similar to our results (from 51.5 = 2.7% for 10 minto 54.4 + 2.6%
for 30 min); Table 2. However, in the same study, kayakers, whose
involvement of lower limb muscles during rowing is lower, the de-
scribed index was 46 + 26% (200 m) and 43 = 14% (500/1000 m).
Furthermore, in 30-minute submaximal exercise on the mechanical
treadmill, relatively constant values of SmO, were observed for both
the load corresponding to the maximal steady-state exercise
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intensity and slightly above this state. However, the kinetics of
changes in SmO, [14] were not studied in detail during this exercise.

These observations lead to the conclusion about the need to in-
terpret SmO, measurements not only in absolute values but also in
terms of the nature of changes in the discussed index over time. It
is important whether there is a tendency to stabilize, or decrease in
the oxygen saturation of the muscles in the subsequent minutes of
exercise, because the significant decrease in SmO, was accompanied
by a significant increase in LA, Table 2. Furthermore, the 30-minute
exercise was accompanied by increasing rower’s fatigue assessed
on the Borg scale (although not significant), determined for 10 min-
utes as “Fairly light/Somewhat hard” (12.7 = 0.5) and for 30 min-
utes as “Somewhat hard/ Hard” (14.1 + 1.0), Table 2. As mentioned
earlier, THb can be used to monitor changes to blood volume through-
out a test. In contrast SmO,, THb values did not change in the fol-
lowing minutes of steady-state exercise. This could mean that during
the test, although cardiovascular drift was observed, there was no
major change to the amount of blood being delivered, which could
be due to increasing contractile strength of the muscle (compressing
the vessels underneath the sensor). However, in order to deal with
the increasing O, demands of the muscle (shown by decreasing
SmO,) the heart needs to beat faster to supply adequate oxygen. The
data obtained in this respect may suggest the low diagnostic value
of this index in constant-intensity exercise. Similarly, Crum et al. [9]
found that THb is characterized by low variation during the graded
intensity test and does not correlate significantly with oxygen uptake
and heart rate, which means that it does not appear to be an impor-
tant index of muscle oxygen saturation. However, it should be em-
phasized that other authors using NIRS measurements showed that
blood flow in tissues changes during physical exercise [24]. Accord-
ing to Gail and Segal [25], it seems plausible that functional sym-
patholysis is strongly correlated with changes in THb during exercise.

Limitations of the study

To sum up the discussion, it is important to mention a factor that
may have influenced the conclusions drawn from the study. The
sample size was small. However, in the case of La, HR, SmO, and
ASmO,, the power of the tests ranged from 0.98 to 1, and all the
effects were large. As far as THb is concerned, sample size 12 would
provide a test power of 0.95. We are therefore convinced that the
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test results of 8 competitors, who were elite senior rowers who have
succeeded in the most prestigious rowing regattas, have a cognitive
value and can be useful as reference data.

CONCLU STO N /55
The present study of world-class Polish rowers demonstrated that
the high intensity of the 30-minute aerobic exercise was accompanied
by a significant reduction in SmO, by 2.9 + 1.4% with no THb
changes, which may suggest a low diagnostic value of THb in con-
stant-load intensity exercise. Furthermore, the analysis of the results
indicates the necessity to interpret SmO, measurements not only in
absolute terms but first of all to observe the direction of saturation
changes. It is important whether there is a tendency to stabilize or
decrease muscle oxygen saturation in successive minutes of exercise,
because the significant decrease in SmO, was accompanied by a sig-
nificant increase in LA. Therefore, further research is needed, with
a greater number of participants and performing the same exercise
several times to see if there are individual muscle oxygen saturation
profiles during the exercise. During aerobic constant-load exercise
with intensities close to MLSS, the SmO, of the vastus lateralis ranged
from14.0 = 3.13t011.1 = 2.81% in 10 and 30 minutes respec-
tively, with a reduction in muscle oxygenation (ASmO,) exceeding
50%. The non-invasive nature of the measurement and the continu-
ous monitoring of SmO, values are useful in the practice of monitor-
ing training in terms of aerobic training loads. Will NIRS muscle
oxygen saturation devices fully meet the expectations of scientists
and coaches? We believe that the development of measurement
technologies will allow many more limitations of this method to be
solved in the coming years, which will increase its practical useful-
ness.
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The aim of this study was to compare the oxygenation response in the vastus lateralis
muscle (SmO,) in two types of tests: supramaximal and maximal. Furthermore, gender
differences in SmO, response to test exercise were assessed and the usefulness of muscle
oxygenation measurements in the assessment of anaerobic and aerobic capacity was
determined. The Wingate test (WANT) and the graded exercise test (GXT) to exhaustion
were performed on a cycle ergometer to examine 13 female and 14 male speed skaters
from the junior and U23 national teams. During both tests, SmO, of the vastus lateralis
muscle was recorded by near-infrared spectroscopy at baseline (at rest or post warm-up),
at exercise, and during recovery. The most significant SmO, indices (differences between
baseline and post-exercise indices and half time for SmO, to reach the maximal post-
exercise value) were not significantly different between the tests. Gender was also not a
differentiating factor in muscle oxygenation regardless of test type. In the GXT test, half
time required for SmO, to reach the maximal value correlated negatively with VO, and
test duration, thus confirming the usefulness of SmO, measurements in the assessment
of the aerobic capacity of speed skaters. In contrast, the WANT test showed no significant
correlations between exercise indices and muscle oxygenation indices. From the standpoint
of the assessment of anaerobic capacity, SmO, measurements showed little diagnostic value.

Keywords: speed skaters, supramaximal and maximal exercise tests, muscle oxygenation, anaerobic and aerobic
capacity, portable oxygenation devices

INTRODUCTION

Periodic physical capacity testing of speed skaters often includes maximal aerobic testing with
a graded load (Stangier et al, 2016) and supramaximal tests assessing anaerobic exercise
capacity (Hofman et al., 2017). The aerobic contribution increases with the length of the race
distance, but no relationship has been demonstrated between the level of the maximal oxygen
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uptake and the athletic performance of speed skaters (Konings
et al, 2015). Furthermore, speed skaters generate high power
output during races, which requires adequate levels of aerobic
and anaerobic capacity, although their proportional contribution
varies depending on the race distance (Konings et al., 2015;
Piucco et al, 2018). On the other hand, an assessment of
short-term exercise capacity is particularly relevant in speed
skating for athletes competing over short distances, who generate
the highest power values (Konings et al.,, 2015). According to
the literature, skaters who score high on the Wingate test are
also more successful during competitions (Nagasawa, 2013).

The latest near-infrared spectroscopy (NIRS) devices
measuring muscle oxygenation (SmO,) are useful in the study
of speed skaters, especially when conducted on ice (Hesford
et al., 2012; Hettinga et al., 2016). The specific position that
is necessary for speed skating imposes certain physiological
limitations. Prolonged isometric muscle contractions and a
sitting low position impede blood flow to the lower limb
muscles, reduce quadriceps oxygenation, and increase blood
lactate levels. This impairs oxygen transport and leads to
increasing fatigue processes (Hesford et al, 2013). Despite
previously conducted research on ice, there remains several
essential queries related to laboratory tests and NIRS
measurements. In the present study, we sought to investigate
whether changes in locomotory muscle oxygenation levels are
dependent on the type of test conducted under laboratory
conditions when assessed with NIRS. Understanding, how
supramaximal and maximal exercise intensities impact muscle
oxygenation in speed skating can help to deliver training
monitoring methods based on SmO, measurements.

It should be emphasized that NIRS measurements are also
increasingly used during testing in other sports such as cycling,
cross-country running, and kayaking (Borges and Driller, 2016;
Crum et al.,, 2017; Paquette et al., 2018). In the last few years,
the introduction of mobile oximeters to measure the oxygenation
level of myoglobin in the muscle cytoplasm and hemoglobin
in the blood vessels of the muscle microcirculation (muscle
oxygen saturation, SmO,) has been particularly relevant to
training practice (Perrey and Ferrari, 2018). SmO, measurements
during exercise provide valuable information about oxygen
transport and utilization in muscles (McCully and Hamaoka,
2000). Recovery time of muscle reoxygenation after submaximal
or maximal exercise has been associated with muscle oxidative
capacity. An increase in recovery time indicates an oxygen
deficit, especially when exercise intensity increases (Hamaoka,
2013). In speed skating, the most common location for the
NIRS monitor is vastus lateralis (Hesford et al., 2012; Hettinga
etal.,, 2016). These measurements do not require blood sampling
and are not associated with high financial costs, which is why,
in recent years, there has been an increasing interest in this
subject from both researchers and coaches. According to many
authors, NIRS measurements are a simple, safe, and fast way
to assess exercise capacity during short-term maximal
contractions (Cettolo et al.,, 2007) and to determine so-called
training intensity zones (Borges and Driller, 2016; Driller et al.,
2016; Crum et al., 2017). For the training process, it is important
to know not only the global maximal parameters of the athlete,

such as work rate, power, or maximal oxygen uptake, but also
to understand the body’s response to the effort at the local
level, as assessed by NIRS. There have already been attempts
to study muscle oxygenation in speed skaters (Hesford et al.,
2012, 2013; Hettinga et al., 2016; Piucco et al., 2018) indicating
the importance of studies assessing the relationship between
changes in SmO, and locomotor muscle fatigue in this sport.
Despite the successful use of NIRS in studies on speed skaters,
the differences in the SmO2 changes between an aerobic and
an anaerobic test has not been characterized in a group of
high-performance athletes. It is therefore justified to continue
the analysis using NIRS in high-performance speed skaters
after various types of exercise, which has both diagnostic and
practical significance in the selection of training loads (Hettinga
et al., 2016).

An important aspect of our research was therefore the
combination of classical physical laboratory tests performed
periodically by speed skaters with measurements of muscle
oxygenation. The main aim of this study was therefore to
compare the oxygenation response of the vastus lateralis muscle
in two types of tests: supramaximal and maximal, to determine
the usefulness of NIRS measurements in assessing anaerobic
and aerobic capacity in speed skaters. Furthermore, gender
differences in SmO, response to test effort in athletes were
also evaluated, which, to our knowledge, has not yet been
described in the literature. We have found only one recent
published research that attempts to assess muscle oxygenation
responses in relation to gender, but unlike the current study,
it involved physically active participants, not athletes (Espinosa-
Ramirez et al., 2021).

MATERIALS AND METHODS

Subjects

The study involved 27 athletes (13 females and 14 males),
who were the leading long track Polish speed skaters of junior
and U23 national teams, aged 14.8-22.1years. Training experience
was 4.2+ 1.5 in the group of female skaters and 3.5+ .9years
in male skaters. Both female and male skaters practiced different
speed skating events: sprint (11 skaters), middle-distance (9),
and long-distance (7) speed skating events. Characterization
of the study participants is presented in Table 1. Athletes
performed two exercise tests on 1day, with a minimum 2-h
break between tests. Measurements of muscle oxygenation and
classical exercise indices determined by standard exercise tests

TABLE 1 | Basic characteristics of the examined speed skaters (1=27),

mean +SD.

Variable/group Female (n =13) Male (n =14)
Age (years) 185+20 179+22
Body height (cm) 168.2 + 3. 182.0+6.8
Body weight (kg) 60.4 + 3.6 73.9 +6.5
BMI (kg/m?) 21.3+1.0 223+1.2
Training experience 42+15 35+.9
(years)
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(the Wingate test and graded exercise test) used in speed
skaters were analyzed.

The study was conducted in cooperation with National
Speed Skating Association during the preparatory training
period (in September) of the annual training plan. The
presented study was conducted according to the guidelines
of the Declaration of Helsinki (1975) and was approved by
the Institutional Research Ethics Committee.

Athletes were selected for the study by national teams
coaches and participated voluntarily. They were informed
about the right to withdraw at every stage of the research.
All participants provided written consent for participation,
and in the case of underage, such consent was received from
their legal guardians.

Exercise Tests

The anaerobic capacity test (the Wingate Test, WANT) was
performed first on a Monark 874E cycle ergometer (Monark
Exercise AB, Sweden). This test was preceded by a standard
5-min warm-up with a load of 1.0W/kg. Next, after 2min of
rest, the athlete performed a 30-s test ith the load individually
adjusted to body weight (7.5% of body weight). The subject’s
task was to produce the highest possible cadence after the
“Start!” command and to maintain it as high as possible for
the test duration. The speed skaters were instructed not to
raise their hips from the saddle but to always make their best
effort to pedal during the Wingate test. The basic mechanical
parameters of the effort, i.e., work done, maximum power,
and fatigue index, were computed using a computer program
coupled with the cycle ergometer (MCE 5.1—JBA Z. Staniak,
Poland).

The maximal graded exercise test (GXT) was performed
on a Lode Excalibur Sport PFM cycle ergometer (Lode B.
V., Netherlands). The test consisted of 3-min stages with
graded load performed continuously. The test was started
in male and female skaters with a load of 1.0 W/kg and
the load was increased every stage by .7 W/kg (female skaters)
or .8 W/kg (male skaters). During the test, heart rate (HR)
was continuously recorded using the H9 Heart Rate Sensor
(Polar Electro Oy, Finland). Respiratory gases were measured
during each testing session using wearable and wireless
breath-by-breath pulmonary gas analyzer (Metamax 3B,
Cortex Biophysik GmbH, Germany), previously demonstrated
to be reliable for measuring oxygen uptake (Overstreet
et al., 2017).

After completing both tests, the athletes continued pedaling
for active cool-down (light exercise at a load of .5W/kg
performed for 3min after the completion of the test) aimed
at avoiding an orthostatic shock.

Maximal Aerobic Power

Maximal aerobic power (P,,) was calculated as a proportion
of the time and a power of the last executed bout in the
GXT (Kuipers et al, 1985). The equation for calculation is
presented below:

Pmax = PLFE + (TLE/TS‘ * AP)

P,.~—maximal aerobic power; Pz;—power of the last fully
executed step; Tz—time executed in the final step; Ts—time
of the last step; and AP—increase in power between last two steps.

Maximal Oxygen Consumption

Maximal oxygen uptake (VO,,,) was defined as the highest
amount of oxygen consumption over a 30-s period during the
test. The maximal intensity exercise necessary for the estimation
of VO,max was defined by the following criteria: the VO,
plateauing with increasing workload, the post-exercise blood
lactate concentration >8 mmol/], the respiratory exchange ratio
(RER) >1.1, and attainment of the age-adjusted maximal heart
rate expressed as HRmax=220—participant age. If at least two
of the above criteria were met during the exercise, the attained
effort and oxygen uptake were regarded as maximal.

Measurements of Muscle Oxygenation
During both tests, a NIRS device (Moxy monitors; Fortiori Design
LLC, Hutchinson, MN, United States) was placed on the vastus
lateralis (VL) muscle that is active during cycling. The Moxy
monitor is a continuous wave near-infrared spectroscopy monitor.
It uses a new type of algorithm that is based on Monte Carlo
modeling. The system uses four wavelengths at 680, 720, 760,
and 800nm. The spacings between two emiters and detector are
125 and 25 mm respectively. The device was approximately
15+2cm above the proximal border of the patella on the vastus
lateralis muscle belly and was fixed to the right limb with a dark
7.5cm dynamic tape by the same person. The muscle oxygen
saturation (SmO,) was recorded at baseline (at rest for GXT or
post warm-up for WAnT), during exercise, and during the recovery
period. SmO, reflects the dynamic balance between oxygen (O,)
consumption and supply (Ichimura et al., 2006). SmO, measurements
taken 2min after the warm-up and before the test were taken
as baselinevalues for WANT and GXT, respectively. The differences
in SmO, (A SmO,) between baseline and minimal exercise levels
were also calculated. The reoxygenation rate after both tests were
evaluated as the half time required for SmO, recovery (SmO,
HTR; McCully et al, 1994; Nagasawa, 2013). The SmO, data
values for further calculations were averaged from measurements
made 2.0min before tests (SmO, baseline), during 2s at exercise
minimum (SmO, minimum), and recovery maximum (SmO,
maximum) The mean SmO, for 2s immediately after the completion
of the exercise was defined as 0% and the maximum SmO, in
the first 3min of the recovery phase after completion of exercise
was defined as 100%. The SmO, HTR was then defined as the
time from the completion of exercise to the time to reach
50% SmO,.

Statistical Analysis

The statistical analyses were conducted with the Statistica 13.0
software. The normal distribution of variables was examined
using the Shapiro-Wilk test. The significance of differences
was assessed using the Student test and Mann-Whitney U-test
for variables with a distribution different from the normal
distribution. The power of relationships between the variables
was determined based on Spearman’s rank correlation coefficients
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(R). The coefficient intervals for correlations were also presented.
The level of statistical significance was set at p<.05.

RESULTS

No significant differences in muscle oxygenation of the vastus
lateralis muscle indices were observed between female and
male speed skaters during both tests (see Tables 2 and 3).

During WANT for the combined analysis of male and female
results, a rapid real-time decline was found in SmO,, lasting
until the end of the test. Average ASmO, across the whole
group (n=27) was 51.1+7.8% (Figure 1).

SmO, HTR was 23.5+8.5s on average. During the GXT,
ASmO,, and SmO,HTR were 51.9+10.6% and 26.0+11.4s,
respectively. While ASmO, and SmO,HTR did not differ between
the WANT and the GXT, significant differences were found in
baseline, minimum, and maximum SmO, levels, which were
significantly lower after WAnNT (60.2+6.3%,9.2+4.4%, and

TABLE 2 | Values of selected indices recorded during the Wingate test in the
examined group of female and male speed skaters (n=27), mean +SD.

Variable/group Female (n =13) Male (n =14) P
Power max (W) 676 + 55 916 + 100 <.0001
Power max (W/ 11.2+.7 124+ .8 .0004
ko)

Work (J) 16,130 + 925 21,768 + 2,300 .0003Y
Work (J/kg) 268 + 15 297 + 15 <.0001
SmO; baseline 59.3+6.5 61.2+6.2 .4501
(%)

SMO, minimum 8.6+35 9.7+52 5478
(%)

SmO, maximum 70.3+£9.6 71.6+£45 .6605
(%)

A SmO; (%) 50.7 + 8.1 51.5+7.9 .7853
SmO, HTR (s) 243114 22.7+45 .6799Y

A SmO, (%)—SmO,; difference between baseline and minimum values. SmO, HTR— half
time for SmO, to reach the maximal value. p— difference between female and male
skaters. “Mann-Whitney U test.

TABLE 3 | Values of selected indices recorded during the graded exercise test in
the examined group of female and male speed skaters (n=27), mean+SD.

Variable/group Female (n =13) Male (n =14) P
Prnax (W) 243 + 18 353 + 45 <.0001
Prax (W/kg) 4.04 + .33 4.77 + .43 <.0001
VO,max (I/min) 3.18+ .26 453 + .42 <.0001
VO,max (ml/kg/ 52.1+£4.6 62.0+4.8 <.0001
min)

SmO, baseline (%) 65.2£9.6 64.3+7.7 .7825
SmO, Minimum 13.4 £ 6.8 12.3+6.6 6917
(%)

SmO, Maximum 76.5£5.2 76.6 £5.7 9316
(%)

A SmO; (%) 51.9+£10.7 52.0+11.0 5934V
SmO, HTR (s) 29.8 +13.1 226 +8.7 .0894Y

P,..x—maximal aerobic power. A SmO, (%)—SmO difference between baseline and
minimum values. SmO, HTR (s)— half time for SmO, to reach the maximal value.
p—difference between female and male skaters. “Mann-Whitney U test.

70.9%7.3, respectively) compared to GXT (by 64.7+8.5%,
12.8+£6.6%, and 76.5+7.3, respectively; Figure 1).

During WAnNT, no significant correlations were observed
between muscle oxygenation indices and exercise capacity indices
(Power Max, Work, and Fatigue Index), (Table 4).

Furthermore, in this test, muscle oxygenation indices did
not correlate significantly with VO,max expressed in absolute
values and calculated per body weight (Table 5).

In GXT, significant correlations with muscle oxygenation indices
were observed between SmO,HTR, maximal oxygen uptake, and
maximal power in absolute (r=—.40, and r=—.40, respectively,
p<.05) and relative (r=—.39, r=—.49, respectively, p<.05) values
(Table 5), and test duration (r=-—.46, p<.05), (Figure 2).

DISCUSSION

An important observation was that there were no significant
gender differences in the muscle oxygenation response to
anaerobic and aerobic exercise. This is related to the fact that
regardless of gender, factors that improve oxygen delivery to
working muscles, such as muscle capillary density, blood volume,
plasma volume influencing cardiac output, red blood cell volume,
or total hemoglobin mass, improve with increased fitness level
(Heinicke et al., 2001; Malczewska-Lenczowska et al., 2013;
Steiner et al.,, 2019; Zelenkova et al., 2019). Importantly, our
study reports that the rate of SmO, reoxygenation showed a
significant correlation with VO,max and exercise capacity in
GXT. In speed skaters with higher maximal oxygen uptake
and test duration, the quadriceps muscle oxygenation returned
to maximal levels faster after GXT. Similarly, Ichimura et al.
(2006) also showed that the rate of muscle reoxygenation after
a ramp test was faster in subjects with higher VO,max levels.
It should be emphasized that the reoxygenation times obtained
in both tests were affected by active cool-down. These results
suggest that the rate of muscle reoxygenation in the graded
exercise test depended on the aerobic capacity of speed skaters.
The participants in our study were selected Polish speed
skaters of different ages and speed skating events (sprinters,
middle-distance, and long-distance skaters). They were junior
and U23 speed skaters with a maximal oxygen uptake of
52.1%+4.6 in female skaters and 62.0+4.8 ml/kg/min in male
skaters. A review of the literature suggests that skaters achieve
relatively low values of maximal oxygen uptake in a test
performed on a cycle ergometer compared to other endurance
sports (between 52.2 and 54.9ml/kg/min for females and 57.2
and 62.0ml/kg/min for male skaters; Konings et al., 2015).
We observed that SmO, indices show little diagnostic value
for the assessment of anaerobic capacity in highly trained
athletes, indicating a lack of significant correlation with both
the maximal power and work in WAnT (Table 4). Another
study (Nagasawa, 2013) indicated a slower recovery rate of
muscle oxygenation after WAnT in long-distance runners
compared with that in sprinters and healthy controls. In
contrast to this study, a larger group of female and male
speed skaters did not show a higher reoxygenation rate after
an analogous exercise (WAnT) in participants with lower
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FIGURE 1 | Muscle oxygen saturation (SmO,): at baseline, as exercise minimum values, post exercise maximum values, differences between baseline and
minimum values (A SmO,) and half time for SmO, to reach the maximal value (SmO, HTR) during the graded exercise test (GXT) and the Wingate test (WANT) in the
combined group female and male speed skaters (n=27). *Mann-Whitney U test (0 <.05).

VO,max expressed both in absolute values and converted to
body weight (Table 5). While the usefulness of SmO, is reduced
for the assessment of anaerobic capacity in speed skaters, this
does not exclude that such measurements may be important
in the choice of the training load, e.g., during high-intensity

intervals. However, it should be mentioned that this problem
was not the subject of our research. In presented research
SmO, indices, maximal power and work in WAnT, maximal
power, and maximal oxygen uptake in GXT were determined.
To our knowledge, this is the first research paper comparing
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TABLE 4 | Spearman’s rank correlation coefficients values between selected indices recorded during the Wingate test in the examined group of female and male

speed skaters (n=27).

Variable Power Max Work Fatigue Index

(W) (W/kg) (J/kg) % W/s
A SmO; (%) .05 (-.34-.42) .34 (-.05-.64) .10 (-.29-.46) .31 (-.08-.62) —.36 (—.65-.02) —.19 (-.53-.20)
SmO, HTR 10 (—.29-.46) .05 (—.34-.42) .06 (—.33-.43) .02 (-.36-.40) .20 (—.19-.54) .02 (-.36-.40)
SmO, minimum (%) 13 (-.26-.49) .03 (.35-.41) 13 (-.26-.49) .02 (-.36-.40) A7 (-.22-.52) .16 (-.23-.51)

The numbers in the table presenting r values and coefficient interval for r in the brackets. A SmO, (%)—SmO, difference between resting and minimum values. SmO, HTR—half time

for SmO, to reach the maximal values.

TABLE 5 | Spearman’s rank correlation coefficient values between VO,maxand
Pmax and selected indices of muscle oxygenation recorded during the Wingate
and graded exercise tests in the group of female and male speed skaters (n=27).

Variable VO,max Pmax
(I/min) (ml/kg/min) w W/kg
Wingate test
SmO, .05 _ 01 a7 19
minimum (%) (—.42-.34) (-.39-37) (—.22-52) (—.20-.53)
A SmO; (%) .08 .10 -1 -.07
(—.31-.45) (—.29-.46) (—.47-.28) (—.44-.32)
SmO, HTR -.18 -7 -.19 -.33
(—.21-.52) (—.52-.22) (—.53-.24) (—.63-.06)
Graded exercise test
SmO, -.06 -.28 15 .06
Minimum (%) (—.43-.39) (—.60-.11) (—.24-.50) (—.33-.24)
A SmO; (%) .10 19 -.038 -.04
(—.29-.46) (-.20-.593) (—.41-.35) (—.41-.34)
SmO, HTR —.40% —.39% —.40%* —.49%
(-.68t0 —.02) (-.67t0—-.01) (-.68t0—-.02) (-.73t0—.14)

The numbers in the table presenting r values and coefficient interval for r in the
brackets. A SmO, (%)—SmO, difference between baseline and minimum values. SmO,
HTR— half time for SmO; to reach the maximal values. *p <.05.

SmO, responses in speed skaters between two different types
of exercise tests. Previous studies (Buchheit and Ufland, 2011;
Nagasawa, 2013; Paquette et al.,, 2020; Vasquez-Bonilla et al.,
2021) examined recovery following WANT and short-term
efforts in kayak and football players, or the rate of reoxygenation
following maximal aerobic exercise test (Ichimura et al., 2006).
One of the study’s limitations is the differences in baseline
SmO, values found among speed skaters could be due to the
slightly different phase of measurement, i.e., 2min after the
warm-up in WAnNT (affecting better blood supply and muscle
oxygenation) and at rest before GXT, (Figure 1) or slight
position change of the NIRS device. However, in our research,
SmO, post warm-up values in WAnT were lower than rest
SmO, before GXT, that is in contrast to previous observations.
The short duration of the interval (2min) between the warm-up
and the WAnNT test may have contributed to the lower than
expected baseline SmO, values. Additionally, it can be assumed
that the described differences also contributed to the lower
minimum SmO, values after WAnT. Unlike previous studies
by other authors (Nagasawa, 2013), the WANT methodology
intentionally used a warm-up as required by the methodology

of performing this test. According to Frikha et al. (2016),
the warm-up model used and the duration of the rest before
performing 30s of exercise has a significant effect on the
results obtained and the assessment of anaerobic capacity.

The values of the remaining SmO, indices, i.e., ASmO, and
SmO,HTR are not dependent on the type of test performed
(Figure 1). One reason for the lack of differences may have
been the rapid rate of decline in muscle oxygenation observed
already several seconds after the start of exercise, which was
important for the short-term WAnNT test. Other cardiopulmonary
indices such as heart rate and oxygen uptake require much
longer exercise duration to reach their maximal values. These
observations support the need for further research into local
changes in oxygenation and their use in the control and
monitoring of exercise load.

CONCLUSION

This study shows that regardless of the type of test, the gender
of speed skaters does not differentiate between muscle oxygenation
responses. The rate of muscle reoxygenation in the graded
exercise test depends on the aerobic capacity of speed skaters.
However, SmO, indices show less usefulness diagnostic value
for assessing anaerobic capacity. Finally, the most significant
SmO, indices (differences between baseline and minimal SmO,
and half time for SmO, to reach the maximal post-exercise
levels) were not significantly different between the Wingate
test and graded exercise test.

PRACTICAL APPLICATIONS

The use of non-invasive measurements of the rate of muscle
reoxygenation can be useful in assessing the aerobic capacity
of speed skaters, thus contributing to a more in-depth analysis
of post-training adaptations.

LIMITATION

The study group consisted of relatively few representatives of
different speed skating events (sprint n=11, middle distance
n=9, and long distance n=7). In future research, it may
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FIGURE 2 | Statistically significant Spearman’s rank correlation between half time for SmO, to reach the maximal value (SmO, HTR) and test time in the graded
exercise test (GXT) in the combined group of female and male speed skaters (n=27). *p<.05.

be advisable to conduct similar analyses on larger groups of
speed skaters with regard to individual events.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Komisja Etyki Badan Naukowych, Instytut
Sportu—Panstwowy Instytut Badawczy (The Scientific Research
Ethics Committee, Institute of Sport—National Research

REFERENCES

Borges, N. R., and Driller, M. W. (2016). Wearable lactate threshold predicting
device is valid and reliable in runners. J. Strengh Cond. Res. 30, 2212-2218.
doi: 10.1519/JSC.0000000000001307

Buchheit, M., and Ufland, P. (2011). Effect of endurance training on performance
and muscle reoxygenation rate during repeated-sprint running. Eur. J. Appl.
Physiol. 111, 293-301. doi: 10.1007/s00421-010-1654-9

Cettolo, V., Ferrari, M., Biasini, V., and Quaresima, V. (2007). vastus
lateralis O, desaturation in response to fast and short maximal
contraction. Med. Sci. Sports Exerc. 39, 1949-1959. doi: 10.1249/mss.0b013
e3181453476

Institute). The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it for
publication.

FUNDING

The study was conducted with financial support from the
Ministry of Culture National Heritage and Sport of the Republic
of Poland under grant number 2021/0408/Udot/32/DSW.

Crum, E. M., O'Connor, W. J,, Van Loo, L., Valckx, M., and Stannard, S. R.
(2017). Validity and reliability of the moxy oxygen monitor during incremental
cycling exercise. Eur. J. Sport Sci. 17, 1037-1043. doi: 10.1080/17461391.2017.
1330899

Driller, M., Plews, D., and Borges, N. (2016). Wearable near infrared sensor
for determining an athlete’s lactate threshold during exercise. NIR News 27,
8-10. doi: 10.1255/nirn.1609

Espinosa-Ramirez, M., Moya-Gallardo, E., Araya-Romén, E, Riquelme-
Sanchez, S., Rodriguez-Garcia, G., Reid, W. D,, et al. (2021). Sex-differences
in the oxygenation levels of intercostal and vastus lateralis muscles
during incremental exercise. Front Physiol. 12:738063. doi: 10.3389/
fphys.2021.738063

Frontiers in Physiology | www.frontiersin.org

March 2022 | Volume 13 | Article 809864


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1519/JSC.0000000000001307
https://doi.org/10.1007/s00421-010-1654-9
https://doi.org/10.1249/mss.0b013e3181453476
https://doi.org/10.1249/mss.0b013e3181453476
https://doi.org/10.1080/17461391.2017.1330899
https://doi.org/10.1080/17461391.2017.1330899
https://doi.org/10.1255/nirn.1609
https://doi.org/10.3389/fphys.2021.738063
https://doi.org/10.3389/fphys.2021.738063

Rebis et al.

Muscle Reoxygenation Depends on Aerobic Capacity

Frikha, M., Chaari, N., Mezghanni, N., and Souissi, N. (2016). Influence of
warm-up duration and recovery interval prior to exercise on anaerobic
performance. Biol. Sport 33, 361-366. doi: 10.5604/20831862.1221830

Hamaoka, T. (2013). Muscle oxygenation monitoring using near-infrared
spectroscopy. J. Phys. Fitness Sports Med. 2, 203-207. doi: 10.7600/jpfsm.2.203

Heinicke, K., Wolfarth, B., Winchenbach, P, Biermann, B., Schmid, A., Huber, G.,
et al. (2001). Blood volume and hemoglobin mass in elite athletes of different
disciplines. Int. J. Sports Med. 22, 504-512. doi: 10.1055/s-2001-17613

Hesford, C. M., Cardinale, M., Laing, S., and Cooper, C. E. (2013). NIRS measurements
with elite speed skaters: comparison between the ice rink and the laboratory.
Adv. Exp. Med. Biol. 765, 81-86. doi: 10.1007/978-1-4614-4989-8_12

Hesford, C. M., Laing, S. J., Cardinale, M., and Cooper, C. E. (2012). Asymmetry
of quadriceps muscle oxygenation during elite short-track speed skating.
Med. Sci. Sports Exerc. 44, 501-508. doi: 10.1249/MSS.0b013e31822{8942

Hettinga, F. J., Konings, M. J., and Cooper, C. E. (2016). Differences in muscle
oxygenation, perceived fatigue and recovery between long-track and short-
track speed skating. Front. Physiol. 7:619. doi: 10.3389/fphys.2016.00619

Hofman, N., Orie, J., Hoozemans, M. J. M., Foster, C., and de Koning, J. J.
(2017). Wingate test as a strong predictor of 1500-m performance in elite
speed skaters. Int. ]. Sports Physiol. Perform. 12, 1288-1292. doi: 10.1123/
ijspp.2016-0427

Ichimura, S., Murase, N., Osada, T., Kime, R., Homma, T., Ueda, C., et al.
(2006). Age and activity status affect muscle reoxygenation time after maximal
cycling exercise. Med. Sci. Sports Exerc. 38, 1277-1281. doi: 10.1249/01.
mss.0000227312.08599.f1

Konings, M. J., Elferink-Gemser, M. T, Stoter, I. K., van der Meer, D., Otten, E.,
and Hettinga, E J. (2015). Performance characteristics of long-track speed skaters:
a literature review. Sports Med. 45, 505-516. doi: 10.1007/s40279-014-0298-z

Kuipers, H., Verstappen, E T. ], Keizer, H. A., Geurten, P., and Van Kranenburg, G.
(1985). Variability of aerobic performance in the laboratory and its physiologic
correlates. Int. J. Sports Med. 6, 197-201. doi: 10.1055/s-2008-1025839

Malczewska-Lenczowska, J., Sitkowski, D., Orysiak, ], Pokrywka, A., and
Szygula, Z. (2013). Total haemoglobin mass, blood volume and morphological
indices among athletes from different sport disciplines. Arch. Med. Sci. 5,
780-787. doi: 10.5114/a0ms.2013.36926

McCully, K. K., Halber, C., and Posner, J. D. (1994). Exercise-induced changes
in oxygen saturation in the calf muscles of elderly subjects with peripheral
vascular disease. J. Gerontol. 49, B128-B134. doi: 10.1093/geron;j/49.3.b128

McCully, K. K., and Hamaoka, T. (2000). Near-infrared spectroscopy: what
can it tell us about oxygen saturation in skeletal muscle? Exerc. Sport Sci.
Rev. 28, 123-127.

Nagasawa, T. (2013). Slower recovery rate of muscle oxygenation after sprint
exercise in long-distance runners compared with that in sprinters and healthy
controls. J. Strength Cond. Res. 27, 3360-3366. doi: 10.1519/JSC.0b013e3182908fcc

Overstreet, B. S., Bassett, D. R. Jr., Crouter, S. E., Rider, B. C., and Parr, B. B.
(2017). Portable open-circuit spirometry systems. J. Sports Med. Phys. Fitness
57, 227-237. doi: 10.23736/S0022-4707.16.06049-7

Paquette, M., Bieuzen, F, and Billaut, E (2018). Muscle oxygenation rather
than VO,max as a strong predictor of performance in sprint canoe-kayak.
Int. ]. Sports Physiol. Perform. 13, 1299-1307. doi: 10.1123/ijspp.2018-
0077

Paquette, M., Bieuzen, F, and Billaut, F. (2020). Effect of a 3-weeks training
camp on muscle oxygenation, VO, and performance in elite Sprint kayakers.
Front Sports Act Living 2:47. doi: 10.3389/fspor.2020.00047

Perrey, S., and Ferrari, M. (2018). Muscle oximetry in sports science: a systematic
review. Sports Med. 48, 597-616. doi: 10.1007/s40279-017-0820-1

Piucco, T., Soares, R., Diefenthaeler, F, Millet, G. Y., and Murias, J. M. (2018).
Oxygen uptake and muscle deoxygenation kinetics during skating: comparison
between slide-board and treadmill skating. Int. J. Sports Physiol. Perform.
13, 783-788. doi: 10.1123/ijspp.2017-0440

Stangier, C., Abel, T., Hesse, C., Claen, S., Mierau, J., Hollmann, W, et al.
(2016). Effects of cycling vs. running training on endurance performance
in preparation for inline speed skating. J. Strength Cond. Res. 30, 1597-1606.
doi: 10.1519/JSC.0000000000001247

Steiner, T., Maier, T., and Wehrlin, J. P. (2019). Effect of endurance training
on hemoglobin mass and VO,,, in male adolescent athletes. Med. Sci.
Sports Exerc. 51, 912-919. doi: 10.1249/MSS.0000000000001867

Vasquez-Bonilla, A. A., Camacho-Cardefiosa, A., Timon, R., Martinez-Guardado, I,
Camacho-Cardenosa, M., and Olcina, G. (2021). Muscle oxygen desaturation
and re-saturation capacity limits in repeated sprint ability performance in
women soccer players: a new physiological interpretation. Int. J. Environ.
Res. Public Health 18:3484. doi: 10.3390/ijerph18073484

Zelenkova, 1. E., Zotkin, S. V., Korneev, P. V., Koprov, S. V., and Grushin, A. A.
(2019). Relationship between total hemoglobin mass and competitive
performance in endurance athletes. J. Sports Med. Phys. Fitness 59, 352-356.
doi: 10.23736/S0022-4707.18.07865-9

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Rebis, Sadowska, Starczewski and Klusiewicz. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

March 2022 | Volume 13 | Article 809864


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.5604/20831862.1221830
https://doi.org/10.7600/jpfsm.2.203
https://doi.org/10.1055/s-2001-17613
https://doi.org/10.1007/978-1-4614-4989-8_12
https://doi.org/10.1249/MSS.0b013e31822f8942
https://doi.org/10.3389/fphys.2016.00619
https://doi.org/10.1123/ijspp.2016-0427
https://doi.org/10.1123/ijspp.2016-0427
https://doi.org/10.1249/01.mss.0000227312.08599.f1
https://doi.org/10.1249/01.mss.0000227312.08599.f1
https://doi.org/10.1007/s40279-014-0298-z
https://doi.org/10.1055/s-2008-1025839
https://doi.org/10.5114/aoms.2013.36926
https://doi.org/10.1093/geronj/49.3.b128
https://doi.org/10.1519/JSC.0b013e3182908fcc
https://doi.org/10.23736/S0022-4707.16.06049-7
https://doi.org/10.1123/ijspp.2018-0077
https://doi.org/10.1123/ijspp.2018-0077
https://doi.org/10.3389/fspor.2020.00047
https://doi.org/10.1007/s40279-017-0820-1
https://doi.org/10.1123/ijspp.2017-0440
https://doi.org/10.1519/JSC.0000000000001247
https://doi.org/10.1249/MSS.0000000000001867
https://doi.org/10.3390/ijerph18073484
https://doi.org/10.23736/S0022-4707.18.07865-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Journal of

%

Clinical Medicine

Article

Estimation of Lactate Thresholds, Aerobic Capacity and Recovery
Rate from Muscle Oxygen Saturation in Highly Trained Speed
Skaters and Healthy Untrained Individuals

Kinga Rebi$ 1+Q, Andrzej Klusiewicz 2 Barbara Dtugotecka 2 Pawel Rézanski 2, Karol Kowieski 2

and Tomasz Kowalski 1*

check for
updates

Citation: Rebis, K.; Klusiewicz, A.;
Dtugotecka, B.; Rézanski, P.; Kowieski,
K.; Kowalski, T. Estimation of Lactate
Thresholds, Aerobic Capacity and
Recovery Rate from Muscle Oxygen
Saturation in Highly Trained Speed
Skaters and Healthy Untrained
Individuals. . Clin. Med. 2024, 13,
5340. https://doi.org/10.3390/
jem13175340

Academic Editor: Andrea Ermolao

Received: 24 July 2024
Revised: 20 August 2024
Accepted: 3 September 2024
Published: 9 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Physiology, Institute of Sport-National Research Institute in Warsaw, 01-982 Warsaw, Poland
Faculty of Physical Education and Health, J6zef Pilsudski University of Physical Education in Warsaw,
00-968 Biata Podlaska, Poland; andrzej klusiewicz@awf.edu.pl (A.K.); barbara.dlugolecka@awf.edu.pl (B.D.);
pawel.rozanski@awf.edu.pl (P.R.); karol. kowieski@awf.edu.pl (K.K.)

*  Correspondence: kinga.rebis@insp.pl (K.R.); tomasz.kowalski@insp.pl (T.K.)

Abstract: Objective: The main objective of this study was to compare lactate thresholds and aer-
obic capacity from a graded-intensity exercise test (GXT) for near-infrared spectroscopy measure-
ments in healthy, untrained individuals and highly trained athletes. Methods: This study included
29 untrained students (13 females) and 27 highly trained speed skaters (13 females). A maximal
effort GXT was performed on a cycloergometer. The lactate-based aerobic and anaerobic thresholds,
and the corresponding thresholds for muscle oxygen saturation (SmO;), were determined. Results:
The power values determined for all thresholds were significantly higher in female and male speed
skaters compared to male and female college students. SmO,; at anaerobic thresholds was signifi-
cantly lower in female speed skaters than in female students. Both female and male skaters showed
greater changes in SmO; after the GXT compared to students. The recovery did not significantly
differ between groups within gender. There was a significant positive correlation in females between
the rate of muscle reoxygenation and VO,max power (r = 0.610). In speed skaters, the rate of muscle
reoxygenation was not significantly higher than students and correlated positively with VO,max
(r = 0.449). Conclusions: The SmO; at the exercise thresholds, during and after maximal exercise,
depends on the training status of the individual. The participants with a higher physical fitness
level showed greater decreases in ASmO; at the AT level, as well as after maximal exercise. SmO,
corresponding to the well-established exercise thresholds may be applied to guide training prescrip-
tion. The rate of muscle reoxygenation after a GXT was also dependent on the aerobic capacity of
the participants.

Keywords: exercise; physical fitness; cardiopulmonary exercise testing; near-infrared spectroscopy;
anaerobic threshold

1. Introduction

Over the past few years, wearable devices that apply near-infrared spectroscopy (NIRS)
to assess the oxygenation (muscle oxygen saturation, SmQO,) level of myoglobin in the
muscle cytoplasm, and hemoglobin in the blood vessels of muscle, have been introduced
into scientific research and training practise [1-3]. As myoglobin oxygenation is expected
to remain almost unchanged during exercise, any alteration in myoglobin and hemoglobin
signals should mainly reflect changes in hemoglobin [4]. SmO; reflects the dynamic balance
between oxygen (O,) supply and O, demand, mainly at the superficial level of muscle [3],
whilst providing real-time information on oxygen utilization during exercise [5]. It is a
local measurement reflecting differences or changes in SmO, during exercise, depending
on NIRS placement [6], and the NIRS device can be worn in laboratory or field settings to
improve ecological validity.
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In the sport of speed skating, modern oximeters allow for on-body measurements
of SmO; in the laboratory [7,8] and in natural training conditions [9,10], and these are
becoming useful in evaluating training effects [11,12]. The measured indices may be
displayed in real time, similar to heart rate recordings, on a smartphone, tablet or computer.
Our previous research has confirmed that NIRS offers a simple, safe and fast way to
both assess maximal exercise capacity [13] and monitor aerobic training load [14]. Other
laboratories have confirmed the utility of NIRS for the determination of intensity zones
from an incremental load test [15,16], and for establishing the anaerobic threshold (AT
cut-off point), based on the dynamics of SmO, changes during exercise [1,15,17-20]. The
aforementioned studies are of significant practical importance, as they confirm the efficacy
of a non-invasive, wearable sensor for evaluating training intensity and selecting exercise
loads [21].

From a practical point of view, establishing one’s anaerobic threshold (AT) is particu-
larly important for the assessment of aerobic capacity, as well as the selecting of individ-
ualized training-intensity zones [22]. However, Jamnick et al. [22] identified more than
25 different methods of determining threshold load, potentially reducing the translation
and interpretation of these measures in sport. The identification of the threshold for 2
and 4 mmol blood lactate concentration, or the modified Dmax threshold (ModDmax)
and lactate threshold (LT), is easy to determine using available software [23]. The lactate
thresholds discussed are relatively easily determined and widely applied in different sport
settings [22,24]. Therefore, we investigated the exercise thresholds and associations with
NIRS-derived SmO; levels. The approach may be particularly useful in speedskaters, as
restricted blood flow during major parts of the skating stroke cycle influences the measured
lactate concentrations [25,26]. Traditionally, sports scientists and coaches draw conclusions
regarding whole-body lactate dynamics based on lactate concentrations in capillary blood.
However, in the case of speedskating and observed deviation from the normal relationship
between local and whole-body lactate concentrations, the validity of traditional lactate-
derived exercise thresholds was not thoroughly established [25]. Therefore, novel methods
of intensity monitoring may play a crucial role in on-ice and inline speedskating. Despite
this, research on NIRS application in speedskating remains limited.

Previous studies have described the SmO, responses at LT levels in representative
groups of healthy, untrained individuals and highly trained athletes, separately; however,
the literature analyzing differences between these groups remains scarce. Also, limited
research has evaluated the utility of muscle oxygenation across a graded exercise test
(GXT) and compared the effect of training (or physical fitness) status. Moreover, muscle
reoxygenation after exercise cessation may inform recovery effectiveness and training
status [27]. Thus, the main aim of this study was to compare the aerobic and anaerobic
thresholds based on SmO; levels in healthy, physically active individuals and highly
trained athletes. An additional goal of this study was to establish whether the SmO,
during, and after, a ramp-incremental test is contingent on training status and its association
with well-established performance variables. The hypothesis of this study was that the
level of physical fitness is associated with SmO; at the aerobic threshold, AT, maximal
deoxygenation levels and muscle reoxygenation rate, independently of gender.

2. Materials and Methods

This study included 29 students from the Academy of Physical Education and 27 Polish
speed skaters, who were representing the National Team at a junior or senior level. The
total sample size was calculated with G * Power (v3.1.9.7) and was 52 for two-tailed ¢-
tests for independent means (effect size = 0.8, a = 0.05, power = 0.8) and 46 for multiple
linear regression (effect size = 0.5, a = 0.05, power = 0.8, number of predictors = 5). The
characteristics of the participants are shown in Table 1. The speed skaters (males and
females) were significantly younger, taller and possessed a higher body mass, compared
to male and female students, respectively. The speed skaters were also characterized by a
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significantly lower BMI, with the students presenting a mean BMI value (25.6 + 3.4 kg/m?)
that indicated that they were slightly overweight.

Table 1. Basic characteristics (mean & SD) of females and males in the examined group of students
and speed skaters.

Females
. Students
Variable/Group Speed Skaters (n = 13)
(n =13)
Age (years) 23.1+1.0 185+2.0*
Body height (cm) 1649 £ 4.7 1682 £3.7 %
Body mass (kg) 60.7 £ 6.5 60.4 +3.6
BMI (kg/m?) 223 +37 21.3+£1.0
Training experience (years) - 42+15
Males
Students
(0 =16) Speed Skaters (n = 14)
Age (years) 238+1.1 179 £22%
Body height (cm) 181.1 £7.1 1820 £ 6.8*
Body mass (kg) 84.0 £ 11.8 739 £65*
BMI (kg/m?) 25.6 £3.4 223+£12*
Training experience (years) - 35+09

*—statistically significant differences between female students and female speed skaters or male students and
male speed skaters p < 0.05.

This study was conducted in cooperation with the National Speed Skating Association
during the preparatory period of an annual training plan. The research outlined was con-
ducted according to the guidelines of the Declaration of Helsinki and its later amendments,
with approval no. KEBN-22-71-KR (14 March 2022) from the Research Ethics Committee of
Institute of Sport-National Research Institute, Warsaw, Poland. The participants chose to
partake voluntarily, and they were informed about the right to withdraw at every stage of
the study. All participants provided written consent before study commencement, and in
the case of underage participants, such consent was obtained from their legal guardians.

2.1. Graded Exercise Test

A maximal-intensity GXT was performed on a bicycle ergometer with measurements
of gas exchange, heart rate, the SmO; of the vastus lateralis muscle and blood lactate carried
out at regular intervals before and after exercise. Figure 1 shows the placement of the
NIRS sensor.

The GXTs were performed using the Cortex MetaMax B3 (Cortex Biophysik GmbH,
Leipzig, Germany), the breath-by-breath method and a cycloergometer. The gas analyser
was previously demonstrated as a reliable tool for measuring oxygen uptake [28].

The Lode Corival ergometer (Lode B.V., Groningen, The Netherlands) was used in
the student group, and the Cyclus II Ergometer (RBM, Leipzig, Germany) was used in the
speed skater group. The elite speed skaters used a cycle ergometer based on an individual
setting of the cyclist’s bicycle frame to achieve optimal conditions for the test task. The
testing equipment had been calibrated according to the manufacturer’s instructions.

The participants underwent an incremental step test consisting of 3 min efforts per-
formed continuously. The test commenced at 30-70 W, and the load increased for 30-50 W
with every 3 min step, which was individually adjusted for sex, body mass and fitness sta-
tus to achieve possibly similar testing times for all the participants (about 17-18 min). The
participants were instructed to continue their effort until total exhaustion. After completing
both tests, the participants continued pedalling for active cool-down (light exercise at a
load of 0.5 W/kg performed for 3 min after the completion of the test), aimed at avoiding
orthostatic shock.
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Figure 1. Location of the MOXY monitor on the vastus lateralis muscle belly.

During the GXT, heart rate (HR) was continuously recorded using the H9 Heart Rate
Sensor (Polar Electro Oy, Helsinki, Finland). Blood samples were taken from the fingertip
during the last 15 s of every step, immediately after and 3 min after the cessation of the test.
Each sample was collected in a 20 puL capillary tube by the laboratory technician. Blood
lactate concentration was determined with the Super GL2 analyzer (Dr. Miiller Gerdtebau
GmbH, Freital, Germany) immediately after the testing procedures.

2.2. Aerobic and Anaerobic Thresholds, Maximal Aerobic Power

Aerobic and anaerobic thresholds (2 and 4 mmol, modified Dmax and lactate threshold-
LT), and the corresponding threshold SmO; values, were derived from the application
described by Newell et al. [23]. The aerobic (2 mmol) and anaerobic (4 mmol) thresholds
were determined by the interpolation of the power output values and SmO; registered at
the 2 or 4 mmol/L blood lactate level. The criteria for determining modified Dmax were as
follows: the performance of a minimum of 5 exercise loads of full duration (3 min) and a
final blood lactate concentration of more than 8 mmol/L. Maximal aerobic power (MAP)
was calculated as a proportion of time and power achieved in the last executed bout of the
GXT, according to Kuipers et al. [29]. The equation for this calculation is presented below:

T
MAP = Prrg + (=££ x AP)
Tst
MAP—maximal aerobic power; P;rr—power of the last fully executed step; T; p—time
executed in the final step; T's;—time of the last step; AP—increase in power between the
last two steps.

2.3. Maximal Oxygen Consumption

Maximal oxygen uptake (VO,max) was defined as the highest amount of oxygen
consumption over a 30 s period during exercise testing. The maximal intensity of exercise
necessary for the estimation of VO,max was defined by the following criteria: the present
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oxygen uptake plateau (growth < 100 mL-min~! in oxygen uptake despite an increase

in workload), the post-exercise blood lactate concentration > 8 mmol/L, the respiratory
exchange ratio (RER) > 1.1 and the attainment of the age-adjusted maximal heart rate,
expressed as HRmax = 220-participant age. If at least two of the above criteria were met
during the exercise, the attained effort and oxygen uptake were regarded as maximal.

2.4. Measurements of Muscle Oxygen Saturation

During the GXT, a NIRS device (Moxy Monitor; Fortiori Design LLC, Hutchinson,
MN, USA) was placed on the vastus lateralis (VL) muscle that is active during cycling.
The Moxy monitor is a continuous wave near-infrared spectroscopy sensor. It uses a new
type of algorithm that is based on Monte Carlo modelling. The device has two detectors
spaced at 12.5 and 25 mm from the emitter, and uses 4 wavelengths of 680, 720, 760 and
800 nm. The default sampling rate cycles through the four wavelengths 80 times every
2 s and averages out the readings for an output rate of 0.5 Hz. The device was placed
approximately 15 &+ 2 cm above the proximal border of the patella on the vastus lateralis
muscle belly and was fixed to the right limb with a dark 7.5 cm flexible tape by the same
person (Figure 1).

The SmO,; was recorded at rest, during exercise and recovery. SmO, measurements
taken 2 min before the GXT were taken as baseline values. The differences in SmO,
(ASmO;) between baseline and minimal SmO, during exercise were also calculated. The
reoxygenation rate after the GXT was evaluated as the half-time required for SmO, recovery
(SmO; A Time) [27,30], presented in Figure 2.

Figure 2. Method of evaluating the time for 50% recovery muscle oxygen saturation (SmO, recovery
half-time, SmO,HTR) after the maximal graded exercise test (GXT) for one male student (based on
individual data from the present study, compiled according to the guidelines from Nagasawa, 2013).

For other metrics, the SmO; data were averaged from measurements made 2.0 min
before testing (SmO, rest), during and after the test with 2-s intervals (the default time
interval in the accompanying Moxy software, Version 1.4.4). Data were recorded for the
minimum SmO, (2 s at end of the test) (minimum, SmO; min) and over 2 s at recovery
(maximum, SmO, max). The SmO; min after the completion of the exercise was defined
as 0%, and the SmO, max of the recovery phase was defined as 100%. SmO; A time was
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then defined as the time from the completion of the exercise to the time to reach 50%
SmO;Max [27]. SmO, recovery rate was calculated according to the following formula:

SmO, Recovery Rate (%/s) = 50% SmO,;Max (%)/SmO, A Time (s)

SmO, threshold values were determined by averaging measurements at 30 s intervals
for the respective exercise loads.

2.5. Statistical Analyses

All statistical analyses were conducted with Statistica 13.0 software (Statistica 13,
TIBCO Software Inc., Palo Alto, CA, USA). The normal distribution of variables was
examined using the Shapiro-Wilk test. The differences between groups in demographic
data, oxygenation and performance parameters were assessed using a Student’s ¢-test
or the Mann-Whitney U-test for variables with a non-normal distribution. The effect
size was calculated as Cohen’s d (where 0.2 represents a small effect size, 0.5 represents
a medium effect size and 0.8 represents a large effect size) for Student’s t-tests or rank
biserial correlation (r, where 0.1 represents a small effect size, 0.3 represents a medium effect
size and 0.5 represents a large effect size) for Mann-Whitney U-tests. The relationships
between the oxygenation and performance variables were tested using Pearson’s correlation
coefficient (R). A coefficient of determination (R?) was also computed to aid interpretation.
We used published criteria, as described by Evans [31], to describe the strength of the
correlations; <0.20 as very weak, 0.20-0.39 as weak, 0.40-0.59 as moderate, 0.60-0.79 as
strong and >0.80 as very strong. The level of statistical significance was set at p < 0.05.

3. Results

The female and male speed skaters were characterized by a higher physical capacity
in comparison to male and female students, based on significant differences between the
groups in terms of MAP and VO,max (Table 2).

Table 2. Peak values (mean + SD) of selected indices during the maximal graded exercise test in
female and male students and speed skaters.

Females
Student Soeed Skat Effect Size
Variable/G udents pee aters Val —
ariable/Group (n=13) (n =13) p-value Cohen’s d Rank Biserial
Correlation (r)
Test time (min: s) 16:51 £+ 2:10 16:59 + 1:51 0.87 0.06 -
MAP (W) 169 + 22 254 +18* <0.001 - 1.0
MAP, (W/kg) 2.82 +0.37 4.04+0.33*% <0.001 3.67 -
VO;max (L/min) 2.28 +0.28 318 £0.26 * <0.001 3.31 -
VO;max (mL/kg/min) 38.0£3.7 521+46* <0.001 1.68 -
Lactate pgag (mmol/L) 10.7 + 1.7 131+ 13* <0.001 1.61 -
Males
Student Speed Skat Effect Size
. udents ee aters
Variable/Group (0 =16) P (= 14) p-Value Cohen’s d Rank Biserial
Correlation (r)
Test time (min: s) 18:32 + 2:17 18:05 + 2:07 0.59 0.20 -
MAP (W) 258 + 32 353 +45* <0.001 2.86 -
MAP, (W/kg) 3.10 + 0.45 4.77 £ 0.43 % <0.001 4.08 -
VO;max (L/min) 3.58 4+ 0.54 453 +0.42* <0.001 3.10 -
VO;max (mL/kg/min) 429+ 6.7 620+ 4.8* <0.001 1.98 -
Lactate pgax (mmol/L) 11.8£ 1.8 135+23* 0.03 0.83 -

MAP—absolute maximal aerobic power, MAP,—relative maximal aerobic power; lactate ppax—post-exercise
lactate; *—difference (p < 0.05) between female students and female speed skaters, or male students and male
speed skaters.
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In all cases, power values for the aerobic and anaerobic lactate thresholds (in W and
W /kg) were significantly higher in female and male speed skaters relative to male and
female students (Table 3). SmO; values at anaerobic thresholds expressed in % were
significantly lower in female speed skaters (AT4: 32.7 £ 11.5, Dmax: 31.0 £ 9.2 and LT:
33.9 & 9.6) than in female students (45.2 &= 11.1, 44.3 4= 10.3 and 45.6 =+ 10.5, respectively).
In speed skaters, the differences in question, although not statistically significant, showed a
similar direction of change (Table 3).

Table 3. Values (mean + SD) of selected indices at the aerobic and anaerobic thresholds in female and
male students and speed skaters.

Females
Student Speed Skat Effect Size
. udents ee aters
Variable/Group (@ =13) P (n =13) p-Value Cohen’s d Rank Biserial
Correlation (r)
P> mvior, (W) 68 + 22 122 £35* <0.001 1.86 -
Py mvior (W/kg) 1.14 + 0.34 2.00 £ 0.64 * <0.001 1.71 -
Pats (W) 114 £ 19 183 +£21* <0.001 3.51 -
Pata (W/kg) 1.90 +£0.29 3.04+041* <0.001 3.248 -
Ppmax (W) 112 + 13 180 £ 22* <0.001 3.72 -
Ppmax (W/kg) 1.88 + 0.25 3.00 £ 045* <0.001 - 1.00
Pt (W) 105 £ 12 169 +£21* <0.001 - 0.99
Prr (W/kg) 1.77 + 0.29 2.82 +044* <0.001 2.88 -
SmO; snmor (%) 522 +£13.1 48.8 £11.2 0.49 0.27 -
SmOsaT4 (%) 452 +11.1 327 +11.5* <0.001 - 0.68
SmO,ppmax (%) 443 +10.3 31.0+£9.2* <0.001 - 0.82
SmOy; 1 (%) 45.6 £10.5 339+9.6* 0.007 - 0.66
Males
Student Soeed Skat Effect Size (Females)
. udents ee aters
Variable/Group (n = 16) p (n = 14) p-Value Coher's d Rank Biserial
Correlation (r)
P> mvior, (W) 103 + 28 201 +35* <0.001 2.64 -
P yvvior, (W/kg) 1.25 +£0.43 2.72 £ 057 * <0.001 2.95 -
Pats (W) 173 £ 27 267 +41* <0.001 2.78 -
Patsa (W/kg) 2.08 +£0.40 3.62+£046* <0.001 3.58 -
Ppmax (W) 173 + 22 263 +43* <0.001 2.67 -
Ppmax (W/kg) 2.08 +0.33 3.56 +0.44* <0.001 - 0.98
Prr (W) 177 + 22 253 + 48 * <0.001 - 0.96
Prr W/kg) 2.13 £0.29 341 +048* <0.001 - 1.0
SmOs svmorL (%) 45.0 +13.2 425+7.7 0.54 0.22 -
SmO; T4 (%) 305+ 15.5 28.3 £ 8.6 0.64 0.17 -
SmOsppax (%) 325+13.3 294 + 6.5 0.44 0.29 -
SmOyy 1 (%) 31.8 +13.1 304 4+7.1 0.71 0.14 -
Py mmorL—power at aerobic threshold (lactate = 2 mmol/L); Paps—power at anaerobic threshold

(lactate =4 mmol/L); Ppmax—power at modified Dmax threshold; Prr—power at lactate threshold;
SmO; pvor—muscle oxygenation threshold (lactate = 2 mmol/L); SmO, at4—muscle oxygenation threshold
(lactate = 4 mmol/L); SmO;pmax—muscle oxygenation Dmax threshold; SmO;r—muscle oxygenation at lactate
threshold; *—difference (p < 0.05) between female students and female speed skaters, or male students and male
speed skaters.

The female speed skaters also showed significantly greater changes in SmO, (dif-
ferences between rest and anaerobic threshold SmO, values in %) for lactate thresholds
of 4 mmol, Dmax and LT (32.5 £ 13.0, 34.2 £ 10.2 and 31.3 =+ 10.7) compared to female
students (21.0 &= 11.1, 21.8 £ 10.3 and 20.5 & 10.5) (Figure 3). Male skaters also showed
greater ASmO, values relative to male students, but these were not statistically significant.
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Figure 3. Muscle oxygen saturation (SmO;) at the aerobic (2 mmol) and anaerobic thresholds
(4 mmol, Dmax, LT), expressed as A (SmO; at Rest — SmO; at the aerobic or anaerobic threshold)
in the groups of students and speed skaters. *—difference (p < 0.05) between female students and
female speed skaters.

Both female and male skaters additionally showed a greater decrease in ASmO,;
(differences between rest and minimal value) after the GXT, as compared to students
(female 51.9 £ 10.7 vs. 34.7 & 9.7% and male 52.0 £ 11.0 vs. 44.7 & 11.5%, respectively)
(Figure 4).

The time to achieve 50% SmO; in the recovery period (50% SmO, recovery time) did
not differentiate between female and male students and speed skaters (Figure 5).

However, a higher recovery rate (SmO; recovery rate) was observed in female speed
skaters (1.08 £ 0.33 %/s) when compared to female students (0.76 = 0.24 %/s) (Figure 6).
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Figure 4. Muscle oxygen saturation (SmO,): at baseline, as exercise minimum values, differences
between the baseline and minimum (A Baseline — Minimum) and the recovery maximum values
during the maximal graded exercise test in the groups of students and speed skaters. *—difference
(p < 0.05) between female students and female speed skaters, or male students and male speed skaters.

Figure 5. Time for the 50% recovery of muscle oxygen saturation (SmO,) in the groups of students
and speed skaters.
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Figure 6. Values of SmO; recovery rate in the groups of students and speed skaters. *—difference
(p < 0.05) between female students and female speed skaters.

Correlational analyses revealed a significant and strong relationship (r = 0.610, shared
variance of ~37%) was observed in females between SmO, recovery rate and peak power
(W/kg) (Figure 7).

Figure 7. Statistically significant correlation between the SmO, recovery rate and maximal aerobic
power (MAP) in the combined groups of female students and speed skaters (n = 26).

In male speed skaters, although the recovery rate was not significantly higher versus
the student group (Figure 6), a significant and moderate relationship (r = 0.449, shared
variance of ~20%) was observed between SmO; recovery rate and VO,max (Figure 8).
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Figure 8. Statistically significant correlation between the SmO; recovery rate and VO;max in the
combined groups of male students and speed skaters (n = 30).

4. Discussion

The presented investigation reports multiple novel findings. The SmO; at the AT,
during and after maximal exercise, depends on the training status of the individual. Those
participants with a higher physical fitness level showed greater changes in ASmO, at the
AT level, as well as after maximal exercise. The rate of muscle reoxygenation after a GXT
was also dependent on the aerobic capacity of the participants.

In the available literature regarding the determination of AT values based on measure-
ments of SmO;, studies have been conducted mostly among trained individuals [31-34] or
in groups of recreationally trained individuals [19]. One of the main goals of our research
was to compare aerobic and AT in groups with different training statuses, i.e., in highly
trained speed skaters and untrained students. Blood lactate measurements are widely
considered the gold standard to establish threshold values [35]. However, attempts to deter-
mine said thresholds based on non-invasive measurements are still of particular interest. In
recent years, such studies have been undertaken using the SmO, index [18,19,32-34]. Other
work [19] has shown that both the maximum distance (Dmax) and modified maximum
distance (mDmax) values should not be used to estimate the LT due to the unreliable
detection of the SmO, threshold from session to session. Similarly, in other studies [33], the
ventilatory (VT) and tissue saturation index (TSIt) thresholds were not concurrent with
the LT. In contrast to the cited study, Grassi et al. [36] reported a significant correlation
between the onset of muscle deoxygenation and the onset of blood lactate accumulation
(OBLA, a nominal La of 4 mmol/L). Similarly, Driller et al. [1] pointed out the agreement
and practical usefulness of the AT determined in cyclists by a wearable NIRS device when
measuring SmO; compared to four traditionally used methods of determining the LT. Also,
Borges and Diriller [18] observed in runners no significant differences in load for the AT
determined using the aforementioned NIRS sensor compared to five traditional methods,
based on blood lactate determinations.

Consequently, there is still no consensus among authors on whether non-invasive,
portable and easy-to-use NIRS measurement devices can adequately capture the aerobic—
anaerobic transition by providing an equivalent to index to the LT that has been used
for many years [37,38]. In our research, we used different lactate thresholds (“aerobic
threshold”, “modf. Dmax”, “OBLA” and “LT”) to determine relevant values for SmO,.
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Although this method was benchmarked against blood lactate concentration measurements,
it allowed us to use SmO, values to monitor exercise intensity and training load. In the state-
of-the-art literature, both the nominal values of SmO, and the differences between resting
and exercise SmO, values (ASmO;) have been used [6,39]. Calculating ASmO, allows for
the large variation in resting values of SmO, to be taken into account. Previously, the same
way of expressing muscle oxygen saturation values was presented by Cayot et al. [19]. This
method was also used for ASmO; values, but was calculated in a slightly different way; it
was used for the interpretation of data in studies of kayakers and canoeists [6].

In our study, a higher level of athletic training (female skaters vs. female students)
was accompanied by a lower SmO, value at the AT, when presented both on a nominal
scale (Table 3) and described as ASmO, (Figure 3). At the same time, the female skaters
achieved higher power outputs at the AT. Speculatively, the SmO, level at the AT may
reflect relative training status, and NIRS measurements during submaximal efforts may
offer a non-invasive marker of physical fitness. These findings are applicable to both aerobic
and anaerobic training zones and apply to constant intensity efforts.

Notably, NIRS-derived thresholds are obtained locally, and over a small area of the
activated muscle. However, both traditional methods of determining AT, based on blood
lactate concentrations and ventilation threshold, reflect the body’s global response to a
given effort. During exercise on the cycle ergometer, other muscles besides the quadriceps
muscle group are working, which affects lactate production. It would be useful to test
whether the NIRS threshold is dependent on the location of the monitor [32,33]. This
question was answered by Batterson et al. [31], and it was confirmed that breakpoints in
muscle O, saturation rate (%/min) were not significantly different from LT1 or LT2 at any
muscle sites. In response to maximal effort, larger decreases in SmO; should be associated
with higher levels of physical capacity (Figure 4). Previously, a similar relationship was
identified by Okushima et al. [40] and Feldmann et al. [15], confirming that trainees with a
higher VOypeax showed a greater decline in SmO, during maximal exercise. Therefore, the
oxygen uptake capacity between capillaries and skeletal muscle appears to be related to
the aerobic capacity of the active muscle.

The selection of recovery duration to evaluate the reoxygenation rate of muscle has
a notable practical implication. Our previous study in highly trained speed skaters [13]
found that reoxygenation rate showed a significant positive correlation with VOppx and
exercise capacity in the GXT. In the current study, we also demonstrated a strong positive
correlation between the rate of reoxygenation with peak power in the GXT (in females) and
a moderate correlation with VOym,x (in males) (Figures 7 and 8). These correlations offer
further evidence that the rate of muscle reoxygenation after a GXT depends, in part, on the
aerobic capacity of the participants. In related work, Ichimura et al. [41] noted a faster rate
of muscle reoxygenation after a ramp test in those with higher VO, 5« levels.

5. Conclusions

The SmO; at the AT, during and after maximal exercise, depends on the training status
of the individual. Those participants with a higher physical fitness level showed greater
decreases in ASmO, at the AT level, as well as after maximal exercise. SmO, corresponding
to the well-established exercise thresholds may be applied to guide training prescription.
The rate of muscle reoxygenation after a GXT was also dependent on the aerobic capacity
of the participants.

6. Limitations

Two types of cycle ergometers were used in this study. The skaters opted to use their
own professional bicycle frames mounted on a Cyclus cycle ergometer to achieve optimal
test results. In contrast, students performed the tests on a Lode Corival, which allows for
precise positioning that is suitable for amateurs. Notably, the choice of ergometer model
did not affect physiological exercise indicators such as HRmax, VO,max, Lactate PEAK,
or SmQO;. Finally, the size of the investigated population might be considered a study
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limitation. However, studies including elite athletes are subject to such constraints, as the
investigated population remains small.
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Abstract: Frequent changes in altitude and oxygen levels limit the practical application of traditionally
derived exercise thresholds or training zones based on heart rate (HR) or blood lactate concentration
(bLa). We investigated the transferability of a muscle oxygenation (SmO;)-based intensity prescription
between different hypoxic conditions to assess the suitability of real-time SmO, measurements for ski-
mountaineering (SKIMO) athletes during submaximal endurance exercise. A group of 15 well-trained
male SKIMO athletes performed a graded-intensity run test in normoxia (87 m ASL, FiO, = 20.8%) to
determine the anaerobic threshold (AnT) with the mod-Dmax method, and maximal lactate steady
state (MLSS) assessments in acute normobaric hypoxia (3000 m ASL, FiO, = 14.4%) with the intensity
aligned to 90-105% of SmO, at the normoxia-determined AnT. SmO,, HR, and bLa were monitored
during both tests. The number of MLSS assessments without a bLa increase over 1 mmol-L~! was
reported. Paired t-tests with Cohen’s d effect sizes and intraclass correlation coefficient (ICC) were
computed to compare the bLa and HR at the AnT in normoxia and MLSS averages in hypoxia, as
both corresponded to equivalent SmO;. Out of the 15 MLSS assessments, 11 (73.3%) were performed
without a bLa increase over 1 mmol-L~!. Significant differences at equivalent SmO, in normoxia
and hypoxia were found for HR (175 £ 11.7 vs. 160 £ 14.2 bpm, p = 0.005, d = 1.02), but not
for bLa (4.9 + 1.2 vs. 5.1 + 2.4 mmol-L™!, p = 0.845, d = —0.05). ICC(2,k) for HR and bLa were
0.56 (95% CI: —0.24, 0.85) and 0.40 (95% CI: —0.75, 0.80), respectively. The results indicate a fair
transferability of a SmO,-based intensity prescription between different hypoxic conditions in well-
trained SKIMO athletes during submaximal endurance exercise. The practical significance of the
observations depends on the required accuracy of the exercise intensity determination.

Keywords: near-infrared spectroscopy; NIRS; hypoxia; exercise testing; anaerobic threshold; SKIMO

1. Introduction

Ski-mountaineering (SKIMO) is an endurance winter sport that combines skiing and
mountaineering. As the participants ascend and descend snow-covered mountains, con-
tinuous effort in various hypoxic conditions is required. It is a rapidly growing discipline
worldwide and has been included in the program for the Winter Olympic Games starting
in 2026 [1,2]. Physiologically, the effort involved in SKIMO can be compared to cycling
time-trial on a hilly route, running a 10 km race, or cross-country skiing. Therefore, SKIMO
is one of the most physically demanding sports [3]. SKIMO may be described as a technical
discipline with a significant endurance component, engaging both anaerobic and aerobic
energy systems to varying degrees [4,5]. As a result, due to the mountain environment,
altitude, and the significant role of technique in both climbing and descending, it is a
discipline where assessing physical performance and monitoring training is particularly
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challenging [1]. Another factor complicating the analysis of training loads and the deter-
mination of training intensity zones is that a competition takes place in high mountains,
with a variable hypoxic component. In a single race, participants may climb over 4000 m
in elevation, repeatedly ascending above 3000 m above sea level [6]. A literature review
shows a need for more detailed analyses, especially among elite SKIMO athletes, which is
why new solutions are still being sought that could serve as tools to support the training
process [1,3]. The specificity of SKIMO is linked to competitions being held at altitudes
above 2000 m above sea level. Another important factor is the altitude change during
the competition—athletes often move multiple times between zones ranging from 2000 to
3000 m above sea level, up to zones above 3000 m [6]. The complex physiological demands
of SKIMO create a methodological challenge in selecting the most appropriate performance
indicators to describe race intensity [3].

Traditionally, training zones and exercise thresholds are usually determined by heart
rate (HR), pace, or blood lactate concentration (bLa) [7]. However, these indices may exhibit
different values during exercise in hypoxia compared to at sea level [8-10]. In hypoxic
conditions, oxygen uptake is typically reduced during both submaximal and maximal
exercise due to the diminished partial pressure of oxygen, which limits oxygen availability
for muscular work [11]. This reduction usually impairs exercise performance and leads
to an earlier onset of fatigue [12]. To compensate, heart rate increases significantly at a
given workload compared to normoxia, as the cardiovascular system attempts to maintain
oxygen delivery to active muscles [11]. Furthermore, at a corresponding workload bLa may
be higher in moderate hypoxia, reflecting an increased reliance on anaerobic glycolysis
to meet energy demands in the face of limited oxygen availability during submaximal
intensity. These physiological changes highlight the body’s adaptive responses to maintain
energy production under hypoxic stress [13]. At the same time, adapted and trained
individuals under high hypoxia may present a lower peak bLa, especially in association
with high-intensity exercise [14].

These physiological changes may affect the comparability of laboratory measurements
obtained under normoxic conditions, limiting their real-world applicability in the field.
Such limitations are particularly noteworthy in disciplines that require performing in con-
stantly changing conditions, such as SKIMO in the context of variable altitude and exercise
intensity. Therefore, alternative methods of assessing exercise intensity and prescribing
training are being sought.

As the traditional methods for assessing SKIMO performance and exercise intensity
exhibit significant limitations, new approaches are still being explored. One of the modern
tools that has gained popularity in training practice in recent years is mobile measurement
devices utilizing near-infrared spectroscopy (NIRS). This technology allows for monitoring
local muscle oxygenation saturation (SmO;) [15]. It was successfully applied in both
normoxia and hypoxia in state-of-the-art research [16-18]. The reports on the SmO, kinetics
in hypoxia during exercise are scarce and not conclusive. For example, Solsona et al.
(2022) observed that SmO, might be similar across different hypoxic conditions with a
decrease in total work [19] during sprint interval training. Pramkratok et al. (2022) also
reported stable SmO, levels during incremental running tests with impaired performance
in hypoxia [20]. On the contrary, Rodriguez et al. (2019) noted that locomotor muscle
oxygenation was reduced, whilst oxygenation of respiratory muscles was maintained
in hypoxia during repeated sprint efforts [21]. Noteworthy, both the applied exercise
types and the population in the available research differ vastly. It may suggest that the
SmO, kinetics depend on the exercise intensity, modality, participants’ fitness level, or
applied research methodology. Consequently, further and more specific research is required.
According to the literature data and recent investigations, NIRS measurements allow for
both assessing maximal exercise capacity and determining training intensity zones from an
incremental exercise test [22,23]. Furthermore, analyzing the dynamics of SmO; changes
during exercise enables the determination of individualized training zones and intensity
thresholds [23]. Noteworthy, the available research focuses on measurements performed
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in the same conditions [24,25], and the application of such an approach during endurance
efforts in various hypoxic conditions remains understudied. This might be one of the first
investigations addressing such an application of NIRS in outdoor winter sports, conducted
on well-trained athletes.

We hypothesized that NIRS-based measurements may optimize for the transfer of
laboratory test results, conducted in normoxia, to hypoxic conditions. Additionally, we
speculated that the proposed training zones should remain stable regardless of altitude,
unlike traditional training zones based on HR, pace, or bLa. Therefore, we investigated
the transferability of SmO,-based intensity prescription between different hypoxic condi-
tions to assess the suitability of real-time SmO, measurements for SKIMO athletes during
submaximal endurance exercise.

2. Materials and Methods

The study design was reviewed and approved by the Institute of Sport—National
Research Institute Ethics Committee (approval no KEBN-24-97-KR). All procedures are
aligned with the Declaration of Helsinki. All study participants provided written consent
to take part in the experiment.

2.1. Participants

A group of male SKIMO athletes (n = 15) completed the study. The participants
were classified as either Tier 3 or Tier 4 athletes according to the participant classification
framework [20], indicating they were trained or highly trained athletes. The inclusion
criteria required participants to have a valid medical certificate for SKIMO training and
competition, be classified in Tier 3 or Tier 4 as defined by McKay et al. (2002), and
have at least 4 years of competitive athletic training. Exclusion criteria included any
chronic or acute medical conditions within the past 3 months and the current use of
medication. The recruitment was based on convenience sampling through the Polish
National Team coaches. The required sample size was calculated with G* Power (version
3.1.9.2; Dusseldorf, Germany) and totaled 15 participants. The following input parameters
were set as follows: effect size = 0.8, significance « = 0.05, and power (1 — ) = 0.8. Initially,
18 athletes enrolled, but only 15 completed all the necessary procedures and were included
in the analyses. The participants’ characteristics are presented in Table 1.

Table 1. Baseline participant characteristics.

Variable Value (Mean + Standard Deviation)
Age (years) 29.7 £ 11.5
Body mass (kg) 714+ 43
Body height (cm) 179.1+75
VO,max (mL-min*Lkg*l) 1 60.9 £+ 8.1
Body mass (kg) 714 +43

! VO,max—maximal oxygen uptake.

The participants” height was measured with the free-standing digital stadiometer seca
274 (seca GmbH & Co. KG, Hamburg, Germany). Their body mass was measured with the
body composition analyzer InBody 770 (InBodyUSA, Cerritos, CA, USA). Maximum oxygen
uptake (VO,max) was established during a graded-intensity run test. The gasometry was
performed with the Cortex Metamax B3 (Cortex Biophysik GmbH, Leipzig, Germany),
breath-by-breath method, according to the manufacturer’s guidelines. All the included
participants fulfilled the maximal effort criteria: (1) HR < 10 beats/min or <5% of the
age-predicted (220-age) maximum, (2) bLa > 8 mmol/L, and (3) respiratory exchange
ratio > 1.10 [27]. The highest average oxygen uptake for 30 s was considered as the
VO,max.
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2.2. Study Design

Across 10 days the athletes took part in two testing procedures to determine the
transition between heavy and severe exercise domains. First, the participants performed a
graded-intensity run test on a treadmill (h/p/cosmos Saturn treadmill, h/p/cosmos sports
& medical GmbH, Nussdorf-Traunstein, Germany) in normoxia (87 m ASL, FiO, = 20.8%).
The test was conducted to exhaustion, with a 4 min step protocol and capillary blood
sampling for bLa after each step. The anaerobic threshold (AnT) with the mod-Dmax
method was established for HR, bLa, and SmO, [28]. The following week, the participants
performed maximal lactate steady state (MLSS) run assessments in acute normobaric
hypoxia (3000 m ASL, FiO; = 14.4%) with the intensity aligned to 90-105% of SmO, at the
normoxia-determined AnT. The 15% range for SmO; reflected the constant acute changes
of the measurement and resembled a training zone that may be practically used in training.
The MLSS assessment was based on three 10 min efforts with a 1 min recovery interval. The
speed and incline were self-adjusted by participants to keep the intensity in the prescribed
SmO, range. The average HR was measured during the last minute of each effort and the
bLa was measured immediately after each effort. Hypoxic conditions in the laboratory
were generated using the Airzone normobaric hypoxia system (Air Sport, Miedzyzdroje,
Poland), with the hypoxic chamber measuring ca 45 m?. Temperature, humidity, oxygen,
and carbon dioxide concentrations were controlled and held constant.

SmO; was measured with a Moxy monitor (Moxy Monitors, Hutchinson, MI, USA),
previously validated and widely applied in sports settings [29]. The device was placed
on the right vastus lateralis, about 13 = 1 cm above the upper edge of the patella and
4 £+ 1 cm to the side of the thigh’s midline. A nontransparent tape of 7.5 cm width was
used to provide a repeatable testing environment and hypoallergenic skin tape was used to
fix devices to the skin. A computation window of 2 s was used. Skinfold thickness at this
location was measured using a Harpenden Skinfold Caliper (Baty International, Burgess
Hill, United Kingdom). The recorded values (5.3 &+ 1.3 mm) ensured physiologically reliable
SmO, measurements [30]. HR was measured with a Polar H10 chest strap (Polar Electro
Oy, Helsinki, Finland). Blood samples were taken from the fingertip into 20 uL capillary
tubes and immediately analyzed with a Super GL 2 (Dr. Miiller Gerdtebau GmbH, Freital,
Germany) for the bLa.

2.3. Statistical Analysis

The number and percentage of MLSS assessments without a bLa increase over 1 mmol-L
was reported. The normality of the distribution was assessed with the Shapiro-Wilk test
and visual analysis of the plot figures. Scatter plots were analyzed for independence of
observations, linearity, and outliers. Paired t-tests with Cohen’s d effect sizes and intraclass
correlation coefficient (ICC) were computed to compare bLa and HR at AnT in normoxia
and MLSS averages in hypoxia, as both corresponded to equivalent SmO,. Bland-Altman
plots were presented to visualize the agreement between both measurements. All statistical
analyses and adequate figures were prepared using the JASP Team statistical package JASP
(JASP Team, Amsterdam, The Netherlands, Version 0.17.2).

3. Results

Out of the 15 MLSS assessments, 11 (73.3%) were performed without a bLa increase
over 1 mmol-L~!. Statistically significant differences at equivalent SmO, in normoxia and
hypoxia were found for the HR (175 £ 11.7 vs. 160 £ 14.2 bpm, p = 0.005, d = 1.02), but not
for the bLa (4.9 + 1.2 vs. 5.1 & 2.4 mmol-L~}, p =0.845, d = —0.05). ICC(2,k) for the HR
and bLa were 0.56 (95% CI: —0.24, 0.85) and 0.40 (95% CI: —0.75, 0.80), respectively. The
Bland—-Altman plots to visualize the agreement between the measurements are presented
as Figures 1 and 2.
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Figure 1. The Bland—Altman plot presents an agreement between the bLa at AnT in normoxia and
the MLSS averages in hypoxia (both corresponded to equivalent SmO,).

Figure 2. The Bland—Altman plot presents an agreement between the HR at AnT in normoxia and the
MLSS averages in hypoxia (corresponded to equivalent SmO5).

4. Discussion

Our study investigated the transferability of SmO;-based intensity prescription be-
tween different hypoxic conditions in well-trained SKIMO athletes during submaximal
endurance exercise. This is a critical area of research as traditional methods for prescribing
exercise intensity, such as HR, pace, or bLa, are known to be influenced by altitude, po-
tentially leading to inaccurate exercise intensity prescriptions. To our knowledge, this is
the first study exploring the application of NIRS-based indices in different conditions. The
results indicate that SmO;-based intensity prescription demonstrates a fair transferability
between normoxic and hypoxic conditions within intensities close to the transition between
the heavy and severe exercise domains. Our findings suggest that SmO,, measured with
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portable NIRS devices, may offer a fairly stable and reliable method for setting training
zones across varying altitudes during submaximal endurance exercise. This is crucial for
optimizing training adaptations and racing strategies in SKIMO athletes who frequently
train and compete at altitude.

Since the introduction of the equilibrium principle to lactate production and clear-
ance [31], numerous studies have explored MLSS, using a variety of equipment, exercise
modalities, movement patterns, muscle groups, and endurance performance measures [32].
Although the precise definition and interpretation of MLSS vary, many authors have re-
ferred to the MLSS as the AnT because it represents an exercise intensity that can be
sustained without significant reliance on anaerobic metabolism [33]. Generally, a close
relationship between traditional exercise thresholds and MLSS suggests validity concerning
the training intensity prescription [33]. However, multiple scientists reported only a loose
correlation between MLSS and bLa-derived exercise thresholds [34,35]. De Souza et al.
(2012) reported moderate to high correlations (r = 0.68 and r = 0.79) between MLSS and
aerobic or anaerobic thresholds, respectively [34]. Urhausen et al. (1993) reported that
bLa increased continuously and/or led to a premature break-off during the ‘quasi-MLSS’
protocol in 15 out of 30 cases [35]. Aunola and Rusko (1992) reported that AnT and MLSS
are correlated (r = 0.83); however, no correlation between the 4 mmol lactate threshold
and MLSS was observed [36]. Interestingly, Smith and Jones (2001) found no significant
differences between MLSS velocity and lactate turnpoint velocity but noted that the extent
of disagreement is too great to estimate one variable accurately from another in individual
subjects [37]. Hoogeveen et al. (1997) also reported the conspicuous individual variability
of bLa at MLSS in well-trained endurance athletes [38]. During our investigation, 73.3%
of MLSS assessments were performed without a bLa increase over 1 mmol-L~! and no
significant differences between the bLa in normoxia and hypoxia were found. Considering
the presented context, the approach investigated in our study seems promising.

The practical significance of our observations depends on the needed accuracy of the
exercise intensity determination. Typically, very high precision is required in performance-
oriented environments [39], whereas applied population approaches to accuracy and
repeatability are often less demanding [40,41]. Hence, fair transferability between normoxic
and hypoxic conditions may be sulfficient to play a role in limiting acute mountain sickness
in the general tourist population at moderate altitudes, as high-intensity exercise may exag-
gerate arterial hypoxemia leading to a higher prevalence of negative altitude symptoms [42].
At the same time, fair transferability may seem not enough for world-class athletes and
coaches, as precise and calculated training models are desired in high-performance envi-
ronments [39].

4.1. Practical Implications for Endurance Exercise

Compared to bLa measurements, SmO, monitoring offers several advantages for
prescribing exercise intensity, such as real-time data availability. NIRS technology allows
for non-invasive, continuous monitoring of SmO, during exercise, providing real-time feed-
back on SmO, dynamics that reflect exercise intensity [24]. State-of-the-art NIRS devices
typically involve a small wearable sensor, that transmits data wirelessly to a sports watch
or smartphone app [43]. This technology eliminates the need for cumbersome equipment
and frequent blood sampling, making SmO; monitoring practical and accessible for both
laboratory and field-based assessments [44]. Commercial NIRS devices are portable and
mobile, allowing for continuous data collection even in challenging outdoor environments
like those encountered in SKIMO. The integration of these wearable devices with existing
training platforms and software further enhances data analysis and interpretation, allowing
for individualized training prescriptions and real-time feedback for athletes.

The practical implications of our findings are significant for SKIMO athletes and their
coaches. By adopting a SmO,-based intensity prescription, they could potentially benefit
from the following:
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e  Optimize training adaptations. SKIMO athletes could train at more precise and
consistent intensities across different altitudes, maximizing physiological adaptations
specific to SKIMO performance.

e Individualize training prescription. SKIMO athletes could utilize real-time SmO, data
to tailor training loads, techniques, and recovery strategies based on individual athlete
responses to training and environmental conditions.

e Monitor training load and fatigue. SKIMO athletes could track changes in SmO, over
time to assess training adaptations, identify early signs of fatigue, and potentially
reduce the risk of overtraining.

However, the proposed approach should be applied with caution, as high individual
variability concerning NIRS-obtained indices has been reported [45]. Noteworthy, the
presented approach might be successfully used in other sports disciplines that compete in
different hypoxic conditions or rely on altitude training in their preparations.

4.2. Study Limitations and Future Research

The study design is associated with the exploratory character of our investigation and
therefore is not free from limitations. First, the sample size was relatively small and included
only male ski-mountaineers. Next, the compared variables have applied character and the
direct juxtaposition of the same protocols in normoxia and hypoxia is lacking. Finally, the
research addressed a homogeneous group of well-trained endurance athletes that regularly
train and compete in hypoxia; therefore, our findings should not be extrapolated to different
populations, i.e., recreationally active tourists. Consequently, future research might address
efforts with different characteristics (i.e., long in duration and low in intensity) or groups
of different genders and training statuses. Our study addressed the intensities close to
the transition between heavy and severe exercise domains and should be validated with
different work rates. Since substantial individual variability in analyzed indices was
observed, it is important to explain the sources and relationships associated with described
intra-subject divergence. Moreover, other modalities such as cycling or cross-country skiing
should be explored since significant differences between exercise types might appear [46].
Furthermore, the findings should be translated into clear and actionable guidelines for
coaches and athletes based on out-of-the-laboratory measurements. Preferably, the testing
environment should reflect the training and racing conditions [47] to further optimize the
implementation of SmO;-based training prescriptions.

5. Conclusions

Our findings indicate that a SmO,-based intensity prescription demonstrates a fair trans-
ferability between normoxic and hypoxic conditions during submaximal endurance exercise.
While traditional methods remain relevant, incorporating SmO, monitoring may provide a
more nuanced and potentially more accurate approach to training prescription, particularly
for individuals exercising, training, or competing in various hypoxic environments.

Author Contributions: K.R.: conceptualization, data curation, formal analysis, investigation, project
administration, funding acquisition, resources, writing—original draft, writing—review, and edit-
ing, TK.: conceptualization, investigation, writing—original draft, writing—review, and editing,
K.M.: methodology, writing—original draft, writing—review, and editing, A.K.: supervision, re-
sources, writing—review, and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: The study was supported by the Ministry of Sport and Tourism, Poland, under grant
number 2023.0252/DSW.

Institutional Review Board Statement: The research outlined was conducted according to the
guidelines of the Declaration of Helsinki and its later amendments, with approval no. KEBN-24-97-
KR (date of approval 3 July 2024) from the Research Ethics Committee of Institute of Sport—National
Research Institute, Warsaw, Poland.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



Sports 2024, 12, 351 80f9

Data Availability Statement: Data will be made available upon reasonable request to the correspond-
ing author (K.R.).

Acknowledgments: The authors wish to thank all the participants for their engagement in the study,
and the Institute of Sport—National Research Institute technical team for their assistance. Grammarly
App and ChatGPT 4.0 were used only for linguistic accuracy and clarity. Preliminary findings from
the study were already presented at the 29th Annual Congress of the European College of Sport
Science in Glasgow, 2024.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Bortolan, L.; Savoldelli, A.; Pellegrini, B.; Modena, R.; Sacchi, M.; Holmberg, H.-C.; Supej, M. Ski Mountaineering: Perspectives
on a Novel Sport to Be Introduced at the 2026 Winter Olympic Games. Front. Physiol. 2021, 12, 737249. [CrossRef] [PubMed]

2. Faiss, R.; von Orelli, C.; Dériaz, O.; Millet, G.P. Responses to Exercise in Normobaric Hypoxia: Comparison of Elite and
Recreational Ski Mountaineers. Int. J. Sports Physiol. Perform. 2014, 9, 978-984. [CrossRef]

3. Sunde, A.; Christoffersen, F; Johansen, J.-M.; Steren, . Steeper or Faster? Tactical Dispositions to Minimize Oxygen Cost in Ski
Mountaineering. Front. Sports Act. Living 2021, 3, 828389. [CrossRef] [PubMed]

4. Wagner, C.-M.; Réhrs, D.; Sandbakk, @.; Katz, A.; Wittke, A.; Keiner, M. Performance-Determining Variables of a Simulated
Skimo Sprint Competition in Elite Junior Skimo Athletes. Appl. Sci. 2024, 14, 1882. [CrossRef]

5. Menz, V,; Niedermeier, M.; Stehle, R.; Mugele, H.; Faulhaber, M. Assessment of Maximal Aerobic Capacity in Ski Mountaineering:
A Laboratory-Based Study. Int. J. Environ. Res. Public Health 2021, 18, 7002. [CrossRef] [PubMed]

6. Dugc, S,; Cassirame, J.; Durand, F. Physiology of Ski Mountaineering Racing. Int. J. Sports Med. 2011, 32, 856-863. [CrossRef]
[PubMed]

7. Jamnick, N.A.; Pettitt, R W.; Granata, C.; Pyne, D.B.; Bishop, D.J. An Examination and Critique of Current Methods to Determine
Exercise Intensity. Sports Med. 2020, 50, 1729-1756. [CrossRef]

8.  Kaoistinen, P; Takala, T.; Martikkala, V.; Leppéluoto, ]. Aerobic Fitness Influences the Response of Maximal Oxygen Uptake and
Lactate Threshold in Acute Hypobaric Hypoxia. Int. J. Sports Med. 1995, 16, 78-81. [CrossRef] [PubMed]

9.  Engelen, M,; Porszasz, J.; Riley, M.; Wasserman, K.; Maehara, K.; Barstow, T.J. Effects of Hypoxic Hypoxia on O2 Uptake and
Heart Rate Kinetics during Heavy Exercise. |. Appl. Physiol. 1996, 81, 2500-2508. [CrossRef]

10. Beever, A.T,; Zhuang, A.Y.; Murias, ].M.; Aboodarda, S.J.; MacInnis, M.]. Effects of Acute Simulated Altitude on the Maximal
Lactate Steady State in Humans. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2024, 327, R195-R207. [CrossRef] [PubMed]

11. Xu, E; Rhodes, E.C. Oxygen Uptake Kinetics during Exercise. Sports Med. 1999, 27, 313-327. [CrossRef]

12.  Wehrlin, ].P; Hallén, J. Linear Decrease in VO2max and Performance with Increasing Altitude in Endurance Athletes. Eur. J. Appl.
Physiol. 2006, 96, 404-412. [CrossRef] [PubMed]

13. Park, H.-Y,; Kim, ].-W.; Nam, S.-S. Metabolic, Cardiac, and Hemorheological Responses to Submaximal Exercise under Light and
Moderate Hypobaric Hypoxia in Healthy Men. Biology 2022, 11, 144. [CrossRef]

14. Hochachka, PW.; Beatty, C.L.; Burelle, Y.; Trump, M.E.; McKenzie, D.C.; Matheson, G.O. The Lactate Paradox in Human
High-Altitude Physiological Performance. News Physiol. Sci. 2002, 17, 122-126.

15. Perrey, S.; Quaresima, V.; Ferrari, M. Muscle Oximetry in Sports Science: An Updated Systematic Review. Sports Med. 2024, 54,
975-996. [CrossRef]

16. Bourdillon, N.; Mollard, P.; Letournel, M.; Beaudry, M.; Richalet, ].-P. Interaction between Hypoxia and Training on NIRS Signal
during Exercise: Contribution of a Mathematical Model. Respir. Physiol. Neurobiol. 2009, 169, 50-61. [CrossRef]

17.  Scheeren, T.W.L.; Schober, P.; Schwarte, L.A. Monitoring Tissue Oxygenation by near Infrared Spectroscopy (NIRS): Background
and Current Applications. . Clin. Monit. Comput. 2012, 26, 279-287. [CrossRef] [PubMed]

18.  Albertus-Camara, I.; Paredes-Ruiz, M.-].; Martinez-Gonzalez-Moro, I. Analysis of Muscle Oxygenation after a Normobaric
Hypoxia Tolerance Test. J. Funct. Morphol. Kinesiol. 2024, 9, 86. [CrossRef] [PubMed]

19. Solsona, R.; Deriaz, R.; Borrani, F.; Sanchez, A.M.]. Muscle Deoxygenation Rates and Reoxygenation Modeling during a Sprint
Interval Training Exercise Performed under Different Hypoxic Conditions. Front. Physiol. 2022, 13, 864642. [CrossRef] [PubMed]

20. Pramkratok, W.; Songsupap, T.; Yimlamai, T. Repeated Sprint Training under Hypoxia Improves Aerobic Performance and
Repeated Sprint Ability by Enhancing Muscle Deoxygenation and Markers of Angiogenesis in Rugby Sevens. Eur. . Appl. Physiol.
2022, 122, 611-622. [CrossRef]

21. Rodriguez, RE; Townsend, N.E.; Aughey, R.J.; Billaut, F. Respiratory Muscle Oxygenation Is Not Impacted by Hypoxia during
Repeated-Sprint Exercise. Respir. Physiol. Neurobiol. 2019, 260, 114-121. [CrossRef]

22. Rebis, K.; Sadowska, D.; Starczewski, M.; Klusiewicz, A. Usefulness of Portable Device to Establish Differences in Muscle
Oxygenation between the Wingate Test and Graded Exercise Test: Effect of Gender on Anaerobic and Aerobic Capacity in Speed
Skaters. Front. Physiol. 2022, 13, 809864. [CrossRef] [PubMed]

23. Sendra-Pérez, C.; Sanchez-Jimenez, ].L.; Marzano-Felisatti, ].M.; Encarnacion-Martinez, A.; Salvador-Palmer, R.; Priego-Quesada,

J.I. Reliability of Threshold Determination Using Portable Muscle Oxygenation Monitors during Exercise Testing: A Systematic
Review and Meta-Analysis. Sci. Rep. 2023, 13, 12649. [CrossRef] [PubMed]


https://doi.org/10.3389/fphys.2021.737249
https://www.ncbi.nlm.nih.gov/pubmed/34744777
https://doi.org/10.1123/ijspp.2013-0524
https://doi.org/10.3389/fspor.2021.828389
https://www.ncbi.nlm.nih.gov/pubmed/35174324
https://doi.org/10.3390/app14051882
https://doi.org/10.3390/ijerph18137002
https://www.ncbi.nlm.nih.gov/pubmed/34208925
https://doi.org/10.1055/s-0031-1279721
https://www.ncbi.nlm.nih.gov/pubmed/22012642
https://doi.org/10.1007/s40279-020-01322-8
https://doi.org/10.1055/s-2007-972968
https://www.ncbi.nlm.nih.gov/pubmed/7751080
https://doi.org/10.1152/jappl.1996.81.6.2500
https://doi.org/10.1152/ajpregu.00065.2024
https://www.ncbi.nlm.nih.gov/pubmed/38842515
https://doi.org/10.2165/00007256-199927050-00003
https://doi.org/10.1007/s00421-005-0081-9
https://www.ncbi.nlm.nih.gov/pubmed/16311764
https://doi.org/10.3390/biology11010144
https://doi.org/10.1007/s40279-023-01987-x
https://doi.org/10.1016/j.resp.2009.08.011
https://doi.org/10.1007/s10877-012-9348-y
https://www.ncbi.nlm.nih.gov/pubmed/22467064
https://doi.org/10.3390/jfmk9020086
https://www.ncbi.nlm.nih.gov/pubmed/38804452
https://doi.org/10.3389/fphys.2022.864642
https://www.ncbi.nlm.nih.gov/pubmed/35923232
https://doi.org/10.1007/s00421-021-04861-8
https://doi.org/10.1016/j.resp.2018.11.006
https://doi.org/10.3389/fphys.2022.809864
https://www.ncbi.nlm.nih.gov/pubmed/35350695
https://doi.org/10.1038/s41598-023-39651-z
https://www.ncbi.nlm.nih.gov/pubmed/37542055

Sports 2024, 12, 351 90f9

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

Rebis, K.; Klusiewicz, A.; Dtugotecka, B.; Rézariski, P.; Kowieski, K.; Kowalski, T. Estimation of Lactate Thresholds, Aerobic
Capacity and Recovery Rate from Muscle Oxygen Saturation in Highly Trained Speed Skaters and Healthy Untrained Individuals.
J. Clin. Med. 2024, 13, 5340. [CrossRef]

Possamai, L.T.; Borszcz, FK.; de Aguiar, R.A.; de Lucas, R.D.; Turnes, T. Comparison of NIRS Exercise Intensity Thresholds with
Maximal Lactate Steady State, Critical Power and Rowing Performance. Biol. Sport 2024, 41, 123-130. [CrossRef] [PubMed]
McKay, A K.A,; Stellingwerff, T.; Smith, E.S.; Martin, D.T.; Mujika, I.; Goosey-Tolfrey, V.L.; Sheppard, J.; Burke, L.M. Defining
Training and Performance Caliber: A Participant Classification Framework. Int. |. Sports Physiol. Perform. 2022, 17, 317-331.
[CrossRef]

Poole, D.C.; Jones, A.M. Measurement of the Maximum Oxygen Uptake Vo2max: Vo2peak Is No Longer Acceptable. J. Appl.
Physiol. 2017, 122, 997-1002. [CrossRef] [PubMed]

Fabre, N.; Balestreri, F.; Pellegrini, B.; Schena, F. The Modified Dmax Method Is Reliable to Predict the Second Ventilatory
Threshold in Elite Cross-Country Skiers. |. Strength Cond. Res. 2010, 24, 1546-1552. [CrossRef] [PubMed]

Feldmann, A.; Schmitz, R.; Erlacher, D. Near-Infrared Spectroscopy-Derived Muscle Oxygen Saturation on a 0% to 100% Scale:
Reliability and Validity of the Moxy Monitor. . Biomed. Opt. 2019, 24, 115001. [CrossRef]

McManus, C.J.; Collison, J.; Cooper, C.E. Performance Comparison of the MOXY and PortaMon near-Infrared Spectroscopy
Muscle Oximeters at Rest and during Exercise. J. Biomed. Opt. 2018, 23, 015007. [CrossRef] [PubMed]

Heck, H.; Mader, A.; Hess, G.; Miicke, S.; Miiller, R.; Hollmann, W. Justification of the 4-Mmol/L Lactate Threshold. Int. J. Sports
Med. 1985, 6, 117-130. [CrossRef]

Smekal, G.; von Duvillard, S.P.; Pokan, R.; Hofmann, P.; Braun, W.A.; Arciero, PJ.; Tschan, H.; Wonisch, M.; Baron, R.; Bachl,
N. Blood Lactate Concentration at the Maximal Lactate Steady State Is Not Dependent on Endurance Capacity in Healthy
Recreationally Trained Individuals. Eur. J. Appl. Physiol. 2012, 112, 3079-3086. [CrossRef] [PubMed]

Faude, O.; Kindermann, W.; Meyer, T. Lactate Threshold Concepts: How Valid Are They? Sports Med. 2009, 39, 469-490. [CrossRef]
De Souza, K.M.; Grossl, T.; Babel Junior, R.J.; De Lucas, R.D.; Costa, V.P.; Guglielmo, L.G.A. Maximo Estado Estavel de Lactato
Estimado Por Diferentes Métodos de Determinacao. Braz. |. Kinanthropometry Hum. Perform. 2012, 14. [CrossRef]

Urhausen, A.; Coen, B.; Weiler, B.; Kindermann, W. Individual Anaerobic Threshold and Maximum Lactate Steady State. Int. ].
Sports Med. 1993, 14, 134-139. [CrossRef] [PubMed]

Aunola, S.; Rusko, H. Does Anaerobic Threshold Correlate with Maximal Lactate Steady-State? J. Sports Sci. 1992, 10, 309-323.
[CrossRef] [PubMed]

Smith, C.G.; Jones, A.M. The Relationship between Critical Velocity, Maximal Lactate Steady-State Velocity and Lactate Turnpoint
Velocity in Runners. Eur. ]. Appl. Physiol. 2001, 85, 19-26. [CrossRef] [PubMed]

Hoogeveen, A.R.; Hoogsteen, ].; Schep, G. The Maximal Lactate Steady State in Elite Endurance Athletes. Jpn. J. Physiol. 1997, 47,
481-485. [CrossRef]

Sandbakk, J.; Pyne, D.B.; McGawley, K.; Foster, C.; Talsnes, R.K.; Solli, G.S.; Millet, G.P; Seiler, S.; Laursen, P.B.; Haugen, T.;
et al. The Evolution of World-Class Endurance Training: The Scientist’s View on Current and Future Trends. Int. J. Sports Physiol.
Perform. 2023, 18, 885-889. [CrossRef]

Kaminsky, L.A.; Myers, J.; Arena, R. Determining Cardiorespiratory Fitness with Precision: Compendium of Findings from the
FRIEND Registry. Prog. Cardiovasc. Dis. 2019, 62, 76-82. [CrossRef] [PubMed]

Pollock, M.L.; Feigenbaum, M.S.; Brechue, W.F. Exercise Prescription for Physical Fitness. Quest 1995, 47, 320-337. [CrossRef]
Roach, R.C.; Maes, D.; Sandoval, D.; Robergs, R.A.; Icenogle, M.; Hinghofer-Szalkay, H.; Lium, D.; Loeppky, J.A. Exercise
Exacerbates Acute Mountain Sickness at Simulated High Altitude. J. Appl. Physiol. 2000, 88, 581-585. [CrossRef]

Michalik, K.; Smolarek, M.; Nowak, M.; Pueo, B.; Zmijewski, P. Intra-Reliability of a Wearable near-Infrared Sensor for Monitoring
the Intensity of Exercise. Appl. Sci. 2024, 14, 5856. [CrossRef]

Tuesta, M.; Yafiez-Sepulveda, R.; Verdugo-Marchese, H.; Mateluna, C.; Alvear-Ordenes, I. Near-Infrared Spectroscopy Used to
Assess Physiological Muscle Adaptations in Exercise Clinical Trials: A Systematic Review. Biology 2022, 11, 1073. [CrossRef]
[PubMed]

Yogev, A.; Arnold, J.; Clarke, D.; Guenette, ].A.; Sporer, B.C.; Koehle, M.S. Comparing the Respiratory Compensation Point with
Muscle Oxygen Saturation in Locomotor and Non-Locomotor Muscles Using Wearable NIRS Spectroscopy during Whole-Body
Exercise. Front. Physiol. 2022, 13, 818733. [CrossRef] [PubMed]

Price, S.; Wiecha, S.; Cieslinski, L; Sliz, D.; Kasiak, PS.; Lach, J.; Gruba, G.; Kowalski, T.; Mamcarz, A. Differences between
Treadmill and Cycle Ergometer Cardiopulmonary Exercise Testing Results in Triathletes and Their Association with Body
Composition and Body Mass Index. Int. |. Environ. Res. Public Health 2022, 19, 3557. [CrossRef]

Kowalski, T.; Sadowska, D.; Wiecha, S. Differences between Indoor and Outdoor Field Cycling Tests in Triathletes Are Associated
with Training Environment History and BMI: Analysis and Prediction Formula. J. Sports Med. Phys. Fitness 2024, 64, 1039-1047.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/jcm13175340
https://doi.org/10.5114/biolsport.2024.129486
https://www.ncbi.nlm.nih.gov/pubmed/38524827
https://doi.org/10.1123/ijspp.2021-0451
https://doi.org/10.1152/japplphysiol.01063.2016
https://www.ncbi.nlm.nih.gov/pubmed/28153947
https://doi.org/10.1519/JSC.0b013e3181dc450a
https://www.ncbi.nlm.nih.gov/pubmed/20508457
https://doi.org/10.1117/1.JBO.24.11.115001
https://doi.org/10.1117/1.JBO.23.1.015007
https://www.ncbi.nlm.nih.gov/pubmed/29368457
https://doi.org/10.1055/s-2008-1025824
https://doi.org/10.1007/s00421-011-2283-7
https://www.ncbi.nlm.nih.gov/pubmed/22194004
https://doi.org/10.2165/00007256-200939060-00003
https://doi.org/10.5007/1980-0037.2012v14n3p264
https://doi.org/10.1055/s-2007-1021157
https://www.ncbi.nlm.nih.gov/pubmed/8509241
https://doi.org/10.1080/02640419208729931
https://www.ncbi.nlm.nih.gov/pubmed/1387688
https://doi.org/10.1007/s004210100384
https://www.ncbi.nlm.nih.gov/pubmed/11513315
https://doi.org/10.2170/jjphysiol.47.481
https://doi.org/10.1123/ijspp.2023-0131
https://doi.org/10.1016/j.pcad.2018.10.003
https://www.ncbi.nlm.nih.gov/pubmed/30385268
https://doi.org/10.1080/00336297.1995.10484161
https://doi.org/10.1152/jappl.2000.88.2.581
https://doi.org/10.3390/app14135856
https://doi.org/10.3390/biology11071073
https://www.ncbi.nlm.nih.gov/pubmed/36101451
https://doi.org/10.3389/fphys.2022.818733
https://www.ncbi.nlm.nih.gov/pubmed/35431982
https://doi.org/10.3390/ijerph19063557
https://doi.org/10.23736/S0022-4707.24.15921-X
https://www.ncbi.nlm.nih.gov/pubmed/38888564

109



110



Zatacznik 1.

ZYCIORYS NAUKOWY

Artykuly naukowe opublikowane w czasopiSmie naukowym lub

W recenzowanych materialach z konferencji miedzynarodowej

Lp.

Nazwa czasopisma

Tytul artykutu

Punkty MEIN

i IF

Biology of Sport

The use of muscle near-
infrared spectroscopy
(NIRS) to assess the
aerobic training loads of
world-class rowers

1001 2,806

Frontiersin Physiology

Usefulness of portable
deviceto establish
differencesin muscle
oxygenation between the
Wingate test and graded
exercisetest: Effect of
gender on anaerobic and
aerobic capacity in speed
skaters.

100 4,566

Frontiersin Physiology

Respiratory muscle
training induces additional
stress and training load in
well-trained triathletes—
randomized controlled
trial.

1001 4,755

Applied Sciences

Examining physiological
changes during Counter-
Strike: Global Offensive
(CS.GO) performancein
recreational male esports

players.

1001 2,500

Journa of Clinica Medicine

Isthe ventilatory
efficiency in endurance
athletes different?—

1401 3,000




Findings from the
NOODLE study.

Frontiersin Physiology

Below or al the way to the
peak? Oxygen uptake
efficiency slope asthe
index of cardiorespiratory
response to exercise—the
NOODLE study.

1001 3,200

BMC Sports Science, Medicine and

Rehabilitation

Oxygen uptake efficiency
plateau is unaffected by
fitness level—the
NOODLE study. BMC
Sports Science, Medicine
and Rehabilitation,

1001i 2,100

Life (MDPI)

Comparative study of
different respiratory
muscle training methods:
Effectson
cardiopulmonary indices
and athletic performance
in elite short-track
Speedskaters.

701 3,200

Journa of Clinica Medicine

Estimation of lactate
thresholds, aerobic
capacity and recovery rate
from muscle oxygen
saturation in highly trained
speed skaters and healthy
untrained individuals.

1401 2,900

10.

Frontiers in Physiology

Body Oxygen Level Test
(BOLT) is not associated
with exercise performance
in highly-trained
individuals.

1001 3,200

11.

BMC Sports Science, Medicine and

Rehabilitation

Influence of voluntary
Isocapnic hyperpnoea on
recovery after high-
intensity exercisein elite
short-track speedskaters—
randomized controlled
trial.

1001 2,100

12.

Sports (MDPI)

Transferability of exercise
intensity based on muscle

201 2,900




oxygenation from
normoxiato hypoxiain
ski-mountaineering
athletes - exploratory
study.

13.

Biology of Sport

Optimizing recovery
strategiesin elite
Speedskating: A
comparative analysis of
different modalities.

1401 5,000

14.

Journal of Functional Morphology

and Kinesiology

Optimizing recovery
strategiesin lite
speedskating: A
comparative analysis of
different modalities.

201 2,000

15.

European Journal of Applied

Physiology

Critical power and critical
oxygenation: Examining
transferability between
normoxiaand hypoxia.

1001 3,010

16.

European Journal of Applied

Physiology

Haematological
parameters and muscle
oxygen saturation in elite
mal e speed skaters during
az2-mintimetrial.

100i 3,010

17.

Biology of Sport

Physiological and
performance parameters
associated with critical
power declinein hypoxia
among highly-trained
endurance athletes.

1401 5,000

18.

Experimental Physiology

Muscle oxygen saturation
plateau: Definition and
verification in different
oxygen availability
conditions in locomotor
and non-locomotor
muscles.

701 3,500

19.

Scientific Reports

Effectiveness of voluntary
isocapnic hyperpnoea for
mitigating hypoxemiaand
acute mountain sicknessin
normobaric hypoxia: A

1401 3,800




randomized crossover pilot
trial.

Suma lF = 62,547, MEIN = 1880

. Monogr afie naukowe/r ozdzialy w monografiach naukowych wydanych
przez wydawnictwo, ktore bylo ujete w ministerialnym wykazie wydawnictw

Lp. | Tytul monografii/ rozdziatu w Nazwa wydawnictwa Uwagi
monografii (publikagji

wieloautorskich)

I11. Konferencje naukowe krajowei zagraniczne (nalezy wskazaé, czy kandydat byt osobg
prezentujgcq)

Plakat przygotowany na konferencj¢ zagraniczng: Starczewski M., Rebis K. Evaluation
of the maximal oxygen uptake and anaerobic threshold roller skiing field test in elite cross-
country Paralympic skiers. Vista 2021 (online).

Plakat przygotowany na konferencj¢ zagraniczna: Estimation of lactate thresholds for
muscle oxygenation in healthy, non-training individuals and high-trained speed skaters.
Rebis, K., Klusiewicz, A., Dlugotecka, B., Rozanski, P., Kowieski, K. 28th Annual ECSS
Congress Paryz, Francja, 2023.

Plakat przygotowany na konferencje krajowa: Perspektywy predykcji zaleznosci
wentylagji/produkcji dwutlenku wegla - badanie pilotazowe. Kasiak P., Sliz D., Kowalski T.,
Rebis K., Mamcarz A. XVI Konferencja Naukowa Sekcji Prewencji i Epidemiologii PTK —
Kardiologia Prewencyjna. Krakow, Polska, 2023.

Wystapienie na konferencji miedzynarodowej: Respiratory muscle training induces
additional stress and training load in well - trained athletes — randomized controlled trial.
Kowalski T., Rebis K., Kasiak P., Klusiewicz A., Granda D., Wiecha S. Human Physiol ogy
Workshop. Cologne, Niemcy, 2023.

Plakat przygotowany na konferencje zagraniczna: Body Oxygen Level Test is not
associated with athletic performance in highly-trained individuals. Kowalski T., Wilk A.,
Rebis K., Klusiewicz A., Wiecha S., Paleczny B. 29th Annual ECSS Congress Glasgow,
Wielka Brytania, 2024



Plakat przygotowany na konferencj¢ zagraniczng: Exploring the transferability of
exercise intensity based on muscle oxygenation from normoxiato hypoxia: areality check in
ski-mountaineering athletes. Rebis K., Kowalski T., Klusiewicz A. 29th Annual ECSS
Congress Glasgow, Wielka Brytania, 2024

Plakat przygotowany na konferencj¢ zagraniczng: Muscle oxygen saturation remains
stable during submaximal exercise across different hypoxic conditions in well-trained
endurance athletes. Kowalski, T., Rebis, K., Wilk, A., Szwed, P., Klusiewicz, A., Faiss, R.,
Debevec, T. 30th Annual ECSS Congress, Rimini, Wtochy, 2025.

Plakat przygotowany na konferencj¢ zagraniczng: IS muscle oxygenation associated with
haematological statusin elite female speed skaters? Malczewska-Lenczowska, J., Klusiewicz,
A., Rebis, K., Granda, D., Kowalski, T., Surata, O., Szczepanska, B. 30th Annual ECSS
Congress, Rimini, Witochy, 2025.

Plakat przygotowany na konferencj¢ zagraniczng: Bone Mineral Density and Nutritional
Factorsin Female Professional Triathletes. GrandaD., Maczewska-Lenczowska J., Surata O.,
Szczepanska B., Kowalski T., Rebis K. The Female Athlete Conference, Boston, USA, 2025.

Plakat przygotowany na konferencj¢ zagraniczng: Vitamin D status and premenstrual
symptoms in professional female athletes. Granda D., Surata O., Crewther B. T.,
Malczewska-Lenczowska J., Rebis K. Women in Sport Congress, Brisbhane, Australia, 2026.

Plakat przygotowany na konferencj¢ zagraniczng: The pre-competition taper can increase
plasma cortisol and creatine kinase concentrations in young female weightlifters. Rebis K.,
GrandaD., Crewther B. T., Turowski D., Obminski Z. Women in Sport Congress, Brisbane,
Australia, 2026. (prezentacja plakatu podczas sesji posterowe))

V. Projekty naukowe (udzial):

2025 Rozktad mocy w kolarstwie tandemowym - zalezno$¢ migdzy parametrami
wydolnosci a efektywnoscig jazdy. Projekt badawczy Polskiego Zwigzku Paralimpijskiego
finansowany z funduszy Ministerstwa Sportu i Turystyki — Kierownik i gtbwny wykonawca.

2025 Regeneracja powysitkowa u zawodniczek i zawodnikéw sportow druzynowych -
wlasny projekt naukowy realizowany w Instytucie Sportu.

2024 Wyznaczanie mocy krytycznegl (CP) w normoksji i hipoksji w oparciu o pomiary
utlenowania mig¢éni (NIRS). Projekt badawczy Polskiego Zwigzku Lyzwiarstwa Szybkiego
finansowany z funduszy Ministerstwa Sportu i Turystyki — Kierownik i gtbwny wykonawca.

2023 Wykorzystanie pomiarow spektroskopii w bliskiej podczerwieni (NIRS) do oceny
intensywnosci wysitku w warunkach hipoksji wysokosciowej u narciarzy wysokogorskich.
Projekt badawczy Polskiego Zwiagzku Alpinizmu — Kierownik 1 gtéwny wykonawca.

2022 Diagnostyczna warto$¢ pomiarow utlenowania mig¢sni (NIRS) do monitorowania
obcigzen treningowych pltywakoéw. Projekt badawczy Polskiego Zwigzku Ptywackiego
finansowany z funduszy Ministerstwa Sportu i Turystyki — Kierownik i gtbwny wykonawca.



2022 Szacowanie progu beztlenowego za pomocg pomiardw spektroskopii w bliskiej
podczerwieni (NIRS) u zawodnikow dyscyplin wytrzymatosciowych — wtasny projekt
naukowy realizowany w Instytucie Sportu.

2022 Calkowita ilo§¢ hemoglobiny i stopief utlenowania migsni a zdolno$¢ do pokonania
symulowanego wysitku u sportowcoéw wybranych dyscyplin — uczestnictwo w zespole
badawczym w projekcie naukowym realizowanym w Instytucie Sportu.

2021 Wielowymiarowa ocena odpowiedzi wysitkowej tyzwiarzy szybkich. Projekt
badawczy Polskiego Zwigzku Lyzwiarstwa Szybkiego finansowany z funduszy MKDNIS —
Gléwny wykonawca

2021 Dostosowanie ustawien rowerdw szosowych i torowych oraz wzajemnej pozycji
zawodnikow kolarstwa tandemowego pod wzgledem aerodynamicznym. Projekt badawczy
Polskiego Komitetu Paraolimpijskiego finansowany z funduszy MKDNIS — Gtowny
wykonawca

2020 Monitorowanie obcigzen treningowych zawodnikow podnoszenia cigzarow z
wykorzystaniem pomiardéw spektroskopii w bliskiej podczerwieni (NIRS). Projekt badawczy
Polskiego Zwigzku Podnoszenia Cigzarow finansowany z funduszy Ministerstwa Sportu —
Gléwny wykonawca

2020 Ewaluacja doboru elementow handbike’a i wyposazenia kolarza w celu
minimalizacji sit oporu aecrodynamicznego. Instytut Sportu-PIB. Projekt badawczy
finansowany ze $rodkow z funduszy Ministerstwa Sportu na podstawie umowy nr
2020/0555/0133/UDot/69/DSW — Gtéwny wykonawca

V. Nagrody i wyrdznienia:

V1. Stypendiai granty:

Stypendium doktoranckie przyznane przez Rad¢ Naukowa IS-PIB

VIl. Znajomo$¢é nowozytnych jezykow obcych: (certyfikat® lub dyplom ukonczenia studiow,
poswiadczajacych znajomos$¢ nowozytnego jezyka obcego na poziomie bieglosci jezykowej co najmniej
B2)

Znajomos¢ jezyka angielskiego — Poziom B2, potwierdzona w toku studiow

/podpis kandydata/

1 Wykaz certyfikatéw uprawniajacych do zwolnienia z egzaminu z nowozytnego jezyka obcego - Zatacznik nr 1

do Rozporzadzenia Ministra Nauki i Szkolnictwa Wyzszego z dnia 19 stycznia 2018 r. w sprawie szczegdlowego trybu

i warunkow przeprowadzania czynnosci w przewodzie doktorskim, w postepowaniu habilitacyjnym oraz W postepowaniu
0 nadanie tytutu profesora (Dz.U. 2018, poz. 261)



https://www.cmkp.edu.pl/wp-content/uploads/2019/09/wykaz-certyfikatów-uprawniających-do-zwolnienia-z-języka-angielskiego.docx
http://prawo.sejm.gov.pl/isap.nsf/download.xsp/WDU20180000261/O/D20180261.pdf
http://prawo.sejm.gov.pl/isap.nsf/download.xsp/WDU20180000261/O/D20180261.pdf
http://prawo.sejm.gov.pl/isap.nsf/download.xsp/WDU20180000261/O/D20180261.pdf

	Usefulness of Portable Device to Establish Differences in Muscle Oxygenation Between the Wingate Test and Graded Exercise Test: Effect of Gender on Anaerobic and Aerobic Capacity in Speed Skaters
	Introduction
	Materials and Methods
	Subjects
	Exercise Tests
	Maximal Aerobic Power
	Maximal Oxygen Consumption
	Measurements of Muscle Oxygenation
	Statistical Analysis

	Results
	Discussion
	Conclusion
	Practical Applications
	Limitation
	Data Availability Statement
	Ethics Statement
	Author Contributions

	References
	Introduction 
	Materials and Methods 
	Graded Exercise Test 
	Aerobic and Anaerobic Thresholds, Maximal Aerobic Power 
	Maximal Oxygen Consumption 
	Measurements of Muscle Oxygen Saturation 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	Limitations 
	References
	Introduction 
	Materials and Methods 
	Participants 
	Study Design 
	Statistical Analysis 

	Results 
	Discussion 
	Practical Implications for Endurance Exercise 
	Study Limitations and Future Research 

	Conclusions 
	References



