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I. AUTOREFERAT

Niniejsza rozprawa doktorska zostala przygotowana w formie cyklu publikacji pod
wspolnym tytutem: ,,Maksymalny pobdr tlenu w relacji do masy migsniowej u sportowcow
wyczynowych w rocznym cyklu treningowym”, na ktéry skladajg si¢ dwa artykuly
opublikowane w ramach projektu naukowego finansowanego z grantu OPUS 14 (nr
2017/27/B/NZ7/02828) Narodowego Centrum Nauki:

1. Trinschek J, Zielinski J, Kusy K. Maximal oxygen uptake adjusted for skeletal muscle
mass in competitive speed-power and endurance male athletes: changes in a one-year training
cycle. International Journal of Environmental Research and Public Health, 2020, 17(17): 6226.
doi: 10.3390/ijerph17176226.; PMID: 32867179; PMCID: PM(C7504314.; Impact Factor —
3.390, Punktacja MEiN — 140 pkt.

2. Trinschek J, Zielinski J, Zargbska EA, Kusy K. Male and female athletes matched for
maximum oxygen uptake per skeletal muscle mass: Equal but still different. Journal of Sports
Medicine and Physical Fitness, 2022, Online First, Mar 01. doi: 10.23736/S0022-
4707.22.13605-4.; PMID: 35230070.; Impact Factor — 1.637, Punktacja MEiN — 40 pkt.

1. WSTEP

Maksymalny pobér tlenu (VOxmax) jest powszechnie stosowanym wskaznikiem
maksymalnej wydolnosci tlenowej. Okresla on najwieksza objetos¢ tlenu, jakg organizm jest
w stanie wykorzysta¢ w jednostce czasu, czyli najwyzsze mozliwe tempo poboru tlenu u danej
osoby [Bassett i Howley 2000, Hill i wsp. 1924, Rankovi¢ i wsp. 2010, Sadowska i wsp. 2017,
Wilmore i wsp. 2004]. Poziom VO,max jest wyrazany standardowo w wartoéciach absolutnych
(ml/min) lub wzgledem catkowitej masy ciata (ml/min/kg). Rzadziej mozna spotka¢ VO,max
okreslony w mililitrach na kilogram masy ciata szczuptego (LBM) na minutg¢ [Cureton 1981,
Diaz-Canestro i wsp. 2021, Montero i wsp. 2018, Proctor 1 Joyner 1997, Sparling i Cureton
1983, Wells 1 Plowman 1983], a jedynie sporadycznie w przeliczeniu na kilogram masy mig$ni
szkieletowych (SMM) [Beekley 1 wsp. 2006, Proctor i Joyner 1997, Sanada 1 wsp. 2005]. Mata
powszechno$é wskaznika VO.max/SMM w praktyce sportowej wynika z jednej strony z
trudnosci metodologicznych i technicznych w doktadnym oszacowaniu SMM, a z drugiej z
braku wiedzy na temat informacji, jakag moze nie$¢ dla trenera i zawodnika taki sposob

przedstawienia tego waznego parametru fizjologicznego.



Masa migs$niowa, ktoéra jest gtownym sktadnikiem bezttuszczowej masy ciata [Kim
1 wsp. 2002], ma zasadnicze znaczenie dla wynikéw sportowych [Andreato i wsp. 2010,
Delaney i wsp. 2016, Gonzalez-Mendoza 1 wsp. 2019, Martin-Matillas i wsp. 2014, Proctor
1 Joyner 1997]. Poprzez regularny trening mig¢snie adaptujg si¢ do wysitkow 1 sg w stanie
pobiera¢ wiekszg ilo$¢ tlenu w jednostce czasu [Beekley 1 wsp. 2006, Farinatti 1 wsp. 2011,
Proctor i Joyner 1997, Sanada i wsp. 2004]. Zawodnicy trenujacy sporty wytrzymalosciowe
charakteryzujg si¢ wigkszg iloscig wolnokurczliwych widkien mig§niowych, wigksza gestoscia
1 rozmiarami mitochondriow oraz lepsza kapilaryzacjg mig$ni, umozliwiajacg wydajniejszy
przeptywu krwi w mig$niach [Andersen i Henriksson 1977, Holloszy 1 Coyle 1984, Torok i
wsp. 1995, Zwaard 1 wsp. 2018]. Adaptacje w zakresie specyficznych mechanizméw
biochemicznych i molekularnych przyczyniaja si¢ do modyfikacji aktywnosci metaboliczne;j
tkanki thuszczowej oraz wzrostu aktywno$ci enzymow mitochondrialnych, w tym enzyméw
szlaku utleniania kwaséw tluszczowych, cyklu cytrynianowego 1 tancucha oddechowego
[Andersen 1 Henriksson 1977, Holloszy 1 Coyle 1984].

Do tej pory tylko w kilku badaniach podejmowano proby oceny VO>max w powiazaniu
z SMM, wykorzystujac najbardziej zaawansowane metody jej szacowania, takie jak rezonans
magnetyczny czy absorpcjometria promieniowania rentgenowskiego o podwojnej energii
[Beekley i wsp. 2006, Proctor i Joyner 1997, Sanada i wsp. 2005]. Beekley i wsp. [2006]
wykazali silng zalezno$¢ pomiedzy absolutnymi wartoéciami SMM (kg) i VO,max (I/min) u
sportowcéw wyczynowych. Zauwazyli, ze powyzej pewnego poziomu SMM (~45 kg)
zalezno$¢ ta stabla, a putap zdolnosci aerobowych sportowcow osiagat plateau. Sugerowali oni,
ze aby lepiej porownaé VOr,max wsrdéd zawodnikow réznigcych sie zawartoécig tkanki
thuszczowej i masg ciata nalezy wyrazi¢ VO.max w przeliczeniu na SMM, co pozwoli uzyska¢
doktadniejsza informacj¢ o maksymalnej wydolnosci tlenowej. Sanada i wsp. [2004] wykazali
silng korelacje miedzy SMM a poziomem VO,max u ptywakéw na poziomie amatorskim.
Wedlug nich maksymalna wydolno$¢ tlenowa w przeliczeniu na SMM moze by¢ bardziej
odpowiednim wskaznikiem niz calkowita masa ciata w ocenie wydolnos$ci tlenowej, poniewaz
réznice lub zmiany catkowitej masy ciata moga mie¢ znaczny wptyw na uzyskiwane wartosci
VO>max. Proctor i Joyner [1997] wykazali, ze zmniejszenie wydolnosci aerobowe;j na kilogram
SMM wiazato sie takze ze zmniejszeniem VO,max w przeliczeniu na kilogram catkowitej masy
ciata. Sformutowano poglad, ze u wysoko wytrenowanych sportowcow, w celu uzyskania
doktadniejszych i bardziej wiarygodnych informacji o zmianach wydolnosci tlenowej, nalezy
bra¢ pod uwage nie tylko standardowe miary VO,max, ale takze pobor tlenu w przeliczeniu na
SMM [Beekley i wsp. 2006]. Powszechnie stosowane odniesienie VO2max do masy ciala nie

zawsze w pelni odzwierciedla status treningowy zawodnika 1 zwigzane z tym mechanizmy
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adaptacyjne. Nie jest bowiem jasne, czy wzrost lub spadek VO.max wynika ze zmiany
catkowitej] masy ciala lub jego komponentéw, np. masy tkanki tluszczowej, czy tez z
faktycznych zmian adaptacyjnych ksztattujacych mechanizmy warunkujgce VO,max, w tym w
miesniach szkieletowych, ktore sg gtownym odbiorcg tlenu podczas wysitku [Basset 1 Howley
20001].

Maksymalny poboér tlenu u czltowieka jest ograniczony przez cztery gldwne grupy
czynnikow fizjologicznych: pojemnos¢ dyfuzyjna ptuc, pojemnoscia minutows serca, zdolnos¢
krwi do przenoszenia tlenu oraz wtasciwosci migsni szkieletowych [Basset i Howley 2000,
Shete 1 wsp. 2014]. Czynniki te determinujg réwniez roéznice miedzypiciowe w poziomie
VO,max. Ponadto dwa zasadnicze komponenty ciata, czyli masa mieéni oraz tkanki
thuszczowej, w istotny sposob przyczyniaja si¢ do roéznic miedzyptciowych w wartosciach
VO;max uzyskiwanych podczas testow wysitkowych [Diaz-Canestro i wsp. 2021, Diaz-
Canestro 1 wsp. 2022, Montero i wsp. 2018, Sparling i Cureton 1983, Wells i Plowman 1983].
Generalnie sportowcy plci meskiej charakteryzuja si¢ wigkszg absolutng masa migéni
szkieletowych i przez to wigkszym poborem tlenu, ale mniejsza zawartoscia tkanki thuszczowej
niz kobiety uprawiajace te¢ samg dyscypling sportu na podobnym poziomie. Juz ten
powszechnie znany aspekt dymorfizmu plciowego sam w sobie skutkuje ,niekorzystnym
przelicznikiem” poboru tlenu u kobiet, niezaleznie od innych czynnikow réznicujacych
wydolno$¢ tlenowa obu pfei.

Co wazne, Proctor i Joyner [1997] zaobserwowali niemal identyczny poziom VO;max
w przeliczeniu na SMM u me¢zczyzn i1 kobiet trenujacych wytrzymato$ciowo. Sugeruje to, ze
w tym samym wieku oraz przy podobnym profilu 1 poziomie wytrenowania rdznice
miedzyplciowe w poziomie VO.max nie s3 zalezne od czynnikéw zwigzanych
z wlasciwos$ciami migsni szkieletowych, ktorych potencjat poboru tlenu wydaje si¢ bardzo
zblizony u obu pici. Stad badania kobiet i m¢zczyzn o wysokim poziomie wytrenowania i takiej
samej warto$ci VO2max/SMM (jako wskaznika ,tlenowej wydajnoéci” miesni szkieletowych)
moga rzuci¢ dodatkowe $wiatlo na wpltyw masy mig$niowej 1 pozostatych czynnikow na
VO;max. Jednak dotychczasowe wyniki badan nad réznicami miedzyplciowymi w zakresie
VO;max i warunkujacymi je czynnikami nie s3 w pelni zadowalajace ze wzgledu na brak
precyzyjnych kryteriow doboru zawodniczek i1 zawodnikéw [Cureton 1981, Cureton 1 wsp.
1986, Sparling 1 Cureton 1983, Wells i Plowman 1983]. W celu dokonania trafniejszych i
doktadniejszych poréwnan bardziej wlasciwy wydaje si¢ dobdr celowy, bazujacy na niemal
jednakowym VO.max/SMM obu plci jako podstawowym kryterium. Jako kryteria wtaczenia
do badan poréwnywanych kobiet 1 mezczyzn stosowano dotad zazwyczaj profil 1 staz

treningowy oraz VO,max wyrazony w standardowych miarach [Cureton 1981, Diaz-Canestro
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1 wsp. 2021, Montero 1 wsp. 2018, Sparling 1 Cureton 1983, Wells i Plowman 1983], a tylko
sporadycznie VO:max w przeliczeniu na mase migéniowa [Beekley i wsp. 2006, Proctor i
Joyner 1997, Sanada i wsp. 2004]. Jak si¢ wydaje, nie porownywano dotychczas wyczynowych
sportowcow plci zenskiej i meskiej przy uzyciu VOmax w przeliczeniu na SMM. Taka proba
moze dostarczy¢ bardziej precyzyjnych informacji o wielkosci r6znic miedzyplciowych w
zakresie glownych czynnikéw ograniczajacych VO,max, w tym tych zwigzanych z SMM.
Ponadto  przeciwstawienie =~ wyczynowych  sportowcow  szybkosSciowo-sitowych i
wytrzymatosciowych, a wigc reprezentujgcych odmienne profile treningowe 1 zwigzane z nimi
adaptacje fizjologiczne moze zilustrowaé, w jakim stopniu réznice miedzy ptciami w zakresie
czynnikéw ograniczajacych VO,max s3 uniwersalne, a w jakim zaleza od specyfiki uprawianej
dyscypliny sportowe;j.

W tej dysertacji, w zwigzku z wyzej nakreSlonymi problemami badawczymi,
(1) analizowano zmiany VO,max/SMM u sportowcéw wyczynowych odmiennych specjalno$ci
w rocznym cyklu treningowym oraz (2) podj¢to probe poréwnania czynnikOw ograniczajacych
VO,max u kobiet i mezczyzn uprawiajacych sport wyczynowo z uwzglednieniem masy mieséni
szkieletowych. Dla uzyskania jak najlepszej jako$ci pomiardw zastosowano metode
absorpcjometrii promieniowania rentgenowskiego o dwéch energiach (DXA, ang. dual x-ray

absorptiometry), ktora charakteryzuje si¢ bardzo wysoka trafnoscig i rzetelnoscia.

2. CEL BADAN I HIPOTEZY

Celem badan byta ocena poziomu i zmian maksymalnego poboru tlenu w przeliczeniu
na jednostke masy mig$niowej u sportowcoOw wyczynowych odmiennych specjalnosci
w rocznym cyklu treningowym (publikacja 1) oraz ocena wielko$ci r6éznic mi¢dzyplciowych
w zakresie glownych czynnikow ograniczajacych VO.max z uwzglednieniem masy mig$ni
szkieletowych (publikacja 2).

Hipotezy badawcze:

1. VOmax w przeliczeniu na SMM zmienia sie w rocznym cyklu treningowym wedtug
innego wzorca niz VO»max w przeliczeniu na catkowita mase ciata (publikacja 1).

2. Wielko$¢ roznic w poziomie maksymalnej wydolno$ci tlenowej migdzy wyczynowymi
zawodnikami sportow wytrzymato§ciowych i szybkosciowo-sitowych oraz grupg kontrolng
jest zalezna od rodzaju zastosowanego wskaznika (przeliczenie na catkowita mase ciata vs.

przeliczenie na SMM) (publikacja 1).

-10-



3. Zawodniczki oraz zawodnicy o bardzo zblizonym VO.max w przeliczeniu na SMM,
reprezentujacy podobny staz i stan wytrenowania oraz specjalizacj¢ sportowa, r6znig si¢
poziomem gtéwnych czynnikéw ograniczajacych VO.max (publikacija 2).

4. Profil réznic miedzyplciowych w czynnikach ograniczajacych VO.max jest zalezny od

rodzaju adaptacji treningowej zwigzanej ze specjalizacja sportowg (publikacja 2).

3. METODY BADAWCZE

3.1 Uczestnicy badan

Projekt uzyskat zgode Komisji Bioetycznej przy Uniwersytecie Medycznym im. Karola
Marcinkowskiego w Poznaniu (Uchwata nr 1252/18 z dnia 6.12.2018). Uczestnicy zostali
poinformowani o celu i ryzyku badan oraz udzielili pisemnej zgody. W badaniach opisanych
w publikacji 1 uczestniczyly dwie grupy sportowcoéw wyczynowych: sprinterzy (n=12; wiek
24.743.3 lat; staz treningowy 7.4£2.5 lat) oraz zawodnicy uprawiajacy biegi dlugodystansowe
i triathlon (n=10; wiek 25.3£5.3; staz treningowy 8.0+2.4 lat). Wigkszo$¢ zawodnikéw w czasie
realizacji badan wchodzita w sktad kadry narodowej. Do badania wiaczono takze grupe
kontrolna, ktora stanowili m¢zczyzni rekreacyjnie aktywni fizycznie bez wczesniejszych
doswiadczen w sporcie wyczynowym (n=10; wiek 29.0+4.5 lat). W badaniach opisanych w
publikacji 2 dokonano celowego doboru zawodniczek i zawodnikow. Wstepnym warunkiem
byl wysoki poziom sportowy, tzn. sukcesy na poziomie minimum krajowym lub
mig¢dzynarodowym. W kolejnym etapie wykonano pomiary sktadu ciata oraz ustalono poziom
VO;max. Po uzyskaniu tych danych w puli 70 sportowcéw wytrzymatosciowych i 50
sprinterow dobrano pary kobiet i mezczyzn o jak najblizszej wartosci VOmax/SMM (roznica
nie wigksza niz 5 ml/min/kg SMM). Sportowcy, dla ktoérych nie udato si¢ znalez¢ pary o
odpowiednio bliskim VO,max/SMM zostali wykluczeni z dalszej analizy. Ostatecznie
zakwalifikowano 46 sportowcow: 26 w grupie wytrzymatosciowej (13 mezczyzn w wieku
28.0+3.0 lat 1 13 kobiet w wieku 21.3+3.0 lat) oraz 20 w grupie sprinterskiej (10 mezczyzn w
wieku 23.9+3.8 lat i 10 kobiet w wieku 21.9+3.3 lat).

3.2 Schemat badan

Badania obejmowaty dwa gléwne aspekty: pomiar sktadu ciata w celu okreslenia SMM
oraz ustalenie VO.max w tescie wysitkowym do odmowy. Zebrano szereg danych krazeniowo-
oddechowych, somatycznych i hematologicznych. Pomiary te wykonano w czterech terminach,

ktore zwigzane byty z podokresami rocznego cyklu treningowego badanych zawodnikow: (i)
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poczatek podokresu przygotowania ogolnego, (ii) poczatek przygotowania specjalnego, (iii)
poczatek podokresu przedstartowego (publikacje 1 i 2) oraz (iv) poczatek okresu startowego
(publikacja 1). Przed kazda sesja pomiarowa zalecono uczestnikom unikanie intensywnych i
dhugotrwatych zaje¢ treningowych co najmniej 24—48 godzin przed badaniem. W dniu badan,
w godzinach porannych, w pierwszej kolejnosci przeprowadzano na czczo oceng sktadu ciata.
Testy wysitkowe wykonywano w godzinach porannych lub przedpotudniowych, do 2—3 godzin
po lekkim positku. Podczas wszystkich badan temperatura powietrza w laboratorium wynosita

20-21°C.

3.3 Pomiary sktadu ciata

Masa oraz wysokos¢ ciata zostaty zmierzone za pomocg stacji pomiarowej SECA 285
(SECA, Hamburg, Germany). Sktad ciata ustalono metoda DXA za pomocg urzadzenia Lunar
Prodigy Pro (GE Healthcare, Madison, WI, USA), zgodnie ze standardami zaproponowanymi
przez Nana i wsp. [2015]. Do dalszej analizy uzyto absolutnej (kg) i wzglednej (%) masy tkanki
tluszczowej 1 masy ciata szczuptego — dla catego ciala oraz jego regionéw (konczyny dolne i
gorne, tuldéw oraz obszary androidalny i gynoidalny). Mase migéni szkieletowych obliczono

zgodnie ze wzorem opracowanym przez Kim i wsp. [2002]:

SMM = (1.13 - ALST) — (0.02 - wiek) + 0.61 - pte¢ + 0.97, gdzie
SMM — masa mig¢sniowa w kg,
ALST (ang. appendicular lean soft tissue) — suma mas ciata szczuptego konczyn goérnych oraz
konczyn dolnych w kg,

pte¢: 0 — kobieta, 1 — m¢zczyzna.

ALST = LBMlegs + LBMams, gdzie
LBMiegs (ang. lean body mass of legs) — masa ciata szczuptego konczyn dolnych,

LBMams (ang. lean body mass of arms) — masa ciata szczuptego konczyn gornych.

Wyliczono takze wskaznik wzglednego umigsnienia (RSMI, ang. relative skeletal
muscle mass index) wedtug wzoru:
RSMI = ALST / h? [kg/m?], gdzie
ALST — jak wyzej,

h — wysoko$¢ ciata.
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3.4  Proba wysitkowa

Wszyscy badani wykonali test wysitkowy o wzrastajacej intensywnosci do odmowy na
biezni mechanicznej (H/P Cosmos Pulsar Sports & Medical, Nussdorf-Traunstein, Germany)
w celu okreslenia maksymalnego poboru tlenu. Poczatkowo badany stat na biezni przez 3 min.
Test polegat na zwigkszaniu obcigzenia (predkosci biegu) az do wolicjonalnego wyczerpania
zawodnika. Badanie rozpoczynato si¢ od predkosci 4 km/h, po 3 minutach zwigkszano
predkos¢ do 8 km/h, a nastgpnie predkos¢ zwigkszano o 2 km/h co 3 minuty. Gtowne
parametry krazeniowo-oddechowe mierzono w kazdym cyklu oddechowym przy uzyciu
ergospirometru Cortex MetaLyzer 3B (Cortex Biophysik, Leipzig, Germany). Czgstosc
skurczow serca (ud./min) mierzono w sposob ciggly za pomocg pulsometru Polar Bluetooth
Smart H6 (Polar Electro Oy, Kempele, Finlandia). Maksymalny poboér tlenu uznawano za
osiggniety, jesli spetnione byly co najmniej trzy z nastepujacych kryteriow: (i) plateau poboru
tlenu pomimo wzrostu predkosci, (ii) st¢zenie mleczanu we krwi bezposrednio po tescie
przekroczyto 9 mmol/1, (iii) wskaznik wymiany oddechowej (RER) byt wigkszy od 1.10 oraz
(iv) czestos¢ akcji serca byta powyzej 95% maksymalnej czestosci akcji serca stwierdzonej na

podstawie wczesniejszych pomiaréw danego zawodnika [Edvardsen i wsp. 2014].

3.5  Pobieranie i analiza krwi

Przed wysitkiem pobierano krew kapilarng z opuszki palca i1 analizowano za pomoca
urzadzenia Sysmex XS-1000i (Sysmex Corporation, Japan). Uzyskano dane dotyczace liczby
krwinek czerwonych (RBC), stezenia hemoglobiny (HGB), warto$ci hematokrytu (HCT),
sredniej objetos¢ krwinki (MCV), sredniego stezenia masy hemoglobiny (MCH), $redniego
stezenia hemoglobiny (MCHC) oraz rozpigtosci rozktadu objetosci krwinek czerwonych

(RDW-CV).

3.6  Analiza statystyczna

W pierwszej publikacji, w celu okre§lenia zmian analizowanych determinantow
VO;max w rocznym cyklu treningowym, przeprowadzono jednoczynnikowsg analize wariancji
(ANOVA) z powtarzanymi pomiarami w kazdej z grup w trzech (sprinterzy) lub czterech
(grupa wytrzymatosciowa i kontrolna) kolejnych terminach badan oraz jednoczynnikowg
ANOVA w celu okre$lenia r6znic migdzy trzema grupami w danym podokresie treningowym.
Wielkoéé efektu wyrazono jako eta-kwadrat (n?) i okreslono jako mata (0.01), $rednia (0.06)
lub duzg (0.14).
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W drugiej publikacji §rednie wartosci zmiennych dla kobiet 1 m¢zczyzn porownano za
pomoca testow t dla prob zaleznych, ze wzgledu na celowy dobdér zawodnikow. Do oceny
wielkosci efektu rdznic wykorzystano wskaznik d Cohena, ktorego warto$¢ okreslono jako
matg (0.2-0.4), srednig (0.5-0.7), duzg (0.8—1.3) lub bardzo duza (>1.4). W obu pracach
istotnos¢ statystyczng ustalono na poziomie p<0.05. Wszystkie analizy przeprowadzono przy

uzyciu oprogramowania Statistica 13.0 (StatSoft, Tulsa, Oklahoma, USA).

4. WYNIKI

4.1  Skiad ciala w grupach sportowych w rocznym cyklu

Szczegolowe dane dotyczace skladu ciata (§rednie, odchylenia standardowe, istotno$ci
roéznic 1 wielkosci efektow) znajduja si¢ w Tabeli A1 w publikacji 1 na str. 9. Sprinterzy
charakteryzowali si¢ istotnie wicksza catkowita masg ciala niz zawodnicy sportow
wytrzymalo$ciowych w trzech podokresach treningowych: ogdélnym, specjalnym
i przedstartowym. U sprinteréw masa ciala zwickszata si¢ od podokresu ogdlnego, przez
podokres przygotowania specjalnego, do podokresu przedstartowego, podczas gdy
u sportowcow wytrzymatosciowych i w grupie kontrolnej nie stwierdzono istotnych zmian.

Absolutna 1 procentowa masa tkanki thuszczowej byta podobna u sprinteréw
i sportowcow dyscyplin wytrzymatosciowych w kolejnych podokresach treningowych:
og6lnym, specjalnym i przedstartowym. Wprawdzie nieco nizsze wartosci dalo si¢ zauwazy¢
u sprinteréw, jednak réznice pozostawaty nieistotne statystycznie. Obie grupy sportowe miaty
istotnie nizsza absolutng i procentowa mas¢ tkanki thuszczowej niz grupa kontrolna niemal we
wszystkich terminach, z wyjatkiem podokresu przygotowania ogdlnego (nieistotna rdéznica
miedzy sportowcami wytrzymatosciowymi a grupg kontrolng). U sprinteréw 1 sportowcow
wytrzymato$ciowych absolutna 1 procentowa zawarto$¢ tkanki tluszczowej byla istotnie
wyzsza w podokresie przygotowania ogoélnego niz w kolejnych podokresach treningowych.
W grupie kontrolnej nie wykryto istotnych zmian zawartosci tkanki tluszczowej, chociaz
istniala pewna tendencja do jej obnizania w ostatnim terminie badan.

Sprinterzy mieli istotnie wyzszg zardOwno absolutng, jak 1 procentowa zawartos¢ SMM
niz sportowcy wytrzymato$ciowi i osoby z grupy kontrolnej we wszystkich podokresach
treningowych. Nie stwierdzono istotnych réznic w SMM mig¢dzy zawodnikami uprawiajacymi
sporty wytrzymatosciowe a grupg kontrolng. U sprinteréw absolutna zawartos¢ SMM znaczaco
wzrosta z podokresu przygotowania ogélnego do podokresu specjalnego i1 przedstartowego. W
trakcie analizowanego cyklu treningowego nie zaobserwowano istotnych zmian w procentowej

zawarto$ci masy mig$niowej w zadnej z trzech grup.
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4.2 Wskazniki maksymalnego poboru tlenu — porownanie grup sportowych i podokresow
Szczegdtowe dane dotyczace zmian VO»max znajduja sie w Tabeli A2 w publikacji 1
na str. 11. W rocznym cyklu treningowym znaczacy wzrost wszystkich wskaznikow VO,max
(absolutnych, w przeliczeniu na catkowita mase¢ ciala oraz SMM) zaobserwowano tylko
w grupie kontrolnej miedzy podokresem przygotowania ogodlnego a przedstartowym
i startowym. U sprinteréw i w grupie wytrzymatosciowej zaden ze wskaznikow VO.max nie
zmienil si¢ istotnie statystycznie w kolejnych terminach badan Jednak rodzaj zastosowanego
wskaznika warunkowat wystepowanie réznic miedzy sportowcami szybkosciowo-sitowymi,
wytrzymato$ciowymi a grupa kontrolng. W przypadku absolutnej wartosci VOamax (ml/min)
jedyna istotna rdéznica wystgpowata miedzy sportowcami wytrzymato§ciowymi a grupa
kontrolng w podokresie przygotowania ogdlnego (Rycina 1, Panel A, ponizej). W przypadku
VOxmax w przeliczeniu na calkowita mase ciala zaobserwowano wyrazniejsze réznice,
tj. sportowcy wytrzymato$ciowi roznili si¢ istotnie od zawodnikoéw szybko$ciowo-sitowych
i grupy kontrolnej we wszystkich podokresach treningowych. Natomiast sprinterzy i grupa
kontrolna nie roznili si¢ istotnie tym wskaznikiem. Po przeliczeniu VO>max na kilogram SMM
pojawily si¢ istotne roznice migdzy sprinterami a grupg kontrolng. W rezultacie grupa kontrolna
miata wyzsze wartosci VOmax w przeliczeniu na SMM niz sprinterzy we wszystkich

podokresach treningowych (Rycina 1, Panel B, ponizej).

4.3  Maksymalny pobor tlenu kobiet i mezczyzn

Zgodnie z gtownym zatozeniem badania 1 wynikajagcym stad doborem celowym, nie
bylo istotnych réznic w VO.max w przeliczeniu na SMM miedzy kobietami i mezczyznami
w grupach wytrzymatosciowych i sprinterskich. VO.max przeliczony na catkowita mase ciata
byt znaczaco nizszy u kobiet niz u m¢zczyzn w grupie wytrzymatosciowej. W grupie sprintu
réznica ta nie osiagnela istotnosci statystycznej. Absolutna warto$¢ VOr,max byla nizsza
u kobiet w obu grupach sportowych. Niezaleznie od specjalizacji sportowej, predkos¢ biegu
przy VO>max byla istotnie nizsza u sportowcow plci zenskiej niz meskiej. Szczegdétowe wyniki

znajduja si¢ w Tabeli 1 w publikacji 2.

4.4  Skiad ciata kobiet i mezczyzn

Kobiety mialy przecigtnie nizsza wysoko$¢ ciata, BMI i RSMI niz me¢zczyzni w obu
grupach sportowych. Calkowita masa ciata 1 wszystkie wskazniki odnoszace si¢ do SMM
przybieraty wyzsze warto$ci u mezczyzn w obu grupach sportowych. Absolutna 1 procentowa
zawarto$¢ catkowitej i regionalnej tkanki tluszczowej byta wyzsza u kobiet niz u mezczyzn,

niezaleznie od uprawianej dyscypliny. Wyjatek stanowita absolutna masa tkanki thuszczowe;j
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Rycina 1. Zmiany maksymalnego poboru tlenu (VO2max) pomiedzy podokresami treningowymi w
rocznym cyklu. Panel A — wartosci absolutne, Panel B — w przeliczeniu na kilogram masy miesni
szkieletowych (SMM). Legenda: B diugodystansowcy, A——— sprinterzy, O:---++* grupa kontrolna
°p<0.05, °° p <0.01— istotnie rozne od podokresu przygotowania ogdlnego w grupie kontrolnej;
++ . . L . : :

p <0.01 — istotnie rozne od grupy sprintu w tym samym podokresie treningowym,;
: p <0.05, ** p <0.01, . p <0.001 — istotnie rozne od grupy kontrolnej w tym samym podokresie treningowym

w grupie sprinterskiej, w ktorej zaobserwowano nieistotne roznice. Szczegotowe wyniki

znajdujg si¢ w Tabelach 1 1 2 w publikacji 2.
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4.5 Wskazniki krqzeniowo-oddechowe i hematologiczne kobiet i mezczyzn

W obu grupach sportowych kobiety miaty istotnie nizsze warto$ci maksymalnego pulsu
tlenowego, wentylacji minutowej, objetosci oddechowej, czestosci oddechow, liczby
czerwonych krwinek, stezenia HGB 1 HCT niz me¢zczyzni. Maksymalna czesto$¢ akcji serca
oraz MCV, MCH, MCHC i RDW-CV byty podobne u kobiet i me¢zczyzn, z wyjatkiem MCH
u sprinterow, gdzie wskaznik ten byt wyzszy u kobiet niz u m¢zczyzn. Szczegdtowe wyniki

znajduja si¢ w Tabeli 3 w publikacji 2.

Sporty wytrzymaloSciowe Sprinterzy

Calkowita tkanka
tluszezowa

Tkanka thuszczowa nog

Tkanka tluszczowa rak

Tkanka thiszezowa
tutowia
Tkanka thuszczowa
Android
Tkanka thuszezowa
Gynoid
Catkowita tkanka
migsniowa
Beztluszczowa tkanka
nég
Beztluszczowa tkanka
Rak

Beztluszczowa tkanka

tutowia 3

Bezthiszezowa tkanka
Android 17

Beztluszczowa tkanka 13
Gynoid o

Puls tlenu

Wentylacja minutowa

Czestotliwosé oddechow

Czerwone krwinki _

21
1.8
Objetos¢ oddechowa 1.0
0.9
0.8

Hemoglobina 20
Hematokryt 1.0
Hemoglobina Nieistotne
0 1 ' 2 3

Wielkosc efektu Wielkos¢ efektu

4 0 1 2 3

Rycina 2. Wielko$¢ réznic w czynnikach ograniczajgcych maksymalny pobér tlenu miedzy sportowcami
ptci meskiej i zenskiej. Réznice wyrazono jako wielkos¢ efektu d Cohena, gdzie wartosci 0.2, 0.5, 0.8 i
1.4 wyznaczaja granice, odpowiednio, matej, Sredniej, duzej lub bardzo duzej wielkosci efektu.

4.6 Wielkos¢ roznic miedzyptciowych

Wielko$¢ efektu statystycznego roznic migdzy pilciami byla dla zdecydowanej
wiekszosci analizowanych zmiennych duza (d Cohena>0.8) lub bardzo duza (d Cohena>1.4).
Wielko$¢ efektu =zalezata po czgsci od specjalizacji sportowej 1 rodzaju czynnika
ograniczajacego VOamax (Rycina 2, powyzej). U sportowcow wytrzymatosciowych

najwigksze wielkosci efektu zaobserwowano dla wigkszosci czynnikdw zwigzanych ze
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sktadem ciata, szczegolnie catkowita masg tkanki tluszczowej (d=3.7) i1 catkowita masg
mig$niowa (d=3.8). W grupie sprinterow efekty dla poszczegdlnych komponentéw ciata byty
takze duze, ale okolo dwukrotnie mniejsze niz w grupie wytrzymatosciowej (odpowiednio
d=1.5 1 1.7). Generalnie roznice w sktadzie ciata byly silniej zaznaczone u sportowcow
trenujacych wytrzymatosciowo niz u sprinteréw. Jes§li chodzi o czynniki zwigzane z
wydolno$cig krazeniowo-oddechowa 1 transportem tlenu, wielkosci efektow dla roznic
miedzyplciowych byly poréwnywalne miedzy grupa wytrzymatoSciowa 1 sprinterskg
(odpowiednio d=0.9-2.1 vs d=0.8-2.3). W zakresie wskaznikéw krazeniowo-oddechowych
najwicksze wielkos$ci efektu zaobserwowano dla maksymalnego pulsu tlenowego (grupa
wytrzymato§ciowa d=2.1 vs. sprinterzy d=2.3), wentylacji minutowej (odpowiednio, d=1.8 vs.
1.5) i objetosci oddechowej (d=1.0 vs. 1.6), a w przypadku wskaznikéw hematologicznych dla
hemoglobiny (d=2.0 vs. 1.0) i hematokrytu (d=1.0 vs. 1.8).

S. DYSKUSJA

5.1 Glowne ustalenia

W prezentowanej dysertacji po raz pierwszy analizowano zmiany VO:max
w przeliczeniu na SMM u wyczynowych sportowcow szybkosciowo-sitowych
1 wytrzymato$ciowych w rocznym cyklu treningowym. Takze po raz pierwszy okreslono
wielko$¢ réznic miedzyptciowych w zakresie gtownych czynnikéw determinujacych VO.max
u wysoko wytrenowanych kobiet 1 me¢zczyzn dobranych wedlug $cistego kryterium bardzo
zblizonej warto$ci VO»max w przeliczeniu na kg SMM.

Glowne ustalenia wynikajace z badan sa nastepujace: (1) Profil zmian VOrmax
w przeliczeniu na SMM w rocznym cyklu treningowym nie réznit sie od zmian VO,max
w przeliczeniu na catkowitg mase ciata. (2) Wielko$¢ roznic migdzy grupami zalezata od uzytej
miary VO:max, tzn. istotne réznice miedzy sprinterami i grupa kontrolna pojawity sie, gdy
uzyto wartosci VOo.max przeliczonych na SMM, przy braku roznic w przypadku
standardowych miar VO,max. (3) Mezczyzni i kobiety o takim samym VO>max/SMM roznili
si¢ istotnie pod wzgledem gldéwnych czynnikow ograniczajacych maksymalny pobor tlenu.
(4) Profil réznic miedzyptciowych w zakresie czynnikow ograniczajacych VO.max zalezal

w pewnym stopniu od rodzaju adaptacji treningowej (dyscypliny sportu).
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5.2  Hipoteza |
VOxmax w przeliczeniu na mase miesni szkieletowych zmienia sie w rocznym cyklu
treningowym wedlug innego wzorca niz VO>max w przeliczeniu na catkowitq mase ciata.

Ta hipoteza nie zostata potwierdzona. U sprinteréw, sportowcoéw wytrzymatosciowych
oraz w grupie kontrolnej przebieg okresowych zmian w rocznym cyklu treningowym byt
bardzo podobny, niezaleznie od zastosowanej miary VO,max. U sportowcow
wytrzymatosciowych wysoki poziom VOrmax jest zwigzany z wieloletnim i intensywnym
treningiem. Analizujac uzyskane wyniki, zauwazy¢ mozna, ze zmiany w poziomie VO.max
zawodnikow wytrzymatosciowych na przestrzeni catego roku sa niewielkie 1 nieistotne.
Wydaje si¢, ze zaden wskaznik maksymalnej wydolnosci tlenowej, czy to w oparciu o mase
ciata, czy o SMM, nie jest odpowiednio czuly, aby diagnozowaé zmiany stanu wytrenowania
u zawodnikéw wyczynowych reprezentujacych sport wytrzymato$ciowy. Pomimo redukcji
absolutnej 1 procentowej zawartosci tkanki thuszczowej w badanym okresie nie zaobserwowano
wzrostu poziomu VOxmax. Mozna to thumaczyé tym, ze istotne mechanizmy warunkujace
VO,max, np. adaptacja mieéni do treningu wytrzymatosciowego, aktywno$¢ enzymow
mitochondrialnych, kapilaryzacja migsni lub czynniki centralne i obwodowe [Andersen i
Henriksson 1977, Holloszy i Coyle 1984, Joyner 2017], uzyskaty swdj optymalny poziom i nie
mogty by¢ znaczaco poprawione w tej wysoko wytrenowanej grupie sportowe;.

Roéwniez u sprinterow, pomimo zmian w sktadzie ciata w postaci znacznego spadku
zawartoéci masy tkanki thuszczowej, nie zaobserwowano zmian poziomu VO>max w kolejnych
fazach treningowych. Moze to wynika¢ ze specyficznych wymagan treningowych
1 wydolnosciowych. Sprint jest wysitkiem o wysokiej intensywnos$ci 1 zawodnicy w celu
maksymalizacji zdolnosci szybkosciowych koncentrujg si¢ na zwigkszeniu dynamicznych
przejawow sily mig$niowej 1 mocy, ktorych bardzo wysoki poziom jest charakterystyczny dla
sprinteréw, a nie poprawie wydolnosci tlenowej [Haugen 1 wsp. 2019, Loturco 1 wsp. 2019],
cho¢ pewien optymalny poziom tej ostatniej jest korzystny. Nalezy zaznaczy¢, ze migsnie
szkieletowe u sprinterow charakteryzuja si¢ stosunkowo niska gestoscig kapilar
1 mitochondriéw, co skutkuje mniejsza ekstrakcja tlenu z krwi podczas wysitku
i w konsekwencji nizszym VO;max [Torok i wsp. 1995, Zwaard i wsp. 2018]. Ta grupa
sportowcow koncentruje si¢ na treningu wspomagajacym beztlenowe procesy metaboliczne,
ktore sg gtownym zrodlem energii dla aktywnosci mig$ni. Taki typ treningu wigze si¢ z niska
zawarto$cig enzymow tlenowych w mig$niach [Bompa i Haff 2009, Ross i Leveritt 2001].
Istotny moze by¢ rowniez fakt, ze absolutna SMM opisywanych w tej dysertacji sprinterow

(~40 kg) byt blisko gornej granicy zasugerowanej przez Beekleya [2006] 1 wynoszacej ~45 kg,
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po przekroczeniu ktorej wartoéé VO.max zazwyczaj osigga plateau lub nawet ulega
zmniejszeniu.

W grupie kontrolnej, inaczej niz u sportowcoOw wyczynowych, zaobserwowano istotne
zmiany wskaznikow VO,max pomiedzy kolejnymi badaniami, pomimo braku istotnych zmian
zawartosci gtownych komponentéw ciata. Wydaje si¢, ze centralne i obwodowe adaptacje
wspierajace VOmax nie byly zmaksymalizowane u os6b aktywnych rekreacyijnie tak jak u
sportowcow wytrzymatosciowych oraz trenujacych sprint. Dlatego grupa kontrolna, ze
wzgledu na stosunkowo niski poziom wyjsciowy VO,max, mogla silniej zareagowaé na bodzce
treningowe, nawet jesli ich obcigzenia treningowe byly lagodniejsze niz u sportowcow

wyczynowych [Zwaard 1 wsp. 2018].

5.3  Hipoteza 2

Wielkos¢ roznic w poziomie maksymalnej wydolnosci tlenowej miedzy zawodnikami sportow
wytrzymatosciowych i szybkosciowo-sitowych oraz grupq kontrolng jest zalezna od rodzaju
zastosowanego wskaznika (przeliczenie na catkowitq mase ciata vs. SMM).

Ta hipoteza uzyskata potwierdzenie. Juz w kilku wcze$niejszych badaniach nad
zwigzkiem pomiedzy SMM a VO,max sugerowano, ze VO.max/SMM moze by¢ bardziej
istotnym wskaznikiem w ocenie wydolnosci tlenowej niz standardowe miary [Proctor i Joyner
1997, Sanada i wsp. 2005]. Ponadto Beekley i wsp. [2006] zasugerowali termin "tlenowa jakos$¢
migs$ni" (ang. aerobic muscle quality), zdefiniowany wlasnie jako maksymalna ilo$¢
pobieranego tlenu przypadajaca na 1 kg SMM. Takie narz¢dzie pozwalatoby na trafniejsze
poréwnania poziomu VO,max pomiedzy osobami o réznej masie ciata i zawartosci tkanki
tluszczowej lub zawodnikami reprezentujagcymi odmienne dyscypliny sportowe i poziom
wytrenowania.

Na potwierdzenie tez wysuwanych przez innych autoréw, w tej dysertacji
zaobserwowano w grupie kontrolnej wyzsze VO,max w przeliczeniu na SMM niz w grupie
sprinteréw — przy braku roznic pomiedzy tymi grupami w wartosciach absolutnych VO,max
1 przeliczonych na catkowita mas¢ ciala. Na taki stan rzeczy moglo mie¢ wpltyw kilka
czynnikdéw. Po pierwsze, u sprinterow w rocznym cyklu istotnie wzrastata SMM, podczas gdy
w grupie kontrolnej pozostawala ona zasadniczo niezmieniona. Po drugie, grupa kontrolna
sktadata si¢ z mezczyzn aktywnych rekreacyjnie, ktorych aktywno$¢ byla ukierunkowana na
trening wytrzymato$ciowy, modyfikujacy centralne (pojemnos¢ dyfuzyjna ptuc, maksymalna
objetos¢ wyrzutowa 1 pojemnos$¢ minutowa serca, zdolno$¢ krwi do przenoszenia tlenu) oraz
obwodowe (wlasciwosci migéni szkieletowych) czynniki determinujace VO.max [Bassett

i wsp. 2000, Jacobs 1 wsp. 2011]. Miesnie szkieletowe poddane treningowi
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wytrzymalosciowemu korzystaja z zasobéw energetycznych tkanki thuszczowej w wickszym
stopniu (oszczedzajac w ten sposob glikogen migsniowy i glukoze z krwi) i produkuja mniej
mleczanu podczas wysitku. Ponadto wigksza ilo§¢ mitochondriéw pozwala na wykorzystanie
wiekszej ilosci tlenu z krwi przez aktywne migsnie [Bassett 1 wsp. 2000, Jacobs 1 wsp. 2011].
Takie typowe adaptacje, wystepujace u osob stosujacych wysitki wytrzymatosciowe, moga
thumaczy¢ istotne réznice w VO,max/SMM, ktére pojawity sie miedzy grupa kontrolng
a sprinterami, mimo ze nie byly one wykrywalne przy zastosowaniu standardowych miar
VOmax.

Podsumowujac wyniki publikacji 1 mozna stwierdzi¢, ze zard6wno u sportowcoOw
wyczynowych odmiennych specjalizacji (sprint vs. wytrzymato$¢), jak 1 u osob aktywnych
rekreacyjnie profile rocznych zmian VO,max przeliczonego na SMM w poréwnaniu do
VOamax przeliczonego na catkowita mase ciala nie réznia si¢ znaczaco od siebie. Jednak
przeliczenie VO,max na SMM pozwala ujawnié réznice w maksymalnej wydolnosci tlenowej

pomigdzy grupami o odmiennym poziomie sportowym i innej adaptacji treningowe;.

5.4  Hipoteza 3
Zawodniczki oraz zawodnicy o bardzo zblizonym VO>max w przeliczeniu na SMM,
reprezentujgcy podobny staz i stan wytrenowania orvaz specjalizacje sportowq, roznig sig

poziomem glownych czynnikéw ograniczajgcych VO-max.

5.4.1 Skiad ciata

W tym =zakresie hipoteza zostala potwierdzona. Analizujac wyniki, mozna
zaobserwowac, ze absolutna 1 procentowa zawartos¢ miesni szkieletowych 1 tkanki thuszczowe;j
bardzo silnie réznicowaty sportowcow pici meskiej 1 zenskiej dopasowanych pod wzgledem
VO,max/SMM. Zaréwno w grupie wytrzymalo$ciowej, jak i sprinterskiej wzorzec roéznic w
skladzie ciata byl podobny do tych opisanych w poprzednich badaniach [Cureton i Sparling
1980, Thorland 1 wsp. 1981, Sandbakk i wsp. 2018]. Kobiety standardowo charakteryzuja sie
znaczgco nizszg zawartoscig bezttuszczowej masy ciala i masy migsniowej, a wyzszg catkowita
1 lokalng zawarto$cig tkanki thluszczowej. Wydaje si¢ przy tym, ze dzigki zastosowanym w
prezentowanych tu badaniach kryteriom doboru grup, opierajacym si¢ nie tylko na
doswiadczeniu zawodniczym 1 treningowym, ale przede wszystkim na jednakowym
VO:max/SMM, mozna uzyskiwa¢ wielkosci réznic miedzyptciowych w sktadzie ciata blizsze
rzeczywisto$ci niz w dotychczasowych badaniach.

Pomimo jednakowych wartosci VO;max w przeliczeniu na kilogram SMM dla obu pfci,

podstawowa konsekwencja metaboliczng wyzszej procentowej zawartosci tkanki thuszczowej
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w organizmie kobiet jest zwigkszone zapotrzebowanie na energi¢ do biegu, bez zwigkszenia
zdolnos$ci do produkcji energii [Cureton i Sparling 1980]. W konsekwencji badane zawodniczki
osiggaty VO.max przy predkosci nizszej o ~10% lub ~2 km/h niz mezczyzni. Pozostaje to w
zgodzie z badaniem Cureton i1 Sparling [1980], w ktorym mezczyzni byli obcigzani ci¢zarem
zewnetrznym w celu zasymulowania masy tkanki thuszczowej typowej dla kobiet. Interwencja
ta zmniejszyla réznice migdzy ptciami w wartoéciach VO,max na catkowita mase ciata o 65%,
jednak réznice w VO,max na 1 kg masy beztluszczowej i wydajnoéé biegu zmniejszyty sie
odpowiednio tylko o 38% 1 30-32%. Rowniez Diaz-Canestro i wsp. [2021] postulowali, ze
wicksza zawarto$¢ mniej aktywnej metabolicznie tkanki tluszczowej u sportsmenek jest
dodatkowym ograniczeniem dla ukladu sercowo-naczyniowego podczas wysitkow o

charakterze aecrobowym.

5.4.2  Czynniki krgzeniowo-oddechowe

Ten aspekt hipotezy zostal zasadniczo potwierdzony, z wyjatkiem jednego parametru.
Analizujac wyniki badan wiasnych i innych autoréw zauwazyé mozna, Ze réznice w VOrmax
u sportowcow ptci meskiej 1 zenskiej nie sg zwigzane z maksymalng czestoscia skurczoOw serca
[Costill 1 wsp. 1976, Cureton 1 wsp. 1986, Hutchinson 1 wsp. 1991, Sandbakk i wsp. 2018].
Jednak maksymalny puls tlenowy (\:/Ozmax/HRmax), bedacy posrednim wskaznikiem
objetosci wyrzutowej serca, roznit si¢ istotnie migdzy plciami, zwlaszcza w grupie
sprinterskiej. Mozna to tlumaczy¢ generalnie wigkszymi wymiarami komor oraz grubszymi
$cianami serca u mezczyzn, co przyczynia si¢ do uzyskiwania wyzszego poziomu VO;max
[Costill 1 wsp. 1976, Cureton 1 wsp. 1986, Hutchinson 1 wsp. 1991, Sandbakk i wsp. 2018].
W obu grupach sportowych mezczyzni charakteryzowali si¢ takze wyzsza maksymalng
wentylacja minutowa, ktoéra wynikata z wigkszej objetosci oddechowej i czgstotliwosci
oddechow. Wigksza objetos¢ oddechowa jest zwigzana z wigkszymi rozmiarami ptuc 1 wigksza
srednicg drog oddechowych u mezczyzn [Costill 1 wsp. 1976, Thorland 1 wsp. 1981, Wonisch
1 wsp. 2003]. Wyzsza czestotliwos¢ oddychania moze by¢ thumaczona faktem, Zze mezczyZni
pozniej osiagaja fazg plateau objetosci oddechowej [Sheel 1 wsp. 2008], po ktorym dalszy
wzrost wentylacji minutowej jest osiggany gldwnie poprzez zwigkszenie czgstosci oddechow.
Ponadto u mezczyzn kontynuacja biegu przez diuzszy czas powoduje wigksze absolutne
zuzycie tlenu i produkcje dwutlenku wegla, a tym samym wigksze wymagania wentylacyjne
[Sheel i wsp. 2008]. Podobne réznice miedzypiciowe w zakresie czynnikow krazeniowo-
oddechowych wykazali inni autorzy, zwlaszcza w zakresie maksymalnej wentylacji minutowe;j
u os6b trenujgcych wytrzymatosciowo [Guenette 1 wsp. 2007] oraz w grupach dobranych na

podstawie VO.max w przeliczeniu na mase bezttuszczowa [Hutchinson i wsp. 1991].
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5.4.3 Zdolnos¢ krwi do transportu tlenu

Potwierdzono, ze réznice migdzyplciowe w zakresie zdolnos$ci do transportu tlenu sa
weigz widoczne u kobiet i mezczyzn o zblizonym poziomie VO,max/SMM. Wyniki dotyczace
roznic mie¢dzypiciowych w zakresie transportu tlenu byly podobne do przedstawionych w
innych pracach, w ktorych autorzy dobierali badane grupy za pomoca kryteriow takich jak
jednakowy staz treningowy oraz do$wiadczenie startowe lub zblizony VO.max w przeliczeniu
na mas¢ beztluszczowa [Cureton 1 wsp. 1986, Hutchinson i wsp. 1991, Rietjens i wsp. 2002].
Jednak wyniki naszych badan potwierdzajg takze tezg, ze rdznice plciowe w parametrach
hematologicznych odpowiadajg jedynie za niewielka czg$¢ rdéznic miedzyplciowych w
</Ozmax [Cureton i wsp. 1986, Hutchinson i wsp. 1991, Rietjens i wsp. 2002]. Niedawny
przeglad badan dotyczacych kobiet transpiciowych w sporcie [Hilton i Lundberg 2021]
sugeruje, ze cho¢ wyzsze stezenie hemoglobiny jest zalezne od poziomu testosteronu — ktory
osigga wyzsze wartosci u mezczyzn i posrednio wspiera wydolno$¢ tlenowa — nie jest to glowny
czynnik odpowiadajacy za hematologiczne podtoze réznic w \::/Ozmax. Wydaje sie, ze czynniki
zwigzane z wigkszg objetoscig krwi u me¢zczyzn, zwigkszonym obcigzeniem wstepnym serca,
wieksza objetoscia wyrzutowa i1 maksymalnym rzutem serca — prowadzace tacznie do
zwigkszonej zdolno$ci dostarczania tlenu — sg bardziej kluczowe dla r6znic migdzypiciowych
A4 \ngzmax niz zdolno$¢ transportowania tlenu przez krew [Cureton i wsp. 1986, Diaz-Canestro
1 Montero 2019, Hilton 1 Lundberg 2021, Hutchinson 1 wsp. 1991, Ransdell 1 Wells 1991,
Rietjens 1 wsp. 2002].

5.5  Hipoteza 4
Profil réznic miedzyplciowych w czynnikach ograniczajgcych VOomax jest zalezny od rodzaju
adaptacji treningowej zwiqgzanej ze specjalizacja sportowq.

Wyniki prezentowanych badan sugeruja, ze znaczne roznice mi¢dzy ptciami w zakresie
czynnikéw ograniczajacych VO.max wystepuja niezaleznie od specjalizacji sportowej. Jednak
wydaje si¢, ze wielkos$ci tych rdéznic sa w pewien sposob zalezne od specyfiki i wymogow
adaptacyjnych danej dyscypliny. Roznice migdzyptciowe w zakresie sktadu ciata byty wigksze
u sportowcow wytrzymato§ciowych niz sprinterow. Wielkosci roéznic w czynnikach
krazeniowo-oddechowych byly podobne w obu grupach sportowych. Roéznice dotyczace
parametréw krwi okazaty si¢ niejednoznaczne.

W sportach wytrzymato§ciowych sita réznic miedzypiciowych w zawartosci SMM
1 tkanki thuszczowej byta niemal dwukrotnie wigksza niz w grupie sprinterskiej, gdzie kobiety
uzyskiwaty procentowe wartosci blizsze megskim. Mniejsze réznice w grupie sprinterskiej moga

wynika¢ ze specyfiki i celow treningowych tej dyscypliny, ktéra nastawiona jest m.in. na
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zbudowanie stosunkowo duzej masy mig$niowej, a przez to poprawe generowanej sity i mocy,
oraz zminimalizowanie zawarto$ci tkanki ttuszczowej, ktoéra z uwagi na bardzo krotki czas
wysitku nie stanowi gtownego Zrddla energii do aktywnosci mig¢éniowej, a raczej ,,zbedny
balast” [Bompa i Haff 2009, Loturco 1 wsp. 2017, Ross 1 Leveritt 2001]. Stad sprinterki, w celu
maksymalizacji wynikéw sportowych, zblizajg si¢ do meskiego wzorca zawartosci migsni i
tkanki thuszczowej bardziej niz biegaczki dtugodystansowe lub triatlonistki wzgledem swoich
meskich odpowiednikéw. Z kolei uprawianie dtugich dystansow wiaze si¢ ze stosunkowo mata
SMM i specyficznymi adaptacjami metabolicznymi miegs$niach, stad sportsmenki
wytrzymato$ciowe nie akcentuja rozwoju SMM tak jak sprinterki. Ponadto sporty
wytrzymato§ciowe s3 zwigzane z metabolizmem tlenowym, dla ktorego zapleczem
energetycznym sa w duzym stopniu zasoby tkanki thuszczowej i uwalniane z niej w dluzszym
czasie substraty. Dlatego nie ma potrzeby nadmiernej redukcji zawartosci tkanki thuszczowe;j
u biegaczek lub triatlonistek i rozdzwigk pomigdzy zenskim a meskim sktadem ciata pozostaje
wickszy niz w sprincie. Nalezy jednak zauwazyé, ze wicksza SMM predysponuje do
magazynowania wigkszych zapasoéw glikogenu mig$niowego, co ma wplyw na poprawe
wydolnos$ci i wyniku w sportach wytrzymatosciowych [Chesley 1 wsp. 1996, Green i wsp. 1992,
Holloszy 1 Coyle 1984], stad pewien wzrost SMM u sportsmenek wytrzymato$ciowych mogtby
by¢ takze korzystny.

Réznice zwigzane z czynnikami krazeniowo-oddechowymi byty podobne w grupie
wytrzymalo$ciowej i trenujacej sprint niemal dla wszystkich analizowanych zmiennych.
Wyjatek stanowita objeto$¢ oddechowa, ktora silniej réznicowata kobiety i mgzczyzn w grupie
trenujacej sprint. Podobnie jak masa mig$niowa w grupie sprinterskiej byta istotna dla wyniku
sportowego 1 mniej roznicowala picie, tak objetos¢ oddechowa, bedaca waznym aspektem w
wysitku wytrzymato$ciowego, mniej roznita si¢ w grupie wytrzymatosciowej. Mniejsze réznice
w objetosci oddechowej migdzy kobietami a m¢zczyznami w grupie wytrzymato$ciowej moga
wynikaé z lepszej adaptacji treningowej ptuc oraz migsni oddechowych [Hackett 2020]. Tu
takze specyficzny trening, rozwijajacy mechanizmy krazeniowo-oddechowe, moze
powodowac ,,wyrownywanie si¢”” objetosci oddechowej miedzy piciami.

Nie w pelni jednoznaczny obraz daty wskazniki zwigzane z transportem tlenu we krwi.
Zaktadajac — analogicznie do sktadu ciata, czynnosci serca i czynnosci oddechowej — Ze roznice
mig¢dzyplciowe sg mniejsze w przypadku parametréw fizjologicznych istotnych dla wyniku
sportowego, w zasadzie wszystkie wskazniki hematologiczne powinny by¢ mniej
zrdznicowane mi¢dzyplciowo w grupie wytrzymatosciowej niz sprinterskiej. I jest tak dla ilosci
erytrocytow, hematokrytu, $redniej objetos¢ krwinki, Sredniego stezenia masy hemoglobiny,
sredniego stezenia hemoglobiny czy rozpietosci rozktadu objetosci krwinek czerwonych.

24-



Jednak stezenie hemoglobiny, niewatpliwie istotne dla sportowcdéw wytrzymatosciowych,
bardziej réznicuje plcie w grupie wytrzymalosciowej niz u sprinterow. Cecha
charakterystyczng treningu wytrzymato§ciowego jest rozwijanie adaptacji zwigzanych
z transportem tlenu we krwi [Bassett i Howley 2000], wigc poziom hemoglobiny u kobiet
1 mezczyzn powinien rozni¢ si¢ mniej niz w przypadku sprinterow. Warto jednak zauwazy¢, ze
w naszych badaniach poziom hemoglobiny byt bardzo podobny w grupie wytrzymatosciowe;j i
sprinterskiej w obrebie tej samej plci, wigc ten parametr nie byt specyficzny dla specjalizacji
sportowej. Nie jest to spostrzezenie zaskakujace. Z wezesniejszych badan wynika bowiem, ze
czesto sportowcy wytrzymatosciowi (i nie tylko) charakteryzujg si¢ wartoSciami parametrow
hematologicznych blisko dolnych granic norm populacyjnych lub nawet ponizej [Broadbent
2011, Malczewska i wsp. 2001, Rietjens 1 wsp. 2002], szczeg6lnie w okresach intensywnego
treningu [Banfi 1 wsp. 2011, Ciekot-Sottysiak 1 wsp. 2017], a wlasnie w takim krytycznym
momencie (podokres przedstartowy) byly wykonane pordéwnania kobiet i mezczyzn na
potrzeby tej dysertacji. Uzyskany obraz hematologiczny moze by¢ spowodowany m.in. znanym
zjawiskiem anemii sportowej [Green i wsp. 1991, Haymes i Lamanca 1989, Hunding i wsp.
1981, O’Toole i wsp. 1988, Rietjens 1 wsp. 2002].

Podsumowujac publikacj¢ 2, mozna stwierdzi¢, ze migdzy kobietami i mgzczyznami
uprawiajacymi sport wyczynowy i jednoczesnie charakteryzujacymi si¢ takg samg maksymalng
wydolnos$cig tlenowa w przeliczeniu na SMM nadal wystepuja znaczace rdznice w zakresie
glownych czynnikéw ograniczajagcych VO,max. Wielkosci i profile roznic migdzyptciowych
sa do pewnego stopnia charakterystyczne dla danej specjalizacji sportowej 1 zwigzanych z nig

fizjologicznych adaptacji organizmu.

5.6  Mocne strony i ograniczenia badan

Mocna strong zrealizowanych badah byto zastosowanie metody DXA, ktora jest obecnie
najbardziej trafng 1 uzyteczng metodg doktadnej oceny SMM u sportowcdéw wyczynowych. Jest
to metoda poréwnywalna z pomiarami za pomocg rezonansu magnetycznego lub tomografii
komputerowej, ale nie generujaca problemoéw zwigzanych z dostgpnoscia, kosztami czy
ryzykiem wynikajagcym z dawki promieniowania rentgenowskiego. Do analiz wlgczono
wysoko wytrenowanych sportowcow, ktorzy stanowili grupy reprezentatywne pod wzgledem
odmiennych specjalizacji sportowych i1 adaptacji fizjologicznych. Wczesniejsze badania
obejmowaly jedynie grupy trenujace wytrzymalo$ciowo lub osoby niezwigzane z sportem
wyczynowym. Prezentowane badania po raz pierwszy obejmujg wyczynowych sprinteréw w

kontekécie VOamax, poszerzajac spektrum analizy badanego problemu.
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Zrealizowane badania zawierajg pewne ograniczenia. W publikacji numer 1, zawodnicy
trenujacy sprint byli badani tylko w trzech podokresach treningowych rocznego cyklu
treningowego, poniewaz test wytrzymatosciowy w okresie startowym moglby mieé
niekorzystny wplyw na ich przygotowanie do nadchodzacych zawodow. Wydaje si¢ jednak, ze
w tej grupie zardwno sklad ciala, jak i VO.max nie zmienityby si¢ juz znaczaco pomiedzy
podokresem przedstartowym i startowym, stad wplyw na sformutowane wnioski wydaje si¢
ograniczony. Wyniki publikacji 1 ograniczaja si¢ do wysoko wytrenowanych sportowcow pici
meskiej. Wzorzec zmian w rocznym cyklu u wyczynowych sportsmenek oraz poréwnanie
z nietrenujgcymi kobietami wymaga odrebnych badan. Ponadto w publikacji 2 nie analizowano
czynnikow zwigzanych z morfologicznymi i1 biochemicznymi wlasciwo$ciami migéni
szkieletowych, nie uwzgledniono tez zawartosci wody jako waznego komponentu ciata i

dominujacego sktadnika tkanki mig§niowe;.

6. WNIOSKI

1. U sportowcoéw wyczynowych profil zmian VO;max w przeliczeniu na mase mig$niowa
w rocznym cyklu treningowym nie rozni si¢ od profilu zmian VO,max wyrazonego
w standardowych miarach.

2. Przeliczenie VO.max na mase migéniowa pozwala na wykrycie istotnych réznic
w maksymalnej wydolnoéci tlenowej miedzy osobami o odmiennej specjalizacji
treningowej 1 poziomie sportowym, podczas gdy rdznice te zacieraja si¢ przy zastosowaniu
standardowych miar poboru tlenu.

3. U sportowcoOw pici meskiej 1 zenskiej o tej samej maksymalnej wydolnosci tlenowej
w przeliczeniu na mase¢ mig$niowg nadal wystepuja znaczace roéznice miedzyplciowe
w zakresie czynnikow ograniczajacych VO,max.

4. Wielko$¢ roznic miedzyplciowych w zakresie czynnikow ograniczajacych VO»max jest
czeSciowo zwigzana ze specyfika treningu 1 fizjologicznymi adaptacjami typowymi dla

specjalizacji sportowej.

6.1 Implikacje praktyczne

Okazuje sie, ze wskaznik VO,max w przeliczeniu na SMM moze ujawni¢ istotne
réznice w maksymalnej wydolno$ci aerobowej miedzy grupami o odmiennej specjalizacji
sportowej lub statusie treningowym. Moze to by¢ wiec narzgdzie przydatne w naborze lub

selekcji sportowej w celu bardziej precyzyjnego rozrdzniania grup lub osob w zakresie
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potencjatu maksymalnej wydolnosci tlenowej. Natomiast u sportowcow wyczynowych
z dluzszym stazem stosowanie VO,max w przeliczeniu na SMM jako wskaznika "tlenowej
jako$ci miegé$ni" nie wydaje si¢ uzasadnione i1 potrzebne, poniewaz wzorzec zmian tego
wskaznika w rocznym cyklu jest zbiezny ze standardowym miarami VO.max i przede
wszystkim nie wulega znaczagcym zmianom u wysokowytrenowanych zawodnikow.
U zaawansowanych wyczynowych sportowcow wytrzymato§ciowych nalezy stosowaé bardziej
sensytywne miary wytrenowania w kontek$cie wydolnos$ci tlenowe;.

Prezentowane badania wykazaty, ze znaczne roznice mig¢dzy piciami w zakresie
czynnikéw ograniczajacych VOmax wystepuja niezaleznie od specjalizacji sportowej, ale ich
wielko$¢ moze si¢ wigza¢ z profilem treningowym. W praktyce sportowej nie ma mozliwosci,
z przyczyn czysto biologicznych, radykalnej modyfikacji okreslonych czynnikow
ograniczajacych VO,max w celu poprawy osiagnieé¢ sportowych kobiet wzgledem meskich
rezultatow. Czynnikiem ograniczajgcym VO,max, ktory najsilniej rdznicuje kobiety
1 mezczyzn jest sklad ciala, zwlaszcza masa tkanki tluszczowej. Ten komponent moze
u czlowieka ulega¢ modyfikacji w bardzo szerokim zakresie, mozna by wigc przyjaé,
ze zdecydowana redukcja ilosci tkanki tluszczowej u sportsmenek wywartaby pozytywny
wplyw na wydolno$¢ aerobowa 1 wynik sportowy. Jednak ryzykowna dolng granica jest tu
fizjologiczne minimum wynoszace 12—13% [American Council on Exercise 2003]. Z kolei inne
czynniki wptywajace na VO.max wydaja sie by¢ mniej modyfikowalne, poniewaz sa silnie
zalezne od absolutnych wymiaréw ciata (np. pojemnos$¢ pluc, objetos¢ wyrzutowa serca) lub
pozostaja z natury w do$¢ waskich zakresach fizjologicznych. Dlatego wydaje sig, Ze trenerzy
powinni w wiekszym stopniu polega¢ na wczesnej selekcji do sportu wyczynowego, cho¢by
przy uzyciu wskaznikow takich jak VO.max/SMM, skupiajac si¢ na wrodzonych cechach
osobniczych, niz stosowaé u zawodniczek niebezpieczne interwencje treningowe, zywieniowe
lub farmakologiczne, w zamierzeniach ,,korygujace” genetycznie uwarunkowane mechanizmy

fizjologiczne.
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II. DISSERTATION SUMMARY

This doctoral dissertation is based on a series of studies under the common title:
“Maximal oxygen uptake adjusted for skeletal muscle mass in competitive athletes during
a one-year training cycle”. The dissertation consists of the following two scientific articles
prepared within the framework of a research project funded by the National Science Centre
Poland under grant OPUS 14 number 2017/27/B/NZ7/02828:

1. Trinschek J, Zielinski J, Kusy K. Maximal oxygen uptake adjusted for skeletal muscle
mass in competitive speed-power and endurance male athletes: changes in a one-year training
cycle. International Journal of Environmental Research and Public Health, 2020, 17(17): 6226.
doi: 10.3390/ijerph17176226.; PMID: 32867179; PMCID: PMC7504314.; Impact Factor —
3.390, Punktacja MEiN — 140 points.

2. Trinschek J, Zielinski J, Zarebska EA, Kusy K. Male and female athletes matched for
maximum oxygen uptake per skeletal muscle mass: Equal but still different. Journal of Sports
Medicine and Physical Fitness, 2022, online first, Mar 1. doi: 10.23736/S0022-4707.22.13605-
4.; PMID: 35230070.; Impact Factor — 1.637, Punktacja MEiN — 40 points.

1. INTRODUCTION

Maximal oxygen uptake (VO,max) is a widely used indicator of human aerobic capacity
and is defined as the maximum oxygen volume consumed per unit of time, i.e. the highest
possible rate of oxygen uptake in an individual [Bassett and Howley 2000, Hill et al.. 1924,
Rankovi¢ et al.. 2010, Sadowska et al.. 2017, Wilmore et al. 2004]. Conventionally, VO,max
is expressed as an absolute rate of oxygen uptake per unit of time (ml/min) or as a weight-
adjusted rate (ml/min/kg). Expressing VO,max per kilogram of lean body mass (LBM) per
minute is less common [Cureton 1981, Diaz-Canestro et al. 2021, Montero et al. 2018, Proctor
et al. Joyner 1997, Sparling et al. Cureton 1983, Wells et al. Plowman 1983] and only
occasionally per kilogram of skeletal muscle mass (SMM) [Beekley et al. 2006, Proctor et al.
Joyner 1997, Sanada et al. 2005]. The low popularity of using the VO.max/SMM in competitive
athletes can be due to problems with accurate SMM estimation or insufficient knowledge
among coaches and athletes about the information this indicator can provide.

Skeletal muscle mass is the main component of fat-free body mass in humans [Kim et
al. 2002], critical to athletic performance [Andreato et al. 2010, Delaney et al. 2016, Gonzalez-
Mendoza et al. 2019, Martin-Matillas et al. 2014, Proctor et al. Joyner 1997]. Through regular
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training, muscles adapt to exercise and can consume more oxygen per unit of time [Beekley et
al. 2006, Farinatti et al. 2011, Proctor and Joyner 1997, Sanada et al. 2004]. Skeletal muscles
in endurance athletes are characterized by higher amount of slow-twitch fibers, higher
mitochondrial size and density resulting in better blood flow in the muscles. [Andersen adn
Henriksson 1977, Holloszy and Coyle 1984, Torok et al. 1995, Zwaard et al. 2018]. Adaptations
of specific biochemical and molecular mechanisms contribute to modifications in metabolic
activity of fat tissue and mitochondrial enzymatic activity, including enzymes of fatty acid
oxidation, citrate cycle and respiratory chain [Andersen and Henriksson 1977, Holloszy and
Coyle 1984].

To date, only a few studies have attempted to estimate SMM-adjusted VO,max, using
the most advanced methods of SMM assessment, such as magnetic resonance or dual-energy
X-ray absorptiometry [Beekley et al. 2006, Proctor et al. Joyner 1997, Sanada et al. 2005].
Beekley et al. [2006] demonstrated a strong relationship between SMM (kg) and VO;max
(Umin) in professional athletes. They noticed that above a certain level of SMM (~45 kg) the
relationship between VO, uptake and SMM was weakening and aerobic capacity of athletes
reached a plateau. They suggested that in highly trained athletes with different levels of body
fat and body mass, SMM-adjusted VO,max should be taken into account to obtain more
accurate and reliable information on the maximum aerobic capacity. Sanada et al. [2004]
revealed that VO,max was closely correlated with SMM in amateur swimmers. According to
them, maximal aerobic capacity per SMM may be a more appropriate indicator than weight,
because differences or changes in total body mass may significantly affect obtained VO,max
values. Proctor and Joyner (1997) demonstrated that reduced aerobic capacity per kilogram
SMM was connected with reduced whole body VO>max. A view has been formulated that in
highly trained athletes, to obtain more accurate and reliable information on changes in aerobic
capacity, not only standard measures of VO,max should be considered, but also SMM-adjusted
VO.max [Beekley et al. 2006]. The widely used weight-adjusted VO,max not always fully
reflects the training status of the athlete and related adaptation mechanisms. Indeed, it is not
clear whether an increase or decrease in VOmax is due to change in total body mass (or its
components, such as fat mass) or to actual adaptive changes determining VO;max, including
skeletal muscles which are the major oxygen recipients during exercise [Basset and Howley
2000].

In humans, VO;max is limited by four main sets of physiological factors: pulmonary
diffusing capacity, maximal cardiac output, oxygen-carrying capacity of the blood, and skeletal
muscle characteristics [Basset and Howley 2000, Shete et al. 2014]. These factors also

determine sex differences in VO»max. Moreover, two major body components, i.e. skeletal
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muscle and fat mass, significantly contribute to the sex differences in VO.max levels achieved
during exercise testing [Diaz-Canestro et al. 2021, Diaz-Canestro et al. 2022, Montero et al.
2018, Sparling and Cureton 1983, Wells and Plowman 1983]. In general, male athletes have
higher absolute SMM and thus higher oxygen uptake, but lower body fat content than women
participating in the same sport discipline at a similar level. This well-known aspect of sexual
dimorphism alone results in an ‘unfavorable conversion ratio’ of oxygen uptake in women,
regardless of other factors differentiating aerobic capacity between the two sexes.

Importantly, Proctor and Joyner [1997] observed almost identical VO.max per kg SMM
in endurance-trained men and women. This suggests that, at the same age and with similar
training profile and status, sex differences in VO,max are not dependent on factors related to
the properties of the skeletal muscle, the latter having very similar potential of oxygen uptake
in both sexes. Hence, studies including highly trained men and women with the same
VO:max/SMM value (as an indicator of skeletal muscle 'aerobic capacity'), may shed additional
light on the effects of SMM and other factors on VO,max. However, the results of studies on
sex differences in VOamax and contributing factors obtained so far are not fully satisfactory
due to the lack of precise criteria for the selection of athletes [Cureton 1981, Cureton et al. 1986,
Sparling and Cureton 1983, Wells and Plowman 1983]. For more relevant and accurate
comparisons, a purposive sampling should be used based on almost equal VO.max/SMM in
both sexes as the primary criterion. So far, the inclusion criteria for male and female
comparisons were usually training profile and history accompanied by VO,max expressed in a
standard measure [Cureton 1981, Diaz-Canestro et al.2021, Montero et al. 2018, Sparling and
Cureton 1983, Wells and Plowman 1983] and only occasionally VO,max per SMM was taken
into account [Beekley et al. 2006, Proctor and Joyner 1997, Sanada et al. 2004]. It seems that
female and male professional athletes were not compared using SMM-adjusted VO,max. Such
an attempt would allow obtaining more precise information on the size of sex differences in the
main factors limiting VO>»max including those related to the SMM. Moreover, contrasting speed
and endurance athletes, representing different training profiles and associated physiological
adaptations, may illustrate to what extent gender differences in factors limiting VO,max are
universal or sports discipline-dependent.

In view of the research problems outlined above, this dissertation addresses (1) the
changes in VO»max/SMM in competitive athletes of different specializations in one-year
training cycle and (2) comparison of factors limiting VO,max between men and women
participating in competitive sports in relation to skeletal muscle mass. To obtain the best
possible quality of measurements, the dual energy X-ray absorptiometry method was used,

which has a very high precision and accuracy.
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2. AIMS AND HYPOTHESES

The study aimed to assess the level and the changes in SMM-adjusted VO.max in
competitive highly trained athletes of different specializations in a one-year training cycle
(publication 1) and to assess the size of sex differences in main factors limiting VO.max takin
into account SMM (publication 2).

Hypotheses:

1. SMM-adjusted VO,max changes in a one-year training cycle according to a different pattern
than weight-adjusted VO>max (publication 1).

2. The size of the differences in VO,max between endurance, speed-power, and recreational
athletes depends on the measure of VO.max used (SMM- vs weight-adjusted)

(publication 1).

3. Male and female athletes with very similar VO,max/SMM, representing similar training
history, training status, and sport specialisation, differ in the level of the main factors
limiting VO»max (publication 2).

4. The profile of sex differences in factors limiting VO2max depends on sports specialization

(publication 2).

3. METHODS

3.1 Participants

The project was approved by the Bioethics Committee at the Karol Marcinkowski
Medical University in Poznan (Resolution No. 1252/18 of 6.12.2018). The participants were
informed of the purpose and risks of the study and gave their written consent to participate. The
study described in Publication 1 included 22 highly trained male athletes divided into two
groups: sprinters (n=12; 24.743.3 years, training history 7.4+2.5 years) and endurance athletes
(n=10; 25.3+£5.3 years, training history 8.0+2.4 years). Most of the athletes were part of the
national team at the time of the study. The control group consisted of 10 healthy and
recreationally active men aged 29.0+4.5 years, without previous experience in competitive
sports. In the second study (Publication 2), a purposive sampling of athletes was performed.
The prerequisite was a high sporting level, i.e. success at a minimum national or international
level. Then, body composition and VO.max were measured in 70 endurance- and 50 sprint-
trained athletes. After obtaining the necessary data, male and female athletes were carefully

matched in pairs with almost identical VO,max per kilogram SMM (a difference of not more
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than 5 ml/min/kg SMM). Athletes for whom a pair with sufficiently close VOmax/SMM could
not be found were excluded from further analysis. Eventually, 46 athletes were selected: 26 in
the endurance group (13 men aged 28.0+3.0 years and 13 women aged 21.343.0 years) and 20
in the sprint group (10 men aged 23.943.8 years and 10 women aged 21.9+3.3 years).

3.2 Study design

Two main research tasks were performed: body composition measurement to determine
SMM and an incremental running test to determine VO,max. Several cardiorespiratory,
somatic, and haematological data were collected. All measurements were repeated four times
in the following training phases of the one-year training cycle: (1) beginning of the general
preparation phase, (2) beginning of the specific preparation phase, (3) beginning of the pre-
competition phase, and (4) beginning of the competition phase. Participants were instructed to
avoid high-intensity and long-duration training sessions 24—48 h before each examination. On
the days of examination, fasting body composition assessment was performed in the morning.
Then, exercise tests were performed up to 2—3 hours after a light meal. During all tests, the air

temperature in the laboratory was 20-21°C.

3.3 Body Composition and Skeletal Muscle Mass

Body weight and height were measured using a SECA 285 measuring station (SECA,
Hamburg, Germany). Body composition was determined by DXA using the Lunar Prodigy Pro
device (GE Healthcare, Madison, W1, USA) according to the standards proposed by Nana et al.
[2015]. The absolute (kg) and relative (%) fat mass and lean body mass — for the whole body
and its regions (lower and upper limbs, trunk, and android and gynoid areas) — were used for
further analysis. Skeletal muscle mass was calculated according to the formula developed by
Kim et al. [2002]:

SMM = (1.13 - ALST) —(0.02 - age) + 0.61 - sex + 0.97, where

SMM - skeletal muscle mass in kg,
ALST — appendicular lean soft tissue, the sum of lean body mass of upper and lower limbs in
ke,

sex: 0 — female, 1 — male.

ALST = LBM]egs + LBMarms, Where
LBMiegs — lean body mass of lower limbs,

LBMams — lean body mass of upper limbs.
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The relative skeletal muscle mass index was also calculated according to the formula:

RSMI = ALST / H? [kg/m?], where
ALST — see above,
H — height.

3.4 Maximum Oxygen Uptake

All athletes underwent an incremental running test on the h/p Cosmos Pulsar treadmill
(Sports & Medical, Nussdorf-Traunstein, Germany) to determine VO:max. Initially,
the participant remained standing on the treadmill for 3 min. The test consisted of increasing
the load (running speed) until the athlete was volitionally exhausted. The test started at 4 km/h,
after 3 minutes the speed was increased to 8 km/h, and then the speed was increased by 2 km/h
every 3 minutes. Main cardiopulmonary parameters were measured during each respiratory
cycle using the Cortex MetaLyzer 3B ergospirometer (Cortex Biophysik, Leipzig, Germany).
Heart rate (beats/min) was measured continuously using a Polar Bluetooth Smart H6 heart rate
monitor (Polar Electro Oy, Kempele, Finland). Maximal oxygen uptake was considered
achieved if at least three of the following criteria were met: (i) oxygen uptake plateaued despite
an increase in speed, (ii) blood lactate concentration immediately after the test exceeded 9
mmol/l, (iii) respiratory exchange ratio (RER) was greater than 1.10, and (iv) heart rate was
above 95% of the maximum heart rate found from previous measurements of the athlete

[Edvardsen et al. 2014].

3.4 Hematological parameters

Before exercise, capillary blood was collected from the fingertip and analyzed using
a Sysmex XS-1000i (Sysmex Corporation, Japan). Data on red blood cell (RBC) count,
hemoglobin concentration (HGB), hematocrit value (HCT), mean corpuscular volume (MCV),
mean corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC),

and red blood cell volume distribution width (RDW-CV) were obtained.

3.5 Statistical Analysis
In Publication 1, a one-way analysis of variance (ANOVA) with repeated measures was
used to compare the change between 3 (sprinters) or 4 (endurance athletes and controls)

examinations across the whole training cycle. Another one-way ANOVA was used to compare
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differences between the three groups at each single training phase. The effect size for ANOVA
was expressed as eta-square (n°) and defined as small (0.01), medium (0.06), or large (0.14).
In publication 2, due to the purposive match in both athletic groups, the mean values of
variables obtained from female and male athletes were compared using t-tests for dependent
means. Cohen's d was calculated to assess the effect size of the differences and defined as small
(0.2-0.4), intermediate (0.5-0.7), large (0.8-1.3), or very large (>1.4). The statistical
significance was set at p < 0.05 in both publications. All analyses were performed using the

Statistica 13.0 software package (StatSoft, Tulsa, Oklahoma, USA).

4. RESULTS

4.1 Body composition in athletic groups in one-year cycle

Detailed data on body composition (means, standard deviations, significance of
differences, and effect sizes) can be found in Table A1, Publication 1, page 9. Sprinters had
significantly higher total body mass than endurance athletes in three training phases (general,
specific, and pre-competition). In sprinters, body mass increased from general to specific and
pre-competition phases, while no significant changes were revealed in endurance athletes and
controls.

Absolute and percentage fat mass were similar in sprinters and endurance athletes in the
following training phases: general, special and pre-competition. Although slightly lower values
could be observed in sprinters, the differences remained statistically insignificant. Both athletic
groups had significantly lower absolute and percentage fat mass than the control group in almost
all training phases, except for the general preparation (non-significant difference between
endurance athletes and the control group). In sprinters and endurance athletes, absolute and
percent body fat mass were significantly higher in the general preparation than in subsequent
training phases. No significant changes in fat mass were detected in the control group, although
there was some tendency for fat mass to decrease in the last training phase.

Sprinters had significantly higher both absolute and percentage SMM than
endurance athletes and controls in all training phases. There were no significant differences in
SMM between endurance athletes and controls. In sprinters, absolute SMM significantly
increased from the general to the specific and pre-competition phases. During the training cycle

analyzed, there was no significant change in percentage SMM in none of the three groups.
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4.2 Maximum oxygen uptake indicators: Comparison within athletic groups and training

phases

Detailed changes in VO.max are shown in Table A2, Publication 1, page 11. Across the
training cycle, a significant increase in VO,max indicators (absolute, total body mass-, and
SMM-adjusted values) were only observed in controls between the general and pre-
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Figure 1. Changes in maximal oxygen uptake (absolute and relative values) between
consecutive phases of the one-year training cycle. Panel A — absolute values, Panel B — per kilogram
of skeletal muscle mass (SMM). Legend: B endurance athletes, A— —— sprinters, Q-+ control
group
° p<0.05, °°p<0.01 — significant differences between training phases in the control group

A p<0.001 — significantly different from sprinters at the same training phase
*p<0.05, " p<0.001, ™" p<0.01 — significantly different from controls at the same training phase

competition or competition phase. In sprinters and endurance runners, none of the above
VO,max indicators changed significantly. However, depending on the VO,max measure used,
the size of the difference between speed-power, endurance, and control group varied. For
absolute VO,max (I/min), the only significant difference was between endurance athletes and
controls in the general preparation phase (Figure 1, Panel A, below). More pronounced

differences were observed for weight-adjusted VO>max, i.e. endurance athletes significantly
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differed from speed-power and control groups in all training phases. The sprint and control
groups did not differ in weight-adjusted VO.max. Significant differences between sprint and
control group emerged for SMM-adjusted VO.max. As a result, the control group had higher
SMM-adjusted VO,max than sprinters in all training phases (Figure 1, Panel B, above).

4.3  Maximum oxygen uptake in female and male athletes

In line with the main assumption of this research and resulting purposive sampling, there
were no significant differences in SMM-adjusted VO.max between female and male athletes in
either the endurance or sprint group. The weight-adjusted VO,max was significantly lower in
female than male athletes in the endurance, but not in the sprint group. The absolute VO,max
was lower in female athletes in both athletic groups. Regardless of sport specialization, running
velocity at VO,max was significantly higher in male than female athletes. Detailed results can

be found in Table 1 in Publication 2.

4.4  Body composition in female and male athletes

In both athletic groups, females had lower height, BMI, and RSMI than males. Also,
total body mass and all indices related to SMM had higher values in male than female athletes.
Absolute and percentage total and regional fat content were higher in female than male athletes,
regardless of sporting discipline. The exception was absolute fat mass (total, legs, arms, trunk,
and android area) in the sprint group in which insignificant differences were observed. Detailed

results can be found in Tables 1 and 2 in Publication 2.

4.5  Cardiopulmonary and hematological parameters in female and male athletes

In both athletic groups, female athletes had significantly lower values of maximal
oxygen pulse, minute ventilation, tidal volume, breathing frequency, RBC count, HGB
concentration, and HCT levels. Maximum heart rate, MCV, MCH, MCHC, and RDW-CV were
similar between female and male athletes, except for sprinters’ MCH that was higher in female

than male athletes. Detailed results can be found in Table 3 in Publication 2.

4.6  Size of the sex differences

The effect size for sex differences was large (Cohen’s @>0.8) or very large (Cohen’s
d>1.4) in most variables analysed. It partly depended on sport specialization and type of the
factor limiting VO-max (Figure 2, below). In endurance athletes, the largest effect size was
observed for most factors related to body composition, in particular total fat mass (4=3.7) and

total SMM (d=3.8). In the sprint group, the effect size for body components was also large, but
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about twice as small as in the endurance group (d=1.5 and 1.7, respectively). In general, sex
differences in body composition were larger in endurance- than sprint-trained athletes. As far
as cardiorespiratory factors and oxygen-carrying capacity of the blood were concerned, the size
of sex differences were quite similar between the endurance and sprint group (d=0.9-2.1 vs.
d=0.8-2.3, respectively). For cardio-respiratory factors, the largest effect size was observed for
maximal oxygen pulse (endurance group d=2.1 vs. sprinters d=2.3), minute ventilation (d=1.8
vs. 1.5, respectively), and tidal volume (d=1.0 vs. 1.6, respectively). Largest sex differences in
hematological indices were noted for hemoglobin (d=2.0 vs. 1.0, respectively) and hematocrit

(d=1.0 vs. 1.8, respectively).

Endurance Sprint

Total Fat Mass 3.7
Legs Fat Mass 3.5

Arms Fat Mass 3.2

Trunk Fat Mass
Android Fat Mass
Gynoid Fat Mass
Total Muscle Mass
Legs Lean Mass
Arms Lean Mass
Trunk Lean Mass
Android Lean Mass
Gynoid Lean Mass
VO2Zmax/Hrmax
VEmax

Vimax

Bfmax
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HGB
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MCH

1.0
0.9
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1.0

Nonsignificant

2.1
1.7
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Figure 2. The size of the differences in factors limiting maximum oxygen uptake between male

and female athletes. Values are expressed as Cohen's d effect size, considered small, medium, large,
or very large if Cohen’s d is 0.2, 0.5, 0.8, and 1.4, respectively
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S. DISCUSSION

5.1  Main findings

This is the first attempt to analyze the changes in SMM-adjusted VO,max across a one-
year training cycle in competitive speed-power and endurance athletes. This is also the first
time to determine the size of sex differences in main factors limiting VO.max between female
and male athletes matched according to the strict criterion of very close VO2max per kilogram
SMM.

The major findings included: (i) the profile of change in SMM-adjusted VOmax in
a one-year training cycle was not different from the change in weight-adjusted VO.max; (2) the
size of the between-group differences in VO.max depended on the VO.max measure used,
i.e. significant differences between sprinters and controls emerged when SMM-adjusted
VO,max values were used, without significant differences for standard VO.max measures; (3)
male and female athletes with equal VO,max per 1 kg SMM significantly differed in main
factors limiting VO2max, and (4) the profiles of sex differences were partly related to the type

of training adaptation (sporting discipline).

5.2 Hypothesis 1
SMM-adjusted VOmax changes in a one-year training cycle according to a different pattern
than total body mass-adjusted VO:max.

This hypothesis has been not confirmed. In controls, as well as in both athletic groups,
the profile of change was very similar regardless of VO,max measure. In endurance athletes,
high VO,max is associated with years of intense training. When analyzing the obtained results,
one can notice that the changes in VO,max in endurance athletes throughout the year were small
and not significant. It seems that no index of maximal aerobic capacity, whether it be a weight-
or SMM-adjusted one, is not adequate to diagnose the training status in highly trained
endurance athletes. Despite visible reductions in absolute and percentage fat mass in endurance
athletes across the training phases, there was no increase in VO,max. The likely explanation is
that some determinants of VO,max, e.g. muscle adaptation to endurance training, such as
mitochondrial enzyme activity, muscle capillarization, or other central and peripheral factors
[Andersen 1 Henriksson 1977, Holloszy 1 Coyle 1984, Joyner 2017], had been optimized and
could not be substantially improved in this highly trained group.

In sprinters, despite changes in body composition (significant reduction in body fat)
there were also no significant change in VO,max between consecutive training phases. It might

result from specific training and physical capacity requirements. Sprint is an all-out high-
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intensity exercise thus athletes focus on the development of dynamic strength and power
necessary to maximize speed ability, not on improvements in aerobic capacity [Haugen et al.
2019, Loturco et al. 2019], even though an optimal level of the latter is beneficial. It must be
stressed that skeletal muscles in sprinters have a relatively low capillary and mitochondrial
density resulting in lower oxygen extraction from blood and lower VO,max [Torok et al. 1995,
Zwaard et al. 2018]. Sprinters focus on training that supports anaerobic metabolism being the
main energy source for muscle activity. Such type of training does not promote high activity of
aerobic enzymes [Bompa and Haff 2009, Ross and Leveritt 2001]. It is also worth noting that
the absolute SMM in sprinters analyzed in this dissertation (~40 kg) was close to the upper limit
of ~45 kg beyond which VO>max usually reaches a plateau or even decreases as. suggested by
Beekley [2006].

In controls, unlike in athletes, significant changes in VO;max indicators between
consecutive phases were observed, despite no significant change in main body components.
It appears that central and peripheral adaptations supporting VO>max were not maximized in
recreationally active individuals, contrary to endurance- and sprint-rained athletes. The control
group responded more strongly to training stimuli because of their relatively low level of
VO;max at the start of the one-year cycle under consideration, even if their training loads were

milder than in competitive athletes [Zwaard 1 wsp. 2018].

5.3 Hypothesis 2
The size of the differences in VOmax between speed-power, endurance, and amateur athletes
depends on the measure of VOamax used (SMM- vs total body mass-adjusted)

This hypothesis has been confirmed. In previous studies on the relationship between SMM
and VO>max, it was suggested that SMM-adjusted VO>max might be a more relevant measure
than weight-adjusted VO,max for the evaluation of aerobic power [Proctor i Joyner 1997,
Sanada 1 wsp. 2005]. Moreover, Beekley et al. [2006] developed the term aerobic muscle
quality, meaning the amount of oxygen consumed per 1 kg of SMM. Such a tool could help to
make more correct comparisons of VO,max between individuals differing in fat content and
total body mass or individuals representing different sports and training status.

In support of the claims made by other authors, the results of this dissertation show higher
VO;max per SMM in the control group than in the sprint group, while no significant differences
in absolute and weight-adjusted VO,max were observed between these groups. Several factors
could affect this phenomenon. First, sprinters' SMM significantly increased across the one-year
cycle, while this body component remained in principle unchanged in controls. Second, the

control group consisted of recreationally endurance-oriented active men. Endurance training
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modifies central (pulmonary diffusing capacity, maximal cardiac output, the oxygen-carrying
capacity of the blood) and peripheral (skeletal muscle characteristics) factors affecting VO»max
[Bassett et al.. 2000, Jacobs et al. 2011]. Skeletal muscles exposed to endurance training use
the energy resources from fat tissue to a greater extent (thus sparing muscle glycogen and blood
glucose) and produce less lactate during exercise. Besides, more mitochondria allow more
oxygen to be extracted from the blood by contracting muscles [Bassett et al. 2000, Jacobs et al.
2011]. These typical muscle adaptations in endurance-trained individuals can explain
significant differences in SMM-adjusted VO2max that emerged between sprinters and controls,
even though they were not detectable using standard VO,max measures.

To sum up, the results of Publication 1 show that in competitive athletes of different
specializations (sprint vs. endurance) and recreationally active individuals the profiles of one-
year changes in weight-adjusted and SMM-adjusted VO,max are not different. However,
adjusting VO,max for SMM reveals differences in maximal aerobic capacity between groups

differing in athletic levels and training adaptations.

5.4  Hypothesis 3
Male and female athletes with very similar VO:max/SMM, representing similar training
history, training status and sport specialisation, differ in the level of the main factors limiting

VO>max

5.4.1 Body composition

In this regard, the hypothesis has been confirmed. When analysing the results, one can
observe that absolute and percentage SMM and fat mass content very strongly differentiated
male and female athletes equated in terms of VO,max/SMM. In both the endurance and sprint
group, the pattern of sex differences in body composition was similar to that reported in
previous research [Cureton and Sparling 1980, Thorland et al. 1981, Sandbakk et al. 2018].
Female athletes have significantly lower fat-free and muscle mass content but substantially
higher total and regional fat content. However, using the strict matching procedure based on
equal VO2max/SMM, not solely on training experience, may result in sex differences in body
composition that are closer to reality than in earlier studies.

Despite equal aerobic capacity per 1 kg SMM in male and female athletes, the primary
metabolic consequence of higher body fat percentage in females is increased energy demand
for running, without increasing their ability to produce energy [Cureton and Sparling 1980].
Consequently, females in this study reached their VO.max at a speed lower by ~10% or ~2

km/h than males. This was consistent with the study by Cureton and Sparling [1980] who loaded
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males with external weight to simulate fat content typical of females. The intervention reduced
sex differences in weight-adjusted VO.max by 65%, but the differences in relative VO>max
(per 1 kg fat-free mass) and running performance narrowed only by 38% and 30-32%,
respectively. Also, Diaz-Canestro et al. [2021] postulated that a higher percentage of body fat
(being the less metabolically active tissue) in female athletes is “a weight-bearing handicap of

the female cardiovascular system to power whole-body aerobic work”.

5.4.2 Cardiopulmonary factors

This aspect of the hypothesis was confirmed, except for one parameter. When analysing
the results of this dissertation and other studies, one can observe that the differences in VO;max
between male and female athletes are not related to maximal heart rate [Costill et al. 1976,
Cureton et al. 1986, Hutchinson et al. 1991, Sandbakk et al. 2018]. However, oxygen pulse
(VOzmax/HRmax), being an indirect indicator of cardiac stroke volume, differed significantly
between sexes, especially in the sprint group. This can be explained by usually larger cardiac
chamber dimensions and thicker walls in males, contributing to higher VO;max [Costill et al.
1976, Cureton et al. 1986, Hutchinson et al. 1991, Sandbakk et al. 2018]. In both athletic groups,
males had higher maximum minute ventilation resulting from larger tidal volume and higher
breathing rate. Larger tidal volume is related to larger lungs dimensions airways diameter
[Costill et al. 1976, Thorland et al. 1981, Wonisch et al. 2003]. Higher breathing frequency in
male athletes may be explained by reaching a plateau in tidal volume later than in females
[Sheela et al. 2008]. After this point, a further increase in minute ventilation is achieved mainly
by increasing the respiratory rate. In addition, longer running time in male athletes results in a
higher absolute oxygen consumption and dioxide production and, therefore, higher ventilation
requirements [Sheel et al. 2008]. Similarly, other researchers revealed significant sex
differences in cardiorespiratory factors, especially in maximal minute ventilation in endurance-
trained individuals [Guenette et al. 2007] and in groups matched using VO,max per 1 kg fat-

free mass [Hutchinson et al. 1991].

5.4.3 Oxygen-carrying capacity of the blood

It was confirmed that sex differences in oxygen transport capacity were still visible in
male and female with similar VOmax/SMM levels. The results regarding the sex differences
in oxygen transport capacity were similar to those presented in other studies, in which the
authors matched participants using criteria such as equal training and competition experience
or equal VO>max per fat-free mass [Cureton et al. 1986, Hutchinson et al. 1991, Rietjens et al.

2002]. Our results support the view that sex differences in hematological parameters only
4]-



account for a small portion of the differences in VO,max [Cureton et al. 1986, Hutchinson et
al. 1991, Rietjens et al. 2002]. A recent review on transgender women in sport [Hilton and
Lundberg 2021] suggests that although higher hemoglobin concentration is dependent on
testosterone levels — the latter reaching higher levels in males and indirectly supporting aerobic
capacity — but this is not the main hematological factor contributing to sex differences in
\::/Ozmax. It seems that the factors associated with greater blood volume in males related to
increased cardiac preload, larger stroke volume and maximal cardiac output — leading together
to increased oxygen delivery capacity — are more crucial to sex differences in \;Ozmax than
oxygen transport capacity of the blood [Cureton et al. 1986, Diaz-Canestro and Montero 2019,
Hilton and Lundberg 2021, Hutchinson et al. 1991, Ransdell and Wells 1991, Rietjens et al.
2002].

5.5  Hypothesis 4
The profile of sex differences in factors limiting VO>max depends on training adaptations
related to sports specialization.

The obtained results suggest that significant sex differences in factors limiting VO,max
occur independently of sport specialisation. However, it seems that the size of differences is
somehow dependent on the specificity and adaptive requirements of a given sport discipline.
The sex differences in body composition were greater in endurance athletes than sprinters. The
magnitude of differences in cardiorespiratory factors were similar in both sports groups. The
differences in blood parameters were ambiguous.

In endurance sports, the strength of sex differences in SMM and fat mass was almost
twice as high as in the sprint group. Female sprinters had percentage SMM and fat mass closer
to male values than female endurance athletes. Smaller differences in the sprint group may
result from the specificity and training goals of the discipline aimed at building a relatively
large muscle mass, improving developing strength and power, and minimizing fat mass. Due
to the very short duration of sprint exercise, fat is a nonsignificant source of energy for muscle
activity but rather a 'unnecessary ballast' [Bompa and Haff 2009, Loturco et al. 2017, Ross and
Leveritt 2001]. For this reason, female sprinters, to maximize their athletic performance,
approach the male pattern of SMM and fat mass more than female long-distance runners or
triathletes in relation to their male counterparts. In contrast, long-distance running is associated
with a relatively small SMM and specific metabolic muscle adaptations. Therefore, female
endurance athletes do not emphasize SMM development as much as female sprinters do.
Moreover, endurance sports are associated with aerobic metabolism, for which the energy is

supplied to a great extent from fat tissue and its substrates released in a longer time. As a result,
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there is no need for excessive fat reduction in female runners or triathletes and the gap between
female and male body composition remains larger than in sprint disciplines. However, it should
be noted that higher SMM predisposes to the storage of greater muscle glycogen amounts
contributing to improvements in physical capacity and sport performance in endurance sports
[Chesley et al. 1996, Green et al. 1992, Holloszy and Coyle 1984], hence some increases in
SMM in female endurance athletes could be also beneficial.

The differences related to cardiorespiratory factors were similar between the endurance
and sprint group for almost all analyzed variables. The exception was tidal volume, which
differentiated more strongly between women and men in the sprint group. Muscle mass in the
sprint group was important for athletic performance and different between males and females.
Similarly, tidal volume, an important aspect of endurance exercise, differed less in the
endurance group. Smaller differences in tidal volume between males and females in the
endurance group may be due to better training-induced adaptation of the lungs and respiratory
muscles [Hackett 2020]. Here again, specific training developing cardiopulmonary mechanisms
may support an 'equalization' of tidal volume between the sexes.

The indicators related to blood oxygen transport did not provide a fully unambiguous
picture. Assuming — by analogy to body composition, heart function, and respiratory function
—that sex differences are smaller for physiological parameters relevant for athletic performance,
all haematological indices should be less different between sexes in the endurance than sprint
group. Indeed, this is the case for erythrocyte, haematocrit, mean corpuscular volume, mean
haemoglobin mass concentration, mean haemoglobin concentration, or red cell volume
distribution spread. However, haemoglobin concentration, being undoubtedly important for
endurance athletes, differentiates the sexes more in the endurance than sprint group. A
significant feature of endurance training is the development of adaptations related to oxygen
transport in the blood [Bassett and Howley 2000], so hemoglobin levels in females and males
should differ less than in sprinters. However, it is worth noting that in this dissertation
haemoglobin levels were very similar between the endurance and sprint groups within the same
sex, thus this parameter was not specific to sport specialisation. This observation is not
surprising. Previous studies showed that endurance athletes (and not only) have often
haematological parameters close to the lower limits of population norms or even below
[Broadbent 2011, Malczewska et al. 2001, Rietjens et al. 2002], especially during periods of
intense training [Banfi et al. 2011, Ciekot-Sottysiak et al. 2017]. In this dissertation, the
comparison was performed exactly at such a critical moment (pre-competition phase). The

obtained haematological picture may be due to, among other things, the well-known
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phenomenon of sports anaemia [Green et al. 1991, Haymes and Lamanca 1989, Hunding et al.
1981, O’Toole et al. 1988, Rietjens et al. 2002].

To summarize Publication 2, one can notice that significant differences in the main
factors limiting VOamax still exist between male and female athletes representing the same
SMM-adjusted maximum aerobic capacity. The size and profile of the sex differences partly

depend on sport specialization and associated physiological adaptations.

5.6 Strengths and limitations

The strength of this study was using the dual-energy X-ray absorptiometry method,
which is currently the most accurate and useful methods to precisely estimate SMM in
competitive athlete. This method is comparable to measurements using magnetic resonance
imaging or computed tomography, but not posing problems with accessibility, costs, or risks
associated with X-ray dose. In addition, the study included highly trained athletes who
constituted two representative groups in terms of different sport specialisations and
physiological adaptations. Previous studies only included endurance-trained groups or
individuals not involved in competitive sport. The presented research for the first time included
highly trained sprinters in the context of VO,max, broadening the spectrum of analysis of the
studied problem.

The presented research has some limitations. In Publication 1, sprint-trained athletes were
only tested in three training phases of the one-year training cycle. This was because the
endurance test in the competition phase could have an adverse effect on sprinters' preparation
for the upcoming competitions. However, we believe that both body composition and VO>max
would not significantly change from the pre-competition to competition period in this group,
thus the impact on the main study results seems to be limited. The results from Publication 1
are limited to highly trained male athletes. The pattern of one-year changes in SMM-adjusted
VO,max in female athletes deserves separate exploration. Furthermore, factors related to the
morphological and biochemical properties of the skeletal muscle were not analyzed in
Publication 2. Also, body water content, an important component of the body and the main

component of muscle tissue, was not taken into account.
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6. CONCLUSIONS

1. In competitive athletes, the profile of one-year changes in SMM-adjusted VO2max was no
different from the profile of changes in VO»max expressed as standard measures.

2. Adjusting VO,max for SMM allows detecting the differences in maximal aerobic capacity
between groups of different training specialization and training status, while the
differences disappear when using standard measures of oxygen uptake.

3. There are still significant differences in main factors limiting VO,max between male and
female competitive athletes with equal aerobic capacity expressed as maximum oxygen
uptake per kg SMM.

4. The profile of sex differences in factors limiting VO,max partly depends on sports

specialization and related typical physiological adaptations.

6.1 Practical implications

It seems that the SMM-adjusted VO,max can reveal significant differences in maximal
aerobic capacity between groups of different sports specialisation or training status. This
measure can, therefore, be a useful tool in selection for competitive sport to more precisely
distinguish groups or individuals in terms of ‘real’ maximal aerobic capacity. In contrast, in
experienced endurance athletes, the use of the SMM-adjusted VO,max as an indicator of
'aerobic muscle quality' seems not to be justified or necessary, because the pattern of change
across consecutive training phases is consistent with the standard measures of VO>max and,
primarily, it does not change significantly in highly trained athletes. In advanced endurance
athletes, more sensitive measures of training status should be used in the context of aerobic
capacity.

The presented study showed that significant sex differences in factors limiting VO>max
occur irrespective of sport specialisation, but their size may be related to sports specialization.
In sports practice, it is not possible, for purely biological reasons, to substantially modify
specific factors limiting VO,max to improve female athletic performance as compared to male
achievements. The factor limiting VO>max that most strongly differentiates men and women is
body composition, especially body fat mass. This component can be modified within a very
wide range in humans, so it could be assumed that a significant reduction in fat mass in female
athletes would exert a positive effect on aerobic capacity and athletic performance. However,

the risky lower limit here is the physiological minimum of 10-13% [American Council on
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Exercise 2003]. In contrast, other factors affecting VO,max appear to be less modifiable,
because they are strongly dependent on absolute body dimensions (e.g. lung volume, cardiac
stroke volume) or remain by their very nature within rather narrow physiological ranges.
Therefore, it seems that coaches should rely more on early selection for competitive sport, e.g.
using indices such as VO.max/SMM, and focusing on innate individual characteristics, rather
than apply risky exercise, nutritional, or pharmacological interventions to female athletes,

intended to 'correct' genetically determined physiological mechanisms.
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IV.  STRESZCZENIE
Cele: Ocena poziomu i zmian maksymalnego poboru tlenu (VO2max) w przeliczeniu na

jednostke masy migsni szkieletowych (SMM) u sportowcow wyczynowych odmiennych
specjalnosci w rocznym cyklu treningowym oraz ocena wielko$ci réznic miedzypiciowych

w zakresie gtéwnych czynnikoéw ograniczajacych VO2max z uwzglednieniem SMM.

Metody: W pierwszej publikacji przebadano sprinteréw (n=12), zawodnikow reprezentujacych
sporty wytrzymalosciowy (n=10) oraz grupe kontrolng (n=10). W drugiej publikacji
przebadano 46 sportowcoéw: 26 w grupie wytrzymatosciowej (13 mezczyzn oraz 13 kobiet)
120 w grupie sprinterskiej (10 megzczyzn oraz 10 kobiet). Z zawodnicy reprezentowali krajowy
lub miedzynarodowy poziom. Skilad ciata i SMM ustalono na podstawie metody
absorpcjometrii promieniowania rentgenowskiego o dwoéch energiach. VO2max zmierzono
podczas testu wysitkowego do odmowy na biezni mechanicznej. Oznaczono wskazniki
hematologiczne. Pomiaréw dokonano w czterech podokresach treningowymi rocznego cyklu

treningowego.

Wyniki: Profil zmian VO,max w przeliczeniu na SMM w rocznym cyklu treningowym nie
roznit si¢ od zmian VO2max w przeliczeniu na catkowita mase ciata. Wielko$¢ réznic migdzy
grupami zalezata od uzytej miary VO,max, poniewaz istotne roznice miedzy sprinterami
i grupg kontrolng pojawily sie, gdy uzyto warto$ci VO,max przeliczonych na SMM lub LBM,
przy braku réznic w przypadku standardowych miar VO,max. Mezczyzni i kobiety o takim
samym VO;max/SMM roznili sig istotnie pod wzgledem gtéwnych czynnikow fizjologicznych
ograniczajacych maksymalny pobor tlenu. Profil réznic migdzyptciowych w zakresie
czynnikéw ograniczajagcych VO.max zalezat w pewnym stopniu od rodzaju adaptacji

treningowej (dyscypliny sportu).

Whioski: (1) U sportowcow wyczynowych profil zmian VO.max w przeliczeniu na SMM
w rocznym cyklu treningowym nie rézni sie od profilu zmian VO2max wyraZzonego
w standardowych miarach. (2) Przeliczenie VO,max na SMM pozwala na wykrycie istotnych
roznic w maksymalnej wydolnosci tlenowej miedzy osobami o odmiennej specjalizacji
treningowej 1 poziomie sportowym, podczas gdy rdznice te zacierajg si¢ przy zastosowaniu
standardowych miar poboru tlenu. (3) U sportowcdéw plci meskiej i1 zenskiej o tej samej
maksymalnej wydolnosci tlenowej w przeliczeniu na mas¢ mig¢$niowa nadal wystepuja
znaczace roznice miedzyplciowe w zakresie czynnikow ograniczajacych VO.max.
(4) Wielko$¢ roznic migdzyplciowych w zakresie czynnikow ograniczajacych VOr,max jest
czgSciowo zwigzana ze specyfika treningu i1 fizjologicznymi adaptacjami typowymi dla

specjalizacji sportowe;.
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ABSTRACT

Study aims: To evaluate the level and changes of maximal oxygen uptake (VO,max) per unit
of skeletal muscle mass (SMM) in competitive athletes of different specializations during
a one-year training cycle and to assess the magnitude of sex differences in the main factors

limitingVO,max including SMM.

Methods: In the first publication, sprinters (n=12), endurance athletes (n=10) and a control
group (n=10) were studied. In the second publication, 46 athletes were studied: 26 in the
endurance group (13 men and 13 women) and 20 in the sprint group (10 men and 10 women).
The athletes represented national or international level. Body composition and SMM were
determined using the dual energy X-ray absorptiometry method. VO2max was measured during
an incremental exercise test on a mechanical treadmill. Hematological indices were determined.

All measurements were performed in four training phases of the annual training cycle.

Results: The profile of VO,max changes per SMM across the one-year training cycle did not
differ from changes in VO2max per total body weight. The magnitude of differences between
groups depended on the measure of VO,max used, as significant differences between sprinters
and the control group occurred when VO,max per SMM were used, with no differences for
standard measures of VO,max. Men and women with the same VO,max/SMM differed
significantly in the main physiological factors limiting maximal oxygen uptake. The profile of
sex differences in the factors limiting VO,max depended to some extent on the type of training

adaptation (sport discipline).

Conclusions: (1) In competitive athletes, the profile of changes in VO,max per SMM across
a one-year training cycle is not different from the profile of changes in VO»max expressed in
standard measures. (2) Expressing of VO,max per kg SMM allows detection of significant
differences in maximal aerobic capacity between individuals of different training specialization
and athletic level, whereas these differences disappear when standard measures of oxygen
uptake are used. (3) Male and female athletes with the same maximal aerobic capacity per
muscle mass still show significant differences in the factors limiting VO.max. (4) The size of
sex differences in factors limiting VO,max is partly related to training specificity and

physiological adaptations typical of sport specialization.
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Abstract: We compared the changes in maximum oxygen uptake (VO,max) calculated per skeletal
muscle mass (SMM) with conventional VO;max measures in a 1-year training cycle. We hypothesized
that the pattern of changes would differ between SMM-adjusted and absolute or weight-adjusted
values, and the differences between groups of distinct training specialization and status will depend
on the measure used. Twelve sprinters (24.7 + 3.3 years), 10 endurance runners (25.3 + 5.3 years),
and 10 recreationally trained controls (29 + 4.5 years) performed a treadmill test until exhaustion
to determine VO,max. Their SMM was estimated based on the dual X-ray absorptiometry method
and a regression equation. The significance of differences was assessed using analysis of variance
(p < 0.05). The pattern of the longitudinal change was not different between VO,max/SMM and
standard measures. Also, the significance of differences between sprinters and endurance athletes
remained similar regardless of the VO,max measure. Sprinters and controls had similar absolute
(~4.3 L'min!) and total weight-adjusted (~52 vs. ~56 mL-min~!-kg) VO,max, but they significantly
differed in SMM-adjusted VO,max (~110 vs. ~130 mL-min~!-kg SMM™1). In summary, SMM-adjusted
VO,max is not more useful than standard measures to track longitudinal changes in competitive
athletes. However, it allows to better distinguish between groups or individuals differing in training
status. The results of our study are limited to male athletes.

Keywords: maximum aerobic capacity; total weight; lean body mass; fat mass; DXA method

1. Introduction

Maximal oxygen uptake (VO,max) is a widely used indicator of human aerobic capacity defined
as the maximum rate of oxygen consumption. Conventionally, VO,max is expressed as an absolute
rate of oxygen uptake per unit of time (mL-min~!) or as a weight-adjusted rate (mL-min~!-kg~!) [1-4].
The latter is a standard measure in athletes of various sports disciplines. Skeletal muscle mass (SMM)
is the largest component of the adipose tissue-free body mass in humans [5], essential for athletic
performance. Despite many differences in training and competition specificity, available research
indicates that SMM content in athletes ranges from 40% to 48% of total body mass [6-11].

The body of literature on VO,max in competitive athletes in the context of SMM is very scarce
(unlike the relationships with total body mass). This can be due to problems with accurate SMM
estimation. Of particular interest are, therefore, studies where authors used most advanced methods,
e.g., magnetic resonance imaging or dual-energy X-ray absorptiometry (DXA) to estimate SMM.
Proctor & Joyner [11] demonstrated that reduced aerobic capacity per kilogram of appendicular SMM
in highly trained older men and women contributed to reduced whole body VO,max. Sanada et al. [12]
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revealed that absolute peak VO, was closely associated with total and regional SMM regardless of the
whole body or fat-free mass. Similarly, Beekley et al. [13] indicated a strong relationship between SMM
(kg) and absolute VO,max (L-min~?!) in high-performance athletes. However, they also noticed that
above a certain SMM level (~45 kg), the relationship between VO, uptake and SMM was weakening
and aerobic abilities of athletes reached a “plateau”.

It is suggested that in highly trained athletes, not only standard measures of VO, (per kg of total
body mass) but also SMM-adjusted VO,max, called “aerobic muscle quality”, should be taken into
account to obtain more accurate and reliable information on the changes in the training status [13].
To our best knowledge, there are no scientific reports that have compared the changes in SMM-adjusted
VO,max in high-performance athletes of different specializations over a long period. This study aimed
to evaluate the changes in SMM-adjusted VO,max in competitive highly trained speed-power and
endurance athletes in a 1-year training cycle. We hypothesized that (i) the profile of changes in VO,max
per kg SMM would differ from that per kg total body mass and (ii) the size of the differences in
VO,max between speed-power, endurance, and amateur male athletes would depend on the measure
of VO,max used (SMM- vs. total weight-adjusted).

2. Materials and Methods

2.1. Subjects

The study included 22 highly trained male athletes divided into two groups differing in sport
specialization. Sprinters (n = 12) specialized in the distances of 100 and 200 m, were 24.7 + 3.3
(range 21-31) years old with a training history of 7.42 + 2.5 years. Endurance athletes were long-distance
runners and triathletes (1 = 10) aged 25.3 + 5.3 (range 15-35) years with a competitive sport history
of 8.0 £ 2.4 years. Some athletes were members of the Polish national team. The control group
consisted of 10 healthy recreationally active men aged 29 + 4.5 (range 23-35) years without previous
and current professional sports experience, representing the model of regular but not competitive
physical activity. The controls were invited to participate in the study through announcements in local
mass media. The project was approved by the Ethics Committee at the Poznan University of Medical
Sciences (decision No 1252/18 issued on 6 December 2018) and has been performed according to the
ethical standards laid down in the Declaration of Helsinki. The participants were fully informed of the
purpose and risks of the study and gave their written consent to participate. Basic characteristics of the
participants at the start of the study are presented in Table 1. Controls were older than athletes. Sprinters
were taller and had higher relative skeletal muscle mass index than endurance athletes and controls.

Table 1. Basic characteristics of the athletic groups and controls.

ANOVA  Effect Size

Sprint Endurance Controls p-Value n2
Age (yars) 247 £3.3(22.1-26.2)* 253 +5.3(22.3-282)* 29 + 4.5 (26-32) <0.001 0.22
Sports history (years) 7.4 +2.5(5.8-9.0) 8.0 +2.4(6.3-9.7) - 0.120 0.30
Height (cm) 185.8 +5.0 (182.1-188.2) *  181.6 + 6.1 (178.2-185)  178.1 + 5.6 (174.3-181.9) 0.029 0.33
BMI (kg:m~2) 23.6 +1.0 (22.8-24.3) 22.8 +£1.9(21.8-23.9) 24.8 +2.0 (23.4-26.1) 0.080 0.24
RSMI (kg) 9.6 + 0.6 # (9.1-10.0) * 8.5+ 0.6 (8.1-8.9) 9.0 + 0.6 (8.6-9.4) 0.007 0.42

Values are expressed as mean + SD (95% CI). Abbreviations: BMI = body mass index; RSMI = relative skeletal
muscle mass index. * p < 0.05—significantly different from the control group; # p < 0.01—significantly different from
endurance athletes.

2.2. Study Design

A repeated-measures design was used to follow the changes in VO,max and body composition
across a 1-year training cycle. We aimed to find patterns of the longitudinal change and between-group
differences depending on the VO,max measure, i.e., absolute, weight-, LBM-, and SMM-adjusted
values. All measurements were repeated four times in the following training phases of the annual
training cycle: (1) beginning of the general preparation period, (2) beginning of the specific preparation
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period, (3) beginning of the pre-competition period, and (4) beginning of the competition period.
Training units and workloads used in the training process were strictly planned by the national team
coaches. The 12-week general preparation aimed to develop physiological foundation for performance.
Training volume was high and the intensity was low but slowly increasing (the number of training
sessions in triathletes, long-distance runners, and sprinters was 181, 122, and 80, respectively).
During the specific preparation period, also lasting 12 weeks, training volume decreased, whereas the
intensity increased substantially (the number of training sessions: 132, 96, and 61, respectively).
In the pre-competition period (10 weeks), training volume further decreased and the intensity
increased (the number of training sessions: 179, 120, and 87, respectively). The competition period
was characterized by reduced training volume and emphasis was placed on increasing intensity and
quality of work to achieve peak performance before upcoming competitions. Sprinters were examined
three times, i.e., they did not perform the exercise test until exhaustion in the competition phase to
avoid any adverse effect on sprint ability. The control group did not periodize their training during
the year analyzed. During the whole study period, they did workouts three to seven times a week at
relatively constant training volume and intensity.

2.3. Methodology

Participants were recommended to avoid high-intensity and long-duration training sessions
2448 h before each examination. All tests were conducted at the Human Movement Laboratory
“LaBthletics” of the Poznan University of Physical Education. The measurements were performed in
the morning, 2 h after a light breakfast (bread and butter, water, without coffee or tea). Before each
exercise test, body composition was assessed. Then, subjects performed an incremental treadmill test
until exhaustion. During all examinations, the ambient temperature was kept at 2021 °C.

2.3.1. Body Composition and Skeletal Muscle Mass

Weight and height were measured using the SECA 285 measuring station (SECA GmbH, Hamburg,
Germany) with an accuracy of 0.05 kg and 1 mm, respectively. To evaluate body composition, the DXA
method (Lunar Prodigy device, GE Healthcare, Chicago, IL, USA) was used. Before each measurement
session, the device was calibrated using a phantom, according to the manufacturer guidelines.
During the examination, subjects only wore their underwear without jewelry or other metal objects,
to minimize measurement error. All DXA scans were performed and analyzed by the same trained
technician using enCORE 16 SP1 software (GE Healthcare, Chicago, IL, USA). All measurements
were done following the standardized protocol proposed by Nana et al. [14] and manufacturer’s
instructions. Three main components of the total-body model were measured: lean body mass (LBM),
fat mass, and bone mineral content (the latter not analyzed in this study). In the literature, the DXA
technical errors of measurement (expressed as intra-assay coefficients of variation or %CV) have been
reported to be 0.1% for total body mass, 0.4% for LBM, 1.9% for fat mass, and 0.7% for BMC (21).
In our laboratory, %CV values in young athletic individuals aged 23 + 2.1 years were 0.2%, 0.4%, 1.0%,
and 0.5%, respectively. Also, we calculated %CV for appendicular lean soft tissue (ALST; the sum
of upper and lower limb LBM) and obtained a value of 0.8%. The regression model proposed by
Kim et al. [5] was used to calculate SMM (kg) = 1.13ALST — 0.02Age + 0.61Sex + 0.97, where 0 and 1
denoted women or men, respectively. Also, the relative skeletal muscle mass index was calculated
according to the formula: RSMI = ALST/Height? (kg'm~2).

2.3.2. Maximum Oxygen Uptake

All athletes underwent incremental running tests (h/p Cosmos Pulsar treadmill, Sports & Medical
GmbH, Nussdorf-Traunstein, Germany) to determine VO,max. The initial speed was set at 4 km-h™1
and after 3 min increased to 8 km-h~!. After that point, the speed of the moving strip was progressively
increasing by 2 km-h™! every 3 min until voluntary exhaustion. Main cardiorespiratory variables

(minute ventilation, VE; oxygen uptake, VO,; carbon dioxide output, VCO,) were measured constantly
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(breath by breath) using the MetaLyzer 3B ergospirometer and analyzed using the MetaSoft Studio
5.1.0 software package (Cortex Biophysik GmbH, Leipzig, Germany). Before each test, the system
was calibrated according to the manufacturer’s instructions. Maximal oxygen uptake was considered
achieved if at least three of the following criteria were met: (i) a plateau in VO, despite an increase
in speed and minute ventilation; (ii) blood lactate concentration > 9 mmol-L™1; (iii) respiratory
exchange ratio > 1.10; and (iv) heart rate > 95% of the age-predicted maximum heart rate [15].
Heart rate was measured continuously with the Polar Bluetooth Smart H6 monitor (Polar Electro Oy,
Kempele, Finland).

2.3.3. Statistical Analysis

Data were presented as means and standard deviations (SD), and confidence intervals of the
mean (95% CI). The Shapiro-Wilk test was used to check the data for normality of distribution.
The assumption on sphericity was tested using the Mauchley’s test, verifying if variances of certain
variables were identical and equal to respective co-variances. The one-way analysis of variance
(ANOVA) with repeated measures was used to compare the change between three (sprinters) or
four (endurance athletes and controls) examinations across the annual training cycle. The one-way
ANOVA was used to compare differences between the groups at each single training phase. The post
hoc Scheffe’s test was applied to indicate between which particular examinations or groups there
were significant differences. The effect size for ANOVA was expressed as n? and defined as small
(0.01), medium (0.06), or large (0.14). The statistical significance was set at p < 0.05. All analyses were
performed using the Statistica 13.0 software package (Tibco Software Inc., Palo Alto, CA, USA).

3. Results

3.1. Body Composition

Sprinters had significantly higher total body mass than endurance athletes in three training
periods (general, specific and pre-competition) (Table Al). In sprinters, total mass increased from
general to specific and pre-competition phases, whereas no significant longitudinal changes were
revealed in endurance athletes and controls.

Absolute and percentage fat mass was similar in sprinters and endurance athletes in all examinations,
although slightly lower values were noted in sprinters (insignificant differences) (Figure 1A,B;
Table Al). Both sprint and endurance groups had significantly lower absolute and percentage fat
mass than controls in almost all examinations, except for the general phase (a non-significant difference
between endurance athletes and controls). In sprinters and endurance athletes, absolute and percentage
fat mass was significantly higher in the general phase than in the subsequent training phases.
No significant change was detected in controls, even though there was a certain trend towards lower
values in the competition phase, however, accompanied by large standard deviation.

Sprinters had significantly higher absolute LBM than endurance athletes and controls in the general,
specific, and pre-competition phases (Figure 1C; Table Al). Endurance athletes had higher percentage
LBM than controls in all training phases, except for the general phase (Figure 1D). Absolute LBM in
sprinters and percentage LBM in both sprinters and endurance runners significantly increased between
the general and the subsequent training phases (Figure 1C,D). No significant change in LBM was
shown in the control group, in spite of slightly increasing percentage values between third and fourth
examination (Figure 1D).

Sprinters had significantly higher both absolute and percentage SMM than endurance athletes
and controls in all training phases (Figure 1E,F; Table Al). There were no significant differences in
SMM between endurance athletes and controls. In sprinters (but not endurance athletes and controls),
absolute SMM significantly increased from the general to the specific and pre-competition phases
(Figure 1E). During the annual training cycle, there was no significant change in percentage SMM in
any of the three groups (Figure 1F).
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Figure 1. Changes in body composition expressed in absolute and percentage values between
consecutive phases of the annual training cycle in athletic groups and controls. Panels (A,B)—fat
mass; Panels (C,D)—lean body mass; Panels (EF)—skeletal muscle mass. * p < 0.05, 44
p <0.01, 444 p < 0.001—significantly different from the general preparation phase in sprinters; ™™
p <0.01, "™™® p < 0.001—significantly different from the general preparation phase in endurance
athletes; * p < 0.05, ¥ p < 0.01—significantly different from sprinters at the same training phase;
# p < 0.01—significantly different from endurance athletes at the same training phase; * p < 0.05,
** p < 0.01, *** p < 0.001—significantly different from controls at the same training phase.

3.2. Maximal Oxygen Uptake

Across the annual training cycle, a significant increase in all VO,max indicators (absolute,
per total body mass, per LBM, or per SMM) was only observed in controls between the general and
pre-competition or competition phase. In sprinters and endurance runners, none of the VO,max
measures changed significantly (Figure 2A-D; Table A2).

Depending on the VO,max indicator used, the significance of the difference between speed-power,
endurance, and amateur athletes varied. For absolute VO;max (mL-min~?!), the only significant
difference was between endurance athletes and controls in the general preparation phase (Figure 2A,
Table A2). For weight-adjusted VOzmax, more pronounced differences were observed, i.e., endurance
athletes significantly differed from speed-power and control groups in all training periods (Figure 2B;
Table A2), however, sprinters and controls were not significantly different. Finally, when VO,max was
adjusted for LBM and SMM, there emerged significant differences between sprinters and controls in
addition to previous differences for weight-adjusted VO,max between endurance athletes and the
other two groups. Consequently, the control group had higher LBM- and SMM-adjusted VO,max than
sprinters in all training phases (Figure 2C,D; Table A2).
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Figure 2. Changes in maximal oxygen uptake (VO,max) between consecutive phases of the annual
training cycle in athletes and controls. (A)—absolute values; Panel (B)—calculated per weight or
kilogram of total body mass (TBM); Panel (C)—calculated per kilogram of lean body mass (LBM);
Panel (D)—calculated per kilogram of skeletal muscle mass (SMM.) © p < 0.05, ©© p < 0.01—significantly
different from the general preparation phase in the control group; ** p < 0.01—significantly different
from sprinters at the same training phase; # p < 0.01—significantly different from endurance athletes at
the same training phase; * p < 0.05, ** p < 0.01, *** p < 0.001—significantly different from controls at the
same training phase.

4. Discussion

To our knowledge, this is the first study to analyze the changes in VO,max calculated per SMM
across an annual training cycle in competitive athletes of different sports specializations. The major
findings are that (i) the profile of change in SMM-adjusted VO,max in a 1-year training cycle is not
different from the change in weight-adjusted VO,max and (ii) the between-group differences depend
on the VO,max measure used, as shown by significant differences between sprinters and controls that
emerged when SMM- or LBM-adjusted VO, max values were used.

4.1. Changes in VOymax between Training Phases

There is scarce research on VO,max expressed as relative values per kg of SMM [11,12].
Nevertheless, there were reasons to believe that the profile of the changes in SMM-adjusted VO,max
across a 1-year training cycle would be different from that expressed as absolute and weight-adjusted
values. However, this hypothesis has not been confirmed. In sprint- and endurance -trained athletes and
controls, the profiles of change across training phases were very similar regardless of VO,max measure.

In endurance athletes, high VO,max is regarded as one of the necessary (although not sufficient)
factors determining high endurance performance [16,17]. In response to years of intense training
(apart from innate aptitudes), the level of VO,max is usually maximized and the observed seasonal
changes can be negligible. Due to optimally high VO,max levels, endurance athletes are focused on
other factors determining performance such as exercise response at lactate (anaerobic) threshold or
exercise efficiency, e.g., “running economy” meaning the oxygen cost at a given running speed [16,18,19].
It seems that no indicator of maximal aerobic capacity, whether it be a weight- or SMM-adjusted
one, is suitably sensitive to track training adaptations in highly trained athletes. On the other hand,
the effect of body composition on endurance performance is still valid. For example, in male trained
trial runners (age 36.1 + 6.5 years), VO,max and fat mass percent were the two best predictors of race
time among other physiological and body composition variables, explaining ~84% of the total variance
in a multiple regression model [20]. Even if not considered in terms of cause and effect, the changes
in body composition across training phases just accompany improvements in aerobic capacity and
endurance performance as related physiological adaptations [21].
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Available research indicates that body composition and its variations have a significant impact on
VO,max. As mentioned in the introduction, absolute SMM in athletes is strongly directly proportional
to absolute oxygen uptake (up to the suggested limit of ~45 kg of SMM). In highly trained male rowers
(20 + 2 years old), it was predicted based on a regression model that an increase in fat free mass by
1 kg should result in the gain in VO,max by 0.16 L-min~! [22]. Also, it is known that body fat strongly
negatively correlates with VO,max [13,23]. It can be assumed that body composition does matter
in achieving high levels of aerobic capacity. However, our results showed that, despite reductions
in absolute and percentage fat mass in endurance athletes across the training phases, there was no
positive effect on VO,max. The likely explanation is that some determinants of VO,max, e.g., muscle
adaptation to endurance training such as mitochondrial enzyme levels, capillary density or other
central and peripheral factors [17,24,25], were maximized and could not be substantially improved in
this highly trained group. Moreover, particular effects and relationships seem to depend on age, sex,
training status, and athletic profile.

In controls, unlike in athletes, we observed significant changes in VO;max indicators between
consecutive examinations, despite no significant change in body components. Zwaard et al. [4]
suggested that in amateurs adaptive changes such as capillaries or the type of muscle fibers were not
as one-sided directed as in endurance- or sprint-trained professional athletes. Central and peripheral
adaptations supporting VO,max were not maximized in recreationally active individuals, thus our
control group could have more strongly responded to training stimuli, even if their training loads
were milder than in competitive athletes, because of their relatively low baseline level of VO;max
(compared to the other two groups) at the start the annual cycle under consideration.

In sprinters, the expected lack of significant changes in VO;max between consecutive training
phases (despite desired changes in body composition, i.e., fat mass reduction) results from their specific
training and performance requirements. Sprint is an all-out high-intensity exercise and the distance
covered during competition (including acceleration, achieving maximal velocity, and deceleration)
lasts for up to several seconds [26]. It is recommended that elite sprinters should primarily focus
on increasing their relative muscle power production using ballistic exercises to maximize speed
performance [27]. It is clear that VO,max is not crucial for sprint performance. On the other hand,
at the early stage of the annual training cycle (the general preparation phase), sprinters” workouts
include a certain amount of aerobic exercise to reach an optimal level of aerobic capacity. This allows
speed-power athletes to better tolerate training loads necessary for speed and speed endurance
development [28]. Despite the significant decrease in body fat in sprinters, there was no positive
effect on their VOzmax. This may be associated with the simultaneous increase in SMM, the large
amount of which is typical of sprinters. Our sprinters have approached the “upper limit” of SMM
(~40 kg vs. the ~45 kg proposed by Beekley [13]), beyond which VO,max is plateauing or even
decreasing. More importantly, skeletal muscles in speed-power athletes are characterized by a relatively
low capillary density and mitochondrial density, resulting in lower O, extraction from the blood by
contracting muscles and, consequently, in lower VO,max [4,29]. This athletic group focuses on training
supporting anaerobic metabolic systems that are the main energy source for muscle activity during sprint
running [30,31]. Such training results in a low content of aerobic enzymes in skeletal muscle [32,33].

4.2. Between-Group Differences in VOymax

In a few previous studies on the relationship between SMM and VO,max, it was suggested
that VO,max normalized to skeletal muscle mass might be a more relevant index than simply
weight-adjusted VO,max in the evaluation of aerobic power [11,12]. Moreover, Beekley et al. [13],
developed the term “aerobic muscle quality”, meaning the amount of oxygen consumed per 1 kg of
SMM, to make better comparisons of VO,max between individuals of varying fat and total body mass
or representing different sports.

In our study, significant differences in SMM- or LBM-adjusted VO,max were revealed between
sprinters and controls, contrary to non-significant differences in absolute and weight-adjusted
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values. This can be affected by several factors. First, as other authors have suggested, adjustment
of VO,max for fat-free mass or skeletal muscle mass is out the influence of adipose tissue [10].
In our sprinters, LBM and SMM significantly increased across the annual cycle, while these body
components remained unchanged in controls. This caused significant differences between sprinters
and controls in both SMM- and LBM-adjusted VO,max, while there was no significant change in
absolute and weight-adjusted VO,max. Second, the control group consisted of recreationally active
men whose physical activity was endurance-oriented. Endurance training modifies central (pulmonary
diffusing capacity, maximal cardiac output, the oxygen-carrying capacity of the blood) and peripheral
(skeletal muscle characteristics) factors affecting VO,max [16,18]. For example, skeletal muscles that
undergo endurance training oxidize fat at a higher rate (thus sparing muscle glycogen and blood
glucose) and contribute to the decrease in lactate production during exercise. Besides, more muscle
mitochondria allow more oxygen to be extracted from the blood by contracting muscles [16,18].
Such typical muscle adaptations (occurring in endurance- but not sprint-trained individuals) may
explain significant differences in SMM-adjusted VO,max that emerged between sprinters and controls,
even though they were not detectable when standard VO,max measures were used.

In our participants, the percentage of LBM ranged between 78% and 85% of total body mass,
whereas the percentage of SMM was between 43% and 48% (Figure 1). However, despite such a sizeable
quantitative difference between these body components as regards their contribution to the total
weight, adjusting VO,max for SMM only slightly (by mere ~2%) deepened the differences between
sprinters and controls compared to LBM-adjusted values (Figure 2). In practical terms, it can be,
therefore, assumed that LBM- and SMM-adjusted VO,max provide virtually the same information.
Thus, calculating the SMM-adjusted VO,max to compare groups of different training status seems to
be unnecessary. Using LBM, which itself contains about 55-57% SMM, to more precisely express the
VO,max level, can be quite sufficient and easier.

5. Conclusions

In summary, our research has proven that in endurance- and sprint-trained competitive athletes and
recreationally active individuals the profiles of 1-year changes in SMM-adjusted vs. weight-adjusted
VO,max are not different. However, adjusting VO;max for LBM or SMM can uncover significant
differences in maximal aerobic capacity between groups of different training specialization and
status. In high-performance athletes, the use of the LBM- or SMM-adjusted VO,max as an index of
“aerobic muscle quality” to track the changes in maximum aerobic capacity across consecutive training
phases seems to be unjustified. In competitive athletes, the monitoring and control of maximum
aerobic capacity across an annual training cycle can be successfully carried out using conventional
(absolute and weight-adjusted) VO,max measures. Admittedly, the LBM- or SMM-adjusted VO,max
can be useful as a tool to more precisely distinguish between groups or individuals differing in muscle
adaptation to maximum oxygen uptake. It also seems that LBM- and SMM-adjusted VO,max measures
provide equivalent information about maximum aerobic capacity. Finally, the limitation of our study is
the participation of only male athletes, thus further research is needed to explore analogous patterns of
change in different VO,max measures in female athletes.
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Abstract:

Background: We matched highly trained competitive male and female athletes using
maximal oxygen uptake (VOamax) per kg skeletal muscle mass (SMM) to show sex
differences in factors limiting VO>max. Methods: Thirteen highly trained male (28+3.0 yr)
vs 13 female (21.3+3.0 yr) endurance athletes and 10 male (23.9+£3.8 yr) vs 10 female
sprinters (21.943.3 yr) performed an incremental running treadmill test until exhaustion.
Main cardiorespiratory variables were measured using ergospirometry. SMM was
determined using the dual X-ray absorptiometry method and a regression equation based on
measured appendicular lean soft tissue. Basic hematological parameters were obtained from
capillary blood samples taken before exercise. Results: In both endurance and sprint groups,
male athletes had significantly higher muscle mass (by 8—12%) and substantially lower total
fat (by 55-58%). For almost all body composition indicators, the effect size of sex
differences was very large (Cohens d > 1.4). Male athletes obtained significantly higher
values in cardiorespiratory variables (by 12-34%) and factors related to oxygen transport
(9—-13%). Cohens d of the revealed differences was large or very large in both groups (0.8—
2.1 in sprinters and 0.8-2.3 in endurance athletes). Conclusions: Male and female
competitive athletes having the same VO;max per kg SMM strongly differ in main factors
limiting maximum oxygen uptake. These differences are more pronounced in endurance-
than in sprint-trained athletes. The strongest differences are seen for body composition (fat,

lean, and muscle mass) and central cardiac factors.

Keywords: maximum aerobic capacity, sex differences, body composition, limiting

factors, Dual-energy X-ray absorptiometry
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17(17): 6226. doi: 10.3390/ijerph17176226; impact factor — 3.390, punktacja MEIN — 140
pkt.

moj udziat polegal na: opracowaniu koncepcji badan, doborze metod, sprawdzeniu procedur
pomiarowych, rekrutacji badanych, wykonaniu pomiaréw, analizie formalnej i opracowaniu
danych, przygotowanie i krytyczna rewizja manuskryptu, przygotowanie tabel i rycin,

akceptacja ostatecznej wersji manuskryptu.

Jacek Trinschek
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Miejscowosé, data 30.03.2022

prof. dr hab. Jacek Zielinski

Zaklad Lekkiej Atletyki i Przygotowania Motorycznego
Akademia Wychowania Fizycznego

im. Eugeniusza Piaseckiego w Poznaniu

ul. Krélowej Jadwigi 27/39, 61-871 Poznan

Dotyczy wniosku o przeprowadzenie postgpowania doktorskiego mgr Jacka Trinschka
OSWIADCZENIE WSPOLAUTORA
Os$wiadczam, ze w pracy:

Trinschek J., Zielinski J., Kusy K. Maximal oxygen uptake adjusted for skeletal muscle
mass in competitive speed-power and endurance male athletes: changes in a one-year
training cycle. International Journal of Environmental Research and Public Health, 2020,
17(17): 6226. doi: 10.3390/ijerph17176226; impact factor — 3.390, punktacja MEiN — 140
pkt.

moj udziat polegal na sprawdzeniu procedur pomiarowych, wykonaniu pomiaréw, rekrutacji

badanych, krytycznej rewizji manuskryptu 1 akceptacji ostatecznej wersji manuskryptu.

Jacek Zielinski
e
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prof. AWF dr hab. Krzysztof Kusy
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Dotyczy wniosku o przeprowadzenie postepowania doktorskiego mgr Jacka Trinschka
OSWIADCZENIE WSPOEAUTORA
Oswiadczam, ze w pracy:

Trinschek J., Zielinski J., Kusy K. Maximal oxygen uptake adjusted for skeletal muscle
mass in competitive speed-power and endurance male athletes: changes in a one-year
training cycle. International Journal of Environmental Research and Public Health, 2020,
17(17): 6226. doi: 10.3390/ijerph17176226; impact factor — 3.390, punktacja MEiN — 140
pkt.

moj udziat polegal na opracowaniu koncepcji badan, doborze metod, sprawdzeniu procedur
pomiarowych, rekrutacji badanych, wykonaniu pomiaréw, krytyczna rewizja manuskryptu,
nadzoér merytoryczny i zarzadzanie projektem, pozyskanie funduszy, akceptacja ostatecznej

wersji manuskryptu.

1 Krzysztof Kusy
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Mgr Jacek Trinschek

Doktorant Zaktadu Lekkiej Atletyki i Przygotowania Motorycznego
Akademia Wychowania Fizycznego

im. Eugeniusza Piaseckiego w Poznaniu

ul. Krélowej Jadwigi 27/39, 61-871 Poznan

Dotyczy wniosku o przeprowadzenie postgpowania doktorskiego mgr Jacka Trinschka
OSWIADCZENIE
Oswiadczam, ze w pracy:

Trinschek J., Zielinski J., Zargbska E., Kusy K. Male and female athletes matched for
maximum oxygen uptake per skeletal muscle mass: equal but still different. Journal of
Sports Medicine and Physical Fitness, 2022, online first, Mar 1. doi: 10.23736/50022-
4707.22.13605-4; impact factor — 1.637, punktacja MEiN — 40 pkt.

moj udzial polegal na opracowaniu koncepcji i projektu badan, zbieraniu danych
empirycznych, analizie i interpretacji uzyskanych danych, przygotowaniu manuskryptu oraz

jego krytycznej rewizji, akceptacji ostatecznej wersji manuskryptu.

Jacek Trinschek
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prof. dr hab. Jacek Zielinski

Zaktad Lekkiej Atletyki i Przygotowania Motorycznego
Akademia Wychowania Fizycznego

im. Eugeniusza Piaseckiego w Poznaniu

ul. Krélowej Jadwigi 27/39, 61-871 Poznan

Dotyczy wniosku o przeprowadzenie postgpowania doktorskiego mgr Jacka Trinschek
OSWIADCZENIE WSPOLAUTORA
Oswiadczam, ze w pracy:

Trinschek J., Zielinski J., Zarebska E., Kusy K. Male and female athletes matched for
maximum oxygen uptake per skeletal muscle mass: equal but still different. Journal of
Sports Medicine and Physical Fitness, 2022, online first, Mar 1. doi: 10.23736/S0022-
4707.22.13605-4; impact factor — 1.637, punktacja MEiN — 40 pkt.

moéj udzial polegal na zbieraniu danych empirycznych, krytycznej rewizji manuskryptu i

akceptacji ostatecznej wersji manuskryptu.

Ja_gg:k Zielinski
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Dotyczy wniosku o przeprowadzenie postgpowania doktorskiego mgr Jacka Trinschka
OSWIADCZENIE WSPOLAUTORA
Oswiadczam, ze w pracy:

Trinschek J., Zielinski J., Zargbska E., Kusy K. Male and female athletes matched for
maximum oxygen uptake per skeletal muscle mass: equal but still different. Journal of
Sports Medicine and Physical Fitness, 2022, online first, Mar 1. doi: 10.23736/S0022-
4707.22.13605-4; impact factor — 1.637, punktacja MEiN — 40 pkt.

Méj udziat polegal na zbieraniu danych empirycznych, krytycznej rewizji manuskryptu i

akceptacji ostatecznej wersji manuskryptu.

Ewa Zar¢bska
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Dotyczy wniosku o przeprowadzenie postgpowania doktorskiego mgr Jacka Trinschka
OSWIADCZENIE WSPOLAUTORA
Oswiadczam, ze w pracy:

Trinschek J., Zielinski J., Zargbska E., Kusy K. Male and female athletes matched for
maximum oxygen uptake per skeletal muscle mass: equal but still different. Journal of
Sports Medicine and Physical Fitness, 2022, online first, Mar 1. doi: 10.23736/S0022-
4707.22.13605-4; impact factor — 1.637, punktacja MEiN — 40 pkt.

moj udziat polegal na pomocy w koncepcji i projekcie badan, zbieraniu danych
empirycznych, pozyskaniu funduszy, nadzorze nad projektem, krytycznej rewizji

manuskryptu i akceptacji ostatecznej wersji manuskryptu.

. Krzysztof Kuj
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