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New Fi di gs 

• What is the e t al uestio  of this study? 

C iti al po e  CP  ep ese ts the highest o k- ate fo  hi h a eta oli  stead -

state is attai a le. The ph siologi al dete i a ts of CP a e u lea , ho e e  

esea h suggests that CP a  e elated to the ti e o sta t of phase II o ge  

uptake ki eti s O . 

• What is the ai  fi di g a d its i po ta e? 

We p o ide the fi st e ide e that O  is e ha isti all  elated to CP. A edu tio  

of O  i  the supi e positio  as o se ed alo gside a o o ita t i ease i  CP. 

This effe t a  e o ti ge t o  easu es of o ge  a aila ilit  de i ed f o  ea -

i f a ed spe t os op .  

 

 

 

 

 

 

 

 

 



 
 

A st a t 

C iti al po e  CP  is a fu da e tal pa a ete  defi i g high-i te sit  e e ise tole a e 

a d is elated to the ti e o sta t of phase II pul o a  o ge  uptake ki eti s O . To 

test the h pothesis that this elatio ship is ausal e dete i ed the i pa t of p io  

e e ise p i i g  o  CP a d O  i  the up ight a d supi e positio s.  health  e  

e e assig ed to eithe  up ight o  supi e e e ise g oups, he e  CP, O  a d us le 

deo hae oglo i  ki eti s τ[HH ]  e e dete i ed ia o sta t-po e  tests to e haustio  

at fou  o k- ates ith p i ed  a d ithout o t ol  p i i g e e ise at ~ %Δ. Du i g 

supi e e e ise, p i i g edu ed O  o t ol:  ±  s. p i ed:  ±  s; P < . , 

i eased τ[HH ] o t ol:  ±  s. p i ed:  ±  s; P = .  a d i eased CP o t ol:  

±  s. p i ed:  ±  W, P = .  o pa ed to o t ol. Ho e e , p i i g e e ise had 

o effe t o  O  o t ol:  ±  s. p i ed:  ±  s; P = . , τ[HH ] CON:  ±  s s. PRI: 

 ± ; P = . , o  CP o t ol:  ±  s. p i ed:  ±  W; P = .  du i g up ight 

e e ise. The o o ita t edu tio  of O  a d i eased CP follo i g p i i g i  the 

supi e g oup, effe ts that e e a se t i  the up ight g oup, p o ides the fi st e pe i e tal 

e ide e that O  is e ha isti all  elated to iti al po e . The i eased τ[HH ] suggests 

that this effe t as ediated, at least i  pa t,  i p o ed o ge  a aila ilit .  

Keywo ds: iti al po e , e e ise tole a e, o idati e eta olis , o ge  uptake ki eti s, 

po e -du atio  elatio ship, p i i g e e ise. 

 

 

 



 
 

I t odu tio  

The pote tial to tole ate high-i te sit  e e ise u de pi s e du a e pe fo a e Bu le  

& Jo es, , is a  i po ta t o t i uto  to ualit  of life i  a ide a ge of h o i  

diseases Kapla  et al. ; Ma hio i et al. ; Reis et al. , a d is a st o g 

p edi to  of li i al out o es Bela di elli et al. . A detailed u de sta di g of the 

u de pi i g ph siologi al e ha is s is the efo e i po ta t fo  the desig  of 

i te e tio s ai ed at ai tai i g o  e ha i g high-i te sit  e e ise tole a e.  

Du i g high-i te sit  le e e ise, a h pe oli  elatio ship et ee  e te al po e  a d 

tole a le e e ise du atio  the po e -du atio  elatio ship; Mo od & S he e ,  

a u atel  ha a te ises e e ise tole a e fo  a ious e e ise odalities a d du atio s 

spa i g ~ -  i utes i  hu a s Hill,  a d a ious othe  spe ies e.g. Billat et al. 

; Copp et al. . The as ptote of this elatio ship is k o  as iti al po e , ith 

W’ ei g the u atu e o sta t that is athe ati all  e ui ale t to a fi ed ua tit  of 

o k that a  e pe fo ed a o e iti al po e  Mo od & S he e , ; Mo ita i et al. 

; Poole et al. .  

C iti al po e  ep ese ts the a i al eta oli  ate at hi h a stead -state a  e 

attai ed fo  a te ial lood a id- ase status [h d oge  io s H+ , la tate L- , a d 

i a o ate], pul o a  o ge  uptake O , a d i t a us ula  phosphate 

[phospho eati e PC  a d i o ga i  phosphate Pi ] Jo es et al. ; Poole et al. ; 

Va hatalo et al. . Whe  e e isi g a o e iti al po e , p og essi e eta oli  

o t i utio s f o  o -o idati e sou es i.e. sto ed us le [PC ], gl ol sis/gl oge ol sis 

ith o se ue t L- p odu tio  a e appa e t Jo es et al. ; Poole et al. ; Va hatalo 

et al. , esulti g i  the a u ulatio  of fatigue- elated eta olites i.e. [H+], 



 
 

i t a us ula  [Pi], i te stitial [K+], fo  e ie  see Alle , La , & Weste lad, . As a 

o se ue e, the e is a  i e o a le i ease i  O  u til its a i all  attai a le alue O  

a  is ea hed, ith e haustio  e sui g sho tl  the eafte  Poole et al. . He e, 

iti al po e  de a ates the uppe  ou da  of e e g  p o isio  that is holl  o idati e, 

i.e. ithout p og essi e a ae o i  eta oli  o t i utio  Ba ke  et al. ; Chid ok et al. 

; Coats et al. .  I deed, iti al po e  is st o gl  elated to a ke s of ae o i  

fit ess su h as O  a  M Naughto  & Tho as, , O  deli e  B o te a  et al. ; 

; Va hatalo et al. , t pe  us le fi e t pe o positio  Va hatalo et al. , 

a d pul o a  O  ki eti s Mu gat o d et al. . Ho e e , the p e ise ph siologi al 

dete i a ts u de pi i g these elatio ships e ai  to e elu idated. 

Whe  t a sitio i g f o  est to e e ise, follo i g a sho t dela , hi h efle ts the us le-

to-lu g t a sit ti e, O , ises e po e tiall  to at h the stead -state ATP e ui e e ts i  

the us le Whipp et al. .  Mu gat o d et al.  sho ed that the ti e o sta t of 

the phase II fu da e tal phase  of pul o a  O  ki eti s O  as st o gl  elated to 

iti al po e . These autho s suggested that a de eased O  ould edu e the elia e o  

o -o idati e eta olis , thus atte uati g us le eta oli  pe tu atio  du i g the 

e e ise t a sitio . He e, a highe  po e  is attai ed fo  a gi e  ag itude of o ge  

defi it a u ulatio , the efo e e plai i g a ausal elatio ship et ee  O  a d iti al 

po e . Ho e e , iti al po e  a d O  a e oth i p o ed ith e du a e t ai i g Ca te  

et al. ; Gaesse  & Wilso , ; Je ki s & Quigle , ; Jo es & Ca te , ; 

Ma ood et al. , he e hethe  O  is a  i depe de t dete i a t of iti al po e , 

o  the asso iatio  et ee  the t o pa a ete s esults f o  othe  sha ed ph siologi al 

p o esses elated to t ai i g status, e ai s to e dete i ed. 



 
 

O e su h a  to add ess the i depe de  of these elatio ships is ith a p io  out of 

high-i te sit  p i i g  e e ise, hi h a  a utel  alte  pul o a  O  ki eti s 

i depe de tl  of a  h o i  adaptatio s that i flue e iti al po e . Ho e e , the 

a e  i  hi h the O  ki eti s a e alte ed is depe de t upo  fa to s su h as ae o i  

fit ess, e e ise ode a d the suffi ie  of o ge  a aila ilit  to eet the ATP de a ds i  

a  gi e  o ditio  Bu le  et al. ; Gu d et al. ; Jo es et al. .  Spe ifi all , i  

the up ight positio  p i i g e e ise edu es O   a ag itude that is li ea l  elated to 

its o t ol alue Gu d et al. , su h that those i di iduals ith slo  O  ki eti s ill 

de o st ate a g eate  edu tio  i  O  i  the p i ed o ditio . Co e sel , i di iduals 

ith fast O  ki eti s i.e. lo  O  ill de o st ate little Gu d et al.  o  o Bu le  

et al.  edu tio  i  this pa a ete  follo i g p i i g e e ise, ith o effe t o  iti al 

po e  Bu le  et al. ; Jo es et al. . Su h i di iduals a e t pi all  ha a te ised as 

ei g ou g a d ae o i all  fit, ith the esult of p i i g e e ise i stead ei g a lu ti g 

of the slo  o po e t  of pul o a  O  ki eti s a d a  i ease i  W’ Bu le  et al. 

; Jo es et al. . I  o t ast, i  the supi e positio  he e O   is o all  g eate  

tha  i  the up ight positio  Hughso  et al. ; Koga et al. , p i i g e e ise 

edu es O , a  effe t likel  due to  the supi e positio  i posi g a  o ge  a aila ilit  

li itatio  that is egated  the ight-shifted o hae oglo i  u e a d i p o ed us le 

pe fusio  that a o pa ies p io  e e ise Jo es et al. .  Gi e  the p e iousl  

esta lished asso iatio  et ee  O  a d iti al po e  Mu gat o d et al. , it is 

the efo e possi le that i  ou g, ae o i all  fit i di iduals, p i i g e e ise ill de ease 

O   a d thus e ha e iti al po e  i  the supi e, ut ot up ight, od  positio s. Su h 

e ide e ould i pli ate O  as a  i depe de t dete i a t of iti al po e . 



 
 

The ai  of the p ese t stud  as the efo e to e a i e the effe t of p i i g e e ise o  

iti al po e  a d O  i  the up ight a d supi e od  positio s. We h pothesised that i  

p i i g e e ise ould edu e O  i  the supi e ut ot up ight positio s, ii  p i i g 

e e ise ould i ease iti al po e  i  supi e ut ot up ight positio s, a d iii  iti al 

po e  ould e sig ifi a tl  o elated ith O  i  oth od  positio s.  I  o de  to 

p o ide i sight i to the ph siologi al e ha is s u de pi i g these effe ts, hea t ate 

a d us le deo ge atio  ki eti s e e also dete i ed, the latte  ia the 

deo hae oglo i  sig al o tai ed f o  ea -i f a ed spe t os op  hi h efle ts the 

ala e et ee  o ge  deli e  a d utilizatio  ithi  the field of i te ogatio .  

 

MATERIALS & METHODS 

Ethi al Appro al. The stud  as o du ted a o di g to the de la atio  of Helsi ki a d all 

p o edu es e e app o ed  the Li e pool Hope U i e sit  Resea h Ethi s Co ittee. 

Rights to o fide tialit , ithd a al a d e efits/ isks of the p oto ol e e e plai ed p io  

to pa ti ipatio  a d all pa ti ipa ts p o ided itte  i fo ed o se t. 

Parti ipa ts.  health  ale pa ti ipa ts olu tee ed fo  the stud . Pa ti ipa ts e e 

e eatio all  a ti e ut ot highl  t ai ed. Pa ti ipa ts e e pla ed i  eithe  the up ight 

ea  ± SD, age =  ±  ea s; height =  ±  ; ass =  ±  kg;  =  o  the 

supi e ea  ± SD, age =  ±  ea s; height =  ±  ; ass =  ±  kg;  =  

e e ise g oups, ith  pa ti ipa ts o pleti g oth g oups. Pa ti ipa ts e e i st u ted 

ot to o su e al ohol o  pe fo  st e uous e e ise ithi  the  h p e edi g ea h 

e e ise test, ot to o su e affei e ithi  the p e edi g  h, a d to a i e  h 

postp a dial. 



 
 

Pro edures. Testi g as o du ted i  a ell- e tilated la o ato  that as ai tai ed 

et ee  te pe atu es of - oC. Pa ti ipa ts isited the la o ato  o   o asio s o e  a 

- - eek pe iod, ith ea h test s heduled at the sa e ti e of da  ±  h  a d ith at least 

 h sepa ati g isits. Pa ti ipa ts o pleted o e p eli i a  t ial a d eight e pe i e tal 

t ials. E e ise tests e e pe fo ed o  a  ele t o i all  aked le e go ete  Lode 

E ali u  Spo t, G o i ge , The Nethe la ds  fo  the up ight g oup. Saddle height/ a gle 

a d ha dle a  height/a gle e e e o ded at the fi st test a d epli ated du i g ea h 

su se ue t test. Fo  the supi e g oup, pa ti ipa ts led usi g a  ele t o i all  aked 

e go et i  u it Lode A gio, G o i ge , The Nethe la ds  hilst l i g flat o  a  E ho 

Ca dia  St ess Ta le Lode, G o i ge , The Nethe la ds . Ha d ails e e a aila le fo  

pa ti ipa ts to g ip th oughout the tests to i i ise a k a ds o e e t he  fo es 

e e applied to the pedals, a d a  adjusta le shoulde  pad as positio ed a o e the 

pa ti ipa t’s shoulde  to fu the  p e e t a k a d o e e ts. Pa ti ipa t’s feet e e 

st apped se u el  to the pedals. The positio  of the shoulde  pad a d the dista e et ee  

the hip a d the a k as e o ded a d epli ated du i g ea h isit. Th oughout all up ight 

a d supi e e e ise tests, pa ti ipa ts e e i st u ted to ai tai  a ade e of  e / i , 

a d e haustio  as defi ed as he  the pa ti ipa t’s ade e d opped elo   e / i . 

Ti e to e haustio  as easu ed to the ea est se o d i  all tests. 

Preli i ar  trial. Pa ti ipa t’s height a d eight e e e o ded upo  a i al at the la , p io  

to u de taki g a  i e e tal a p test u til the li it of tole a e to esta lish O  a , 

gas e ha ge th eshold GET , a d the po e  outputs fo  su se ue t tests. The e e ise 

test o sisted of - i utes of aseli e pedalli g at  W, follo ed  a o ti uous, a ped 

i ease i  o k ate of  W. i -  u til the li it of tole a e. Gas e ha ge a d e tilato  



 
 

a ia les e e easu ed at the outh o ti uousl  th oughout ea h test. O  a  as 

defi ed as the highest O  alue easu ed o e   s. Though e did ot pe fo  a 

e ifi atio  t ial, p e ious esea h has sho  that the i e e tal/ a p a diopul o a  

e e ise test p odu es highl  ep odu i le easu es of O  a  i  this populatio  Chid ok 

et al. a; Poole & Jo es, . The GET as easu ed as a o -i asi e esti ate of the 

la tate th eshold ia isual i spe tio  of the data usi g a luste  of p edefi ed ite ia; 

i ludi g  a disp opo tio ate ise i  CO  p odu tio  CO  elati e to O ;  a  i ease 

i  i ute e tilatio  E  elati e to O  E/ O  ithout a  i ease i  E elati e to 

CO  E/ CO ; a d  a  i ease i  e d tidal O  te sio  ithout de easi g e d tidal CO  

te sio . The ea  espo se ti e MRT  of O  du i g a p e e ise as take  i to a ou t 

utilisi g a slight odifi atio  of the p o edu es des i ed  Boo e et al. . B iefl , the 

li ea  eg essio  li e of the O -ti e elatio ship as dete i ed, ith the fi st  s a d 

last  s e o ed so as to isolate the li ea  po tio  of the elatio ship. The MRT as 

defi ed as the ti e et ee  the egi i g of the a p test a d the i te se tio  et ee  

aseli e O  O  a d a k a ds e t apolatio  of the eg essio  li e of the O -ti e 

elatio ship. O  as al ulated as the a e age O  easu ed o e  the fi al  s of the 

aseli e pe iod. Wo k ates fo  su se ue t tests e e the efo e al ulated usi g the li ea  

eg essio  of the O -ti e elatio ship a d sol i g fo  O , ith a ou t take  of the MRT. 

E peri e tal trials. Fo  the follo i g eight isits i  oth the up ight a d supi e g oups, 

pa ti ipa ts e e e ui ed to e e ise to e haustio  at fou  fi ed po e  outputs o  t o 

o asio s, ea h ith a d ithout a out of p i i g  e e ise.  The po e  output of these 

outs of e e ise e e sele ted ased upo  pe fo a e du i g the p eli i a  e e ise 

test a d al ulated to e i  the a ge of %∆ i.e. a o k ate al ulated to e ui e % of 



 
 

the diffe e e et ee  the GET a d O  a  to % O  a . The goal of this a ge of 

po e  outputs as to p odu e a a ge of e e ise tole a es ithi  the a ge of -  

i utes.  These po e  outputs a e su se ue tl  efe ed to as WR , WR , WR , a d WR 

, ith WR  ei g the lo est a d WR  ei g the highest po e  outputs, espe ti el . 

Whe e e essa , adjust e ts e e ade to the e ui ed po e  output of su se ue t 

e e ise tests ased upo  pe fo a e i  the i itial tests. The o de  of i te sities as 

a do ised a d pa ti ipa ts alte ated et ee  o ditio s i  o de  to p e e t a  o de  

effe t. Ea h i te sit  as pe fo ed o e i  ea h o ditio ; i.e. o e ith p i i g e e ise 

PRI  a d o e ithout p i i g e e ise CON . CON o sisted of  i utes of aseli e 

pedalli g at  W, afte  hi h a  i sta ta eous step i ease to the e ui ed po e  output 

as a uptl  applied, a d pa ti ipa ts e e ised u til the li it of tole a e. I  PRI, 

pa ti ipa ts pe fo ed  i utes of aseli e pedalli g at  W efo e a  i sta ta eous 

step i ease to a po e  output of %∆ fo   i utes. This po e  output as sele ted i  

o de  to ield a hea  e e ise i te sit  i.e. et ee  the GET a d iti al po e . O  

o asio s he e the po e  output fo  p i i g e e ise as dee ed ot to e hea  ased 

upo  the O  a d lood [L-] p ofiles , that test as epeated o  a sepa ate o asio  ith 

the po e  output fo  the p i i g out ei g odified. Upo  o pletio  of this p i i g 

out of e e ise, pa ti ipa ts ested uietl  o  the e go ete  fo   i utes, efo e 

pe fo i g a fu the   i utes of aseli e pedalli g at  W p o idi g  i utes of est 

et ee  p i i g a d the su se ue t o sta t o k ate outs  a d su se ue tl , a  

i sta ta eous step i ease to the e ui ed po e  output as a uptl  applied u til the 

li it of tole a e as ea hed.  



 
 

Du i g all e e ise tests, pul o a  gas e ha ge a d e tilatio  e e easu ed eath- -

eath ith su je ts usi g a eta oli  a t Blue Che , Ge athe  Respi ato , G H, 

Ge a . Pa ti ipa ts o e a sili o e fa e ask Ha s Rudolph, Ka sas, U ited States  of 

k o  dead spa e atta hed to a lo -dead spa e flo  se so  Ge athe  Respi ato , 

G H, Ge a . The eta oli  a t as o e ted to the pa ti ipa t ia a apilla  li e 

o e ted to the flo  se so . The gas a al se s e e ali ated efo e ea h test usi g 

gases of k o  o e t atio s a d the flo  se so s e e ali ated usi g a -lite  s i ge 

Ha s Rudolph, Ka sas Cit , MO . Hea t ate as easu ed e e   s du i g all tests usi g 

sho t- a ge adiotele et  Ga i  FR , Ga i  Ltd., S itze la d . Fo  oth CON a d PRI, 

lood as sa pled f o  a fi ge tip i to glass apilla  tu es at est, du i g the last i ute 

of aseli e pedalli g p e edi g the e hausti e o sta t o k ate out, a d i ediatel  

follo i g e haustio . Whole lood [L-] as dete i ed usi g a Biose  la tate a al se  

Biose  C-Li e, EKF, Ge a .  

Du i g the e pe i e tal t ials, o ti uous o -i asi e easu e e ts of us le 

o ge atio /deo ge atio  status e e ade ia a f e ue -do ai  ultidista e ea -

i f a ed spe t os op  NIRS  s ste  O iple  TS, ISS, Cha paig , USA . The O iple TS uses 

o e light-e itti g diode LED  dete to  fi e u dle a d eight LEDs fu tio i g at 

a ele gths of  a d   fou  LEDs pe  a ele gth . Light-sou e dete to  

sepa atio  dista es of .  – .   fo  ea h a ele gth e e utilised ith ell ate  

o e t atio  assu ed o sta t at % a d data sa pled at  Hz. This NIRS de i e 

easu es a d i o po ates the d a i  edu ed s atte i g oeffi ie ts to p o ide a solute 

o e t atio s μM  of deo ge ated hae oglo i  + oglo i  [HH +M ] , hi h a  e 

ega ded as elati el  u affe ted  ha ges i  lood olu e du i g a ute e e ise De Blasi 



 
 

et al. ; Fe a i et al. ; G assi et al. . NIRS has p e iousl  ee  sho  to 

p odu e alid esti ates of O  e t a tio  De Blasi et al. ; DeLo e  et al. ; Fe a i et 

al. ; Fe ei a et al. ; G assi et al. . The a so ptio  spe t u  of oglo i  

[M ] o e laps that of [HH ]; the efo e p ese tl  NIRS is u a le to dete i e the elati e 

o t i utio  of oglo i  [M ] to the o e all NIRS sig al De Blasi et al. . I  efe i g 

to the NIRS deo ge atio  sig al as [HH +M ], the o t i utio  of [M ] is the efo e also 

a k o ledged. Additio all , the NIRS de i e p o ides easu es of [o ge ated 

hae oglo i  + oglo i ] [H O +M O ]  a d [total hae oglo i  + oglo i ] 

[TH +M ]  o e t atio  as [H O +M O ] + [HH +M ]  a d thus, O  a aila ilit . The 

fle i le NIRS p o e as pla ed lo gitudi all  alo g the ell  of the ight astus late alis 

us le id a  et ee  the g eate  t o ha te  a d the late al o d le of the ti ia a d 

a ked ith asha le pe  su h that the p o e positio  ould e epli ated fo  ea h 

su se ue t isit. The p o e as held fi l  i  pla e  elasti  Vel o st appi g. Follo i g 

ea h t ial, i de tatio s of the p o e o  the pa ti ipa t’s ski  e e i spe ted to o fi  that 

the p o e had ot o ed du i g the t ial, hi h as the ase fo  e e  e e ise t a sitio . 

The NIRS p o e as ali ated p io  to ea h testi g sessio  usi g a ali atio  lo k of 

k o  a so ptio  a d s atte i g oeffi ie ts. Cali atio  as the  oss- he ked usi g a 

se o d lo k of k o  ut disti tl  diffe e t a so ptio  a d s atte i g oeffi ie ts. Ea h 

of these p o edu es as a o di g to the a ufa tu e ’s e o e datio s.  

Data a al sis. The eath- - eath O  data f o  ea h o sta t o k ate e e ise out 

e e i itiall  e a i ed to e lude e a t eaths due to oughs, s allo s, sighs et . 

ide tified as at pi al of the u de l i g espo se  e o i g alues l i g o e tha  fou  

sta da d de iatio s f o  the lo al ea  dete i ed usi g a - eath olli g a e age.  



 
 

Edited O  data e e the  su se ue tl  li ea l  i te polated to p o ide se o d- -se o d 

alues. Fo  O  espo ses to the outs of p i i g e e ise i  PRI, the fou  t a sitio s e e 

also ti e-alig ed a d e se le a e aged to p odu e a si gle dataset; he eas the ite io  

out fo  the dete i atio  of iti al po e  a d W’ i  ea h o ditio  e e ot epeated, 

he e ea h of these e e odelled i depe de tl . Fo  ea h e e ise t a sitio , data 

p e edi g a p e ipitous d op i  espi ato  e ha ge atio a d e d-tidal O  p essu e e e 

e luded to e o e the phase I a diod a i  espo se Whipp & Wa d,  a d a 

o oe po e tial odel E .  ith ti e dela  as the  fitted to the data:  

    O  t  = O   + AVO  *  – e – t – TD
VO

/ τ
VO  

Whe e O  t  is the O  at a  ti e t; O   is the aseli e O  hi h as take  as the 

ea  O  f o  the last  s of the aseli e pe iod p e edi g the ite io  out,  is the 

a plitude of the fu da e tal espo se,  is the ti e dela  of the fu da e tal 

espo se elati e to the o set of e e ise, a d O  is the ti e o sta t of the fu da e tal 

espo se. The o set of the O  slo  o po e t  as dete i ed usi g pu pose 

desig ed p og a i g i  Mi osoft E el Mi osoft Co po atio , Red o d, WA  hi h 

ite ati el  fits a o o-e po e tial fu tio  to the O  data, sta ti g at s u til the i do  

e o passes the e ti e espo se. The esulti g fu da e tal phase ti e o sta ts a e 

plotted agai st ti e a d the  as ide tified as the poi t at hi h the fu da e tal 

phase ti e o sta t o siste tl  de iates f o  a p e iousl  flat  p ofile, a d the 

de o st atio  of a lo al th eshold i  the X  alue Rossite  et al. . This ethod allo s 

the fitti g of E .  to the fu da e tal o po e t of the espo se isolated f o  the slo  

o po e t, thus a oidi g the possi ilit  of a it a il  pa a ete izi g the slo  o po e t. 

The isolated fu da e tal espo ses e e the  fitted ith the sa e o oe po e tial 



 
 

odel as sho  i  E .  usi g O igi  .  O igi La  Co po atio , MA, USA  to o tai  the 

% o fide e i te als fo  the de i ed pa a ete  esti ates. The a plitude of the O  

slo  o po e t as dete i ed  al ulati g the diffe e e et ee  the e d e e ise 

O  i.e. ea  O  o e  fi al  s of e e ise  a d + O  . The fu tio al gai  of the 

fu da e tal O  espo se as also al ulated  di idi g   the ha ge i  o k ate 

i.e. /Δ o k ate .  

The NIRS de i ed [HH +M ] espo ses to e e ise e e also odelled to p o ide 

i fo atio  o  us le deo ge atio  ki eti s. Si e the [HH +M ] sig al i eases afte  a 

sho t dela  i  espo se to step e e ise, the ti e dela  efo e the o set of the e po e tial 

ise i  [HH +M ] i.e. TD[HH +M ]  as defi ed as a  SD i ease i  [HH +M ] a o e the 

ea  aseli e alue take  f o  the fi al  s of aseli e li g DeLo e  et al. . I  

i sta es he e [HH +M ] de eased afte  the e e ise o set, TD[HH +M ] as take  as the 

fi st poi t follo i g the adi  sho i g a o ti ual i ease i  [HH +M ]. Afte  e o i g 

data p io  to this poi t, [HH +M ] data as the  fit to a o oe po e tial odel of the 

fo : 

                     [HH +M ] t  = [HH +M ]  + A[HH +M ] *  – e t – TD
[HH +M ]

/ τ 
[HH +M ]

  

Whe e [HH +M ]  is the ea  [HH +M ] easu ed o e  the fi al  s of aseli e li g, 

A[HH ] is the as ptoti  a plitude of the espo se, TD[HH +M ] is the ti e dela  elati e to the 

o set of e e ise a d τ[HH +M ] is the ti e o sta t fo  the espo se. The odel fitti g 

i do  as o st ai ed to . The a plitude of the [HH +M ] slo  o po e t as 

al ulated  su t a ti g the a e age alue of [HH +M ] du i g the fi al  s of e e ise 

f o  the a solute [HH +M ] espo se i.e. [HH +M ]  + A[HH +M ] . To i di ate ha ges i  

us le o ge atio  a d [TH +M ] o e t atio s, the ea  alues fo  [H O +M O ] a d 



 
 

[TH +M ] e e dete i ed at aseli e  s p e edi g ea h t a sitio , at  s a d  s 

i to the e e ise t a sitio   s i  e t ed o   a d  s , a d at e d e e ise fi al  

s  to fa ilitate o pa iso s et ee  o ditio s. These pa ti ula  ti e poi ts e e hose  to 

allo  o pa iso s et ee  o ditio s ea l  i  the t a sitio  du i g the phase II i ease i  

O  efo e the o set of the O  slo  o po e t a d afte  the O  slo  o po e t had 

de eloped full  i.e. at e e ise te i atio .  

Hea t- ate ki eti s e e also odelled usi g a o oe po e tial fu tio  ith the espo se 

o st ai ed to the sta t of e e ise t = : 

   HR t  = HR  + AHR *  – e t / τ
HR  

Whe e HR  is the ea  HR easu ed o e  the fi al  s of aseli e li g, AHR is the 

as ptoti  a plitude of the espo se a d τHR is the ti e o sta t of the espo se. The 

fitti g i do  as o st ai ed to .  

C iti al po e  a d W’ e e esti ated usi g th ee odels: the h pe oli  po e -ti e P-T  

odel E uatio  ; the li ea  o k-ti e W-T  odel, he e the total o k do e is plotted 

agai st ti e E uatio  ; a d the li ea  i e se-of-ti e /T  odel E uatio  , he e 

po e  output is plotted agai st the i e se of ti e:  

     P = W’ / T + CP         

     W = CP * T + W’       

     P = W’ * /T  + CP     



 
 

The sta da d e o s of the esti ates SEE  asso iated ith CP a d W’ e e e p essed as a 

oeffi ie t of a iatio  CV  elati e to the pa a ete  esti ate. The odel ith the lo est 

a e age CV as the  used fo  all su se ue t a al ses. 

Statisti al a al ses. T o- a  epeated easu es a al ses of a ia e ANOVA, o ditio  * 

o k ate  e e used to o pa e diffe e es i  all O , [HH +M ] a d hea t ate ki eti  

a ia les et ee  tests. Th ee- a  epeated easu es ANOVAs o ditio  * o k ate * 

ti e  e e used to o pa e diffe e es i  lood [L-], [H O +M O ], a d [TH +M ] et ee  

tests. Pla ed epeated a d si ple o t asts e e applied to ide tif  the lo atio  of a  

sig ifi a t ai  o  i te a tio  effe ts he  fou d. Le e e’s test as used to he k fo  

e ualit  of a ia es fo  i depe de t g oups a d Mau hl ’s test as used to test fo  the 

assu ptio  of sphe i it  fo  epeated easu es fa to s. Pai ed sa ples t-tests e e used to 

o pa e diffe e es i  iti al po e  a d W’ et ee  o ditio s. Whe e this assu ptio  

as iolated, the G ee house-Geisse  o e tio  fa to  as applied to adjust the deg ees of 

f eedo . Pea so ’s p odu t- o e t o elatio  oeffi ie t as used to e plo e the 

elatio ships et ee  a ia les of i te est. All data a e p ese ted as ea  ± SD u less 

othe ise stated, ith % o fide e i te als p ese ted fo  odelled ti e o sta t 

pa a ete s. To highlight alues fo  pa a ete s easu ed a oss all fou  o k ates, the 

o e all ea  a oss o k ates ± SD is p ese ted i  te t, ith o k ate-spe ifi  ea  ± SD 

p ese ted i  ta les. I depe de t sa ples t-tests e e used to o pa e diffe e es i  O  

du i g hea  p i i g a d se e e e e ise et ee  g oups. Statisti al sig ifi a e as 

a epted at P < . . 

RESULTS 



 
 

I re e tal ra p test. Fo  the supi e a d up ight g oup, O  a  as .  ± .  l. i -  

.  ± .  l.kg- . i -  a d .  ± .  l. i -  .  ± .  l.kg- . i - , the GET as .  ± 

.  l. i -   ±  W  a d .  ± .  l. i -   ±  W , espe ti el .  

Pri i g e er ise. P i i g e e ise as o du ted at a  a e age i te sit  of  ±  W 

supi e;  ± . %Δ  a d  ±  W up ight;  ± . %Δ ,  a d esulted i  a  ele ated 

lood [L-] i ediatel  p io  to the e hausti e o sta t o k ate t ials i  oth g oups 

o pa ed to o t ol supi e: CON = .  ± .  s. PRI = .  ± .  ol.L- ; upright: CON 

= .  ± .  s. PRI = .  ± .  ol.L- ; oth P < . . The e as o diffe e e i  e d-

e e ise lood [L-] et ee  o ditio s i  eithe  g oup supi e: CON = .  ± .  s. PRI = 

.  ± .  ol.L- ; upright: CON = .  ± .  s. PRI = .  ± .  ol.L- , oth P < . .  

O  dete i ed f o  the hea -i te sit  outs of p i i g e e ise as g eate  i  the 

supi e g oup  ±  s, % CI .  ± .  he  o pa ed to the up ight g oup  ±  s, 

% CI .  ± .  s; P = . , ta le . 

O ge  uptake ki eti s. The O  espo ses of a ep ese tati e pa ti ipa t f o  ea h g oup 

at a si gle o k ate i  oth o ditio s a d thei  espe ti e odelled fits a e p ese ted i  

figu e . I  the supi e g oup, O  as s alle  i  PRI o pa ed to CON CON =  ±  s, 

% CI .  ± .  s s. PRI =  ±  s, % CI .  ± .  s; P < . . O  as ot diffe e t 

et ee  CON a d PRI i  the up ight g oup CON =  ±  s, % CI .  ± .  s s. PRI =  ± 

 s, % CI .  ± .  s, P = . , ta le . Ho e e , as g eate  CON = .  ± .  s. 

PRI = .  ± .  l. i - ; P = .  a d the ag itude of the slo  o po e t as s alle  

CON = .  ± .  s. PRI = .  ± .  l. i - ; P = .  i  PRI o pa ed to CON i  the 

up ight g oup ta le .. The O  espo ses at ea h o k ate a d o ditio  of a 



 
 

ep ese tati e pa ti ipa t f o  ea h g oup, alo g ith the po e -du atio  elatio ships i  

ea h o ditio , a e sho  i  figu e .  

Po er-duratio  relatio ship. The W-T odel se u ed the lo est CV fo  ea h pa ti ipa t, a d 

as thus used fo  all su se ue t a al ses. C iti al po e  i  PRI as g eate  tha  CON i  the 

supi e g oup CON =  ±  W, CV  ± % s. PRI =  ±  W, CV  ± % P = . . 

The e as o diffe e e i  iti al po e  et ee  CON a d PRI i  the up ight g oup CON = 

 ±  W, CV  ± % s. PRI =  ±  W, CV  ± %; P = . , figu e . W’ as ot 

diffe e t et ee  o ditio s i  eithe  g oup supi e CON = .  ±  kJ, CV  ±  % s. PRI = 

.  ± .  kJ, CV  ± %, P = . ; upright CON = .  ± .  kJ, CV  ± % s. PRI = .  ± 

.  kJ, CV  ± %, P = . . The O  dete i ed f o  the hea -i te sit  p i i g 

e e ise outs that p e eded the e hausti e o sta t o k ate t ials as sig ifi a tl  

o elated ith iti al po e  o alised to od  ass a d de i ed f o  the o t ol 

o ditio  i  the up ight g oup r = - . , P = . . Ho e e , this elatio ship as ot 

p ese t i  the supi e g oup r = . , P = .  figu e . The i di idual ha ges i  W’ 

et ee  o ditio s i  ea h pa ti ipa t i  the up ight g oup e e i e sel  o elated ith 

lood [L-] i ediatel  p io  to the e hausti e o sta t o k ate t ials r = - . , P = . , 

he eas this elatio ship as ot o se ed i  the supi e g oup r = . , P = . . 

NIRS para eters. I  the supi e g oup, τ[HH +M ] as g eate  i  PRI he  o pa ed to CON 

CON =  ±  s, % CI .  ± .  s, s. PRI =  ±  s, % CI .  ± .  s; P = . . I  the 

up ight g oup, the e as a t e d fo  τ[HH +M ] to e g eate  i  PRI o pa ed to CON CON = 

 ±  s, % CI .  ± .  s, s. PRI =  ±  s, % CI .  ± .  s; P = . , ta le , hilst 

A[HH +M ] as also g eate  i  PRI o pa ed to CON CON =  ± .  s. PRI =  ± .  μM; P = 

. , ta le  I  the supi e g oup, [H O +M O ] as highe  i  PRI o pa ed to CON ai  



 
 

effe t of o ditio , P = . , ho e e  the e as o effe t of o ditio  o  [TH +M ] P = 

. . I  the up ight g oup, [H O +M O ] a d [TH +M ] e e oth ele ated i  PRI 

o pa ed to CON oth P < .  figu e .  

Heart rate. τHR as edu ed i  PRI o pa ed to CON i  the supi e g oup CON =  ±  s, 

% CI .  ± .  s s. PRI =  ± , % CI .  ± .  s; P = . , he eas i  the up ight 

g oup, τHR as ot diffe e t et ee  CON a d PRI CON =  ±  s, % CI .  ± .  s s. 

PRI =  ± , % CI .  ± .  s; P = . .  Baseli e HR as g eate  i  PRI tha  CON CON 

=  ±  s. PRI =  ±  eats. i - ; P = .  i  the up ight g oup.  

DISCUSSION 

The p ese t stud  i estigated the effe ts of p i i g e e ise o  iti al po e  a d O  

ki eti s du i g up ight a d supi e e e ise. We h pothesised that i  p i i g e e ise ould 

edu e O  i  the supi e ut ot the up ight g oup, ii  p i i g e e ise ould i ease 

iti al po e  i  the supi e ut ot the up ight g oup, a d iii  iti al po e  ould e 

o elated ith O  i  oth od  positio s. Co siste t ith ou  fi st a d se o d 

h potheses, e fou d that he  p i i g e e ise as o du ted i  the supi e positio , 

O  as edu ed he  o pa ed to the o t ol o ditio  a d this as a o pa ied  a 

o o ita t i ease i  iti al po e . Ho e e , i  the up ight positio  the e as o effe t 

of p i i g e e ise o  eithe  O  o  iti al po e . The p ese t stud  the efo e p o ides 

the fi st e pe i e tal e ide e that O  is a  i depe de t dete i a t of iti al po e . 

Ho e e , i  o t ast ith ou  thi d h pothesis, the o elatio  et ee  O  a d iti al 

po e  that as appa e t i  the up ight positio  as ot e ide t i  the supi e positio . 

He e, a  alte ati e i te p etatio  is that the edu tio  i  O  is e ha isti all  elated 

to the i ease i  iti al po e  th ough sha ed ph siologi al effe ts of p i i g e e ise.    



 
 

Co siste t ith the p ese t fi di gs, i  the up ight positio  Jo es et al.  a d Bu le  

et al.  ha e p e iousl  sho ed that p i i g e e ise has o effe t o  iti al po e  o  

O . I  o t ast, Miu a et al.  de o st ated that p i i g e e ise i eased iti al 

po e  i  the up ight positio , though these autho s did ot odel the O  espo ses to 

e e ise. The dis epa  et ee  the p ese t data i  the up ight positio  a d that of 

Miu a et al.  ight e e plai ed  the e uit e t of pa ti ipa ts ith a highe  

ae o i  fit ess i  the p ese t stud  O   a  = ~  s.  l.kg- . i -  fo  the p ese t 

stud  s. Miu a et al. .  I di iduals ith lo  ae o i  fit ess ha e slo  O  ki eti s that 

a e eadil  speeded follo i g p i i g e e ise Gu d et al. ; S heue a  et al. , 

he eas the sa e is ot t ue fo  those ith highe  ae o i  fit ess e.g. Bu le  et al. . 

A edu tio  of O  follo i g p i i g e e ise ight the efo e a ou t fo  the i eased 

iti al po e  de o st ated  Miu a et al. . I deed, su h a  i te p etatio  is 

o siste t ith ou  fi di gs i  the supi e positio  i  the p ese t stud , a d thus the otio  

that O  is e ha isti all  elated to iti al po e . 

I flue e of pri i g e er ise i  the supi e positio . 

I  the a se e of a priori i fo atio  o  the speed of O  ki eti s du i g the fu da e tal 

phase, e utilised supi e e e ise as a ea s of slo i g this phase i  the o t ol o ditio  

Hughso  et al. ; Jo es et al. ; Koga et al. ; Ma Do ald et al. , ith a  

a ti ipated speedi g o u i g follo i g p i i g e e ise Jo es et al. . Co se ue tl , 

he  O  as dete i ed at fou  se e e po e  outputs i  the supi e positio  i  the 

p ese t stud , the o e all ea  O  ~  s  as g eate  tha  the alues o se ed i  the 

p ese t stud  i  the up ight g oup o e all ea  = ~  s . This fi di g has ee  att i uted 

to a loss of the h d ostati  g adie t effe t  of g a it  i  the supi e positio , thus lo e i g 



 
 

the p essu e head fo  lood-to- o te O  diffusio  a d li iti g the ate of i ease i  O  

at e e ise o set Koga et al. .  

I  the p ese t stud  follo i g p i i g e e ise, [H O +M O ] as ele ated a d the τ[HH +M ] 

as g eate  he  o pa ed to the o t ol o ditio , i di ati g e ha ed O  a aila ilit  

a d a elati el  g eate  i ease i  O  suppl  e sus O  utilizatio  at e e ise o set. These 

effe ts p esu a l  esulted f o  g eate  asodilatio  a d us le lood flo  at the o set of 

the ite io  e e ise out Ge i o et al. ; Hughso  et al. , a d a  i p o e e t 

of the lood- o te O  diffusio al g adie t due to a ight shift of the [H O +M O ] u e, 

the latte  due to a esidual a idosis e ai i g f o  the i itial e e ise out Bo i g et al. 

; Wasse a  et al. . Faste  hea t ate ki eti s also likel  o t i uted to g eate  O  

a aila ilit  i  the e e isi g us ulatu e  e a li g a faste  adjust e t of o e ti e O  

deli e  at e e ise o set. C u iall , p i i g e e ise i  the supi e positio  also esulted i  a 

edu tio  i  O  o e all ea  O : ~  s.  s . The te h i ues e plo ed i  the p ese t 

stud  a ot dis i i ate et ee  faste  ito ho d ial O  ki eti s i.e. a edu tio  i  

eta oli  i e tia; Beh ke et al.  a d the alle iatio  of a  O  a aila ilit  li itatio , 

the efo e e a ot e lude the possi ilit  that the edu tio  of O  o se ed he ei  as 

due to o e apid eta oli  adjust e ts i  o e o i g eta oli  i e tia Gu d et al. 

. Ho e e , the p ese t data a e o g uous ith p e ious studies sho i g that 

i easi g us le O  suppl  i  situatio s he e O  a aila ilit  is o p o ised is a p i a  

e ha is   hi h O  is edu ed DeLo e  et al. ; E do et al. ; Fuku a et al. 

; Gu d et al. ; Hughso  et al. ; Hughso  & I a , ; Koppo & Bou kae t, 

; Ma Do ald et al. ; Pe e  et al. ; Rossite  et al. ; S heue a  et al. 

. Rega dless, the de eased O  i du ed  p i i g e e ise i  the supi e positio  



 
 

as o se ed alo gside a  i eased iti al po e , suggesti g that O  is eithe  a  

i depe de t dete i a t of, o  e ha isti all  elated to, iti al po e .  

 

I flue e of pri i g e er ise i  the upright positio . 

I  the up ight positio  p i i g e e ise appea ed to e ha e O  a aila ilit , as e ide ed  

i eased [TH +M ] a d [H O +M O ] i ediatel  p io  to a d du i g the su se ue t 

e e ise; the e as also so e te de  fo  [HH +M ] ki eti s to e slo e . The i eased 

a plitude of the hea t ate espo se a d ele ated aseli e hea t ate follo i g p i i g 

e e ise o pa ed to the o t ol o ditio  suppo t this suppositio . Ho e e , despite this 

e ide e of i eased O  a aila ilit , the e as o i pa t of p i i g e e ise o  O . 

Rathe , p i i g e e ise esulted i  a  i eased O  a plitude du i g the fu da e tal 

phase a d a edu ed O  slo  o po e t. These esults a e o siste t ith p e ious 

studies i estigati g the effe ts of p i i g e e ise o  O  ki eti s i  health  ou g adults 

pe fo i g high-i te sit  up ight le e e ise. I  su h populatio s, O  is i se siti e to 

i te e tio s hi h i ease us le O  suppl  a d is li ited p i ipall   a eta oli  

i e tia Bea de  & Moffatt, ; Bu le  et al. ; ; a; ; ; ; 

E do et al. ; G assi et al. ; Jo es et al. ; Koppo & Bou kae t, ; Pe e  et 

al. ; Poole et al. ; Poole & Jo es, ; Rossite  et al. ; Sahli  et al. ; 

S heue a  et al. ; Wilke so  et al. ;  Wilke so  et al. ; Wilke so  et al. 

.  

Ho e e , it has ee  sho  that hea -i te sit  p i i g e e ise a  edu e the O  

du i g ode ate i te sit  e e ise, pa ti ula l  i  those i di iduals ith O   alues ≥  s 



 
 

Gu d et al. . Gi e  the a e age alues of O  i  the up ight g oup i  the p ese t stud  

i.e. ~  s ; it is pe haps the efo e su p isi g that p i i g e e ise did ot edu e O . 

Ho e e , the alue of O  i eases ith i easi g e e ise i te sit , a  effe t 

de o st a le a oss Jo es et al. ; Koppo et al. ; Pate so  & Whipp,  a d 

ithi  Spe e  et al.  e e ise i te sit  do ai s. I deed, e o se ed a s alle  O  

~  s  du i g the hea  i te sit  p i i g outs o pa ed to se e e i te sit  e e ise, i  

the p ese t stud . He e, it is likel  that ou  pa ti ipa ts ould ha e de o st ated faste  

O  ki eti s du i g ode ate i te sit  e e ise, ith O  alues o pa a le to those 

t pi all  see  i  ou g, health  i di iduals i.e. -  s  that a e elati el  i se siti e to 

p i i g e e ise Gu d et al. . The i eased O  ith highe  e e ise i te sities is 

likel  due to the p efe e tial e uit e t of t pe II fi es, hi h possess i he e tl  slo e  

O  ki eti s o pa ed to t pe I fi es C o  & Kush e i k, ; Reggia i et al. ; Willis 

& Ja k a , . He e, i  the p ese t stud  the fi di g of elati el  slo e  phase II O  

ki eti s i  the up ight se e e i te sit  e e ise outs, hi h a e ot speeded  p i i g 

e e ise, is o siste t ith the s ie tifi  lite atu e. 

Despite the i pa t of p i i g e e ise o  the ph siologi al espo ses to su se ue t 

e e ise, i  the up ight g oup p i i g e e ise had o i pa t o  W’ o  the iti al po e  i  

the up ight g oup, a d o se ue tl  e e ise tole a e at a  o k ate. This is su p isi g 

he  o side i g that p e ious studies ha e sho  that p io  hea  i te sit  e e ise 

e ha es the W’ ith o ha ge i  CP Bu le  et al. ; Jo es et al. . We the efo e 

ele ted to pe fo  p i i g e e ise at a hea  i te sit  esti ated a priori as %Δ  to 

opti ize a  effe ts o  e e ise tole a e. Ho e e , Baile  et al.  also de o st ated 

that p io  hea  e e ise had o i pa t o  se e e i te sit  e e ise tole a e, despite a 



 
 

g eate  fu da e tal O  a plitude a d lu ted O  slo  o po e t. Take  togethe , 

these esults suggest that faste  o e all O  ki eti s as i di ated  a g eate  fu da e tal 

O  a plitude a d edu ed slo  o po e t  a  ot dete i e the tole a le du atio  of 

e e ise per se, ut do so th ough i te a tio  ith othe  ph siologi al pa a ete s Bu le  

& Jo es, .  I deed, e also o se ed a st o g i e se o elatio  r = - .  et ee  

lood [L-] ele atio  p io  to e e ise a d the ha ge i  W’ o alised to od  ass  

follo i g p i i g. I  the p ese t stud  the efo e, it appea s that p i i g e e ise as ost 

effe ti e at i p o i g e e ise tole a e i  a gi e  pa ti ipa t ia i easi g W’  he  

p i i g e e ise as o du ted i  the lo e  egio s of the hea  do ai . Ho e e , i  

pa ti ipa ts he e the i te sit  of p i i g e e ise app oa hed iti al po e , W’ te ded to 

de ease o  e ai  u ha ged. It is possi le that he  p i i g e e ise as o du ted i  

lose  p o i it  to iti al po e , the fatigue- elated eta olite o e t atio  of the 

us le e ai ed ele ated p io  to su se ue t e e ise, a ou ti g fo  h  the e as o 

ha ge i  pe fo a e fo  these i di iduals. The easo s fo  the dis epa ies et ee  the 

p ese t esults a d those p ese ted p e iousl  Baile  et al. ; Bu le  et al. ; Jo es 

et al.  a e u lea . Ho e e , despite a  atte pts, the opti al i te sit  fo  p i i g 

e e ise has et to e elu idated a d likel  depe ds o  a a iet  of fa to s su h as su je t 

ha a te isti s, the ala e et ee  the elati e i te sit  of p i i g e e ise a d the 

du atio  of the i te e i g e o e  pe iod.   

O - riti al po er relatio  duri g upright a d supi e e er ise. 

Ou  fi st a d se o d h potheses e e ased i  pa t o  the fi di gs of Mu gat o d et al. 

, ho o se ed a st o g i e se elatio ship et ee  O  a d iti al po e  r = -

. . I  epeati g this a al sis, e a e aged togethe  the fou  ide ti al e e ise t a sitio s 



 
 

used fo  p i i g e e ise to i ease the o fide e i  the O  ki eti  pa a ete s. This 

esulted i  highl  o fide t esti ates of the O , ith % o fide e i te als of .  a d 

.  s fo  up ight a d supi e e e ise, espe ti el . Si ila l  to Mu gat o d et al. , e 

o se ed a st o g i e se elatio ship et ee  the O  a d iti al po e  o alised to 

od  ass  i  the up ight g oup r = - . . Ho e e , i  o t ast to ou  thi d h pothesis, 

a d despite ou  fi di gs of a edu ed O  a d i eased iti al po e  follo i g p i i g 

e e ise i  the supi e positio , e o se ed o elatio ship et ee  the O  a d iti al 

po e  du i g supi e e e ise r = . . This a  ha e ee  due to a ki eti  disto tio  i  

the elatio ship et ee  us le a d pul o a  O  i du ed  lo e  esti g us le 

pe fusio  i  the supi e positio  Be so  et al. ; o se ue tl , the elatio ship 

et ee  O  a d iti al po e  as o s u ed. Alte ati el , it is possi le that the 

dete i a ts of iti al po e  e e odified i  espo se to a ha ge i  od  positio .  

Si e the O  dete i es the ag itude of the O  defi it at a  gi e  o k ate, 

Mu gat o d et al.  i te p eted the st o g O - iti al po e  elatio ship to suggest 

that O   dete i es the uppe  o k ate li it fo  hi h O  defi it a u ulatio  a  e 

sta ilised a d a stead -state attai ed, othe ise k o  as iti al po e . The edu tio  i  

O  a d i eased iti al po e  follo i g p i i g e e ise i  the supi e positio  i  the 

p ese t stud  a e the fi st di e t e ide e i  suppo t of this h pothesis. Ho e e , the la k 

of a elatio ship et ee  O  a d iti al po e  i  the supi e positio  u s ou te  to this. 

I deed, t o e e t studies  B o te a  et al. ;  de o st ated that iti al 

po e  is depe de t o  lood flo  a d thus O  deli e  to the e e isi g us ulatu e, 

o siste t ith the fi di g of i eased iti al po e  a d e ha ed us le O  a aila ilit  

ith p i i g e e ise i  the supi e positio  i  the p ese t stud . Not ithsta di g that O  



 
 

deli e  is a  i po ta t dete i a t of O , the elati e o t i utio  of O  a d O  

deli e  i  dete i i g iti al po e  a  the efo e e depe de t o  the e e isi g od  

positio , o  pe haps o e a u atel , the p ese e o  a se e of a  O  deli e  li itatio . 

T pe II us le fi es a e hea il  e uited o  t a sitio  f o  est to high-i te sit  e e ise 

K ust up et al. ; . These us le fi es ope ate at a lo e  i o as ula  O  

p essu e PO  du i g o t a tio s M Do ough et al. , hi h is likel  to e 

e a e ated i  the supi e positio  due to the loss of the h d ostati  g adie t, ith the 

su se ue t i pai ed lood-to- o te flu  a d lo e ed i t a o te PO  a likel  ause of 

the slo e  O  ki eti s. I po ta tl , these fi e t pes appea  to e pa ti ula l  se siti e to 

i te e tio s ai ed at i easi g o ge  a aila ilit , a d thus PO , su h as dieta  

it ate supple e tatio  Fe guso  et al.  a d e e ise t ai i g Hi ai et al. . 

He e the i p o e e ts i  i o as ula  o ge  deli e  affo ded  p i i g e e ise i  

the p ese t stud , as i di ated  the NIRS data, a d the o se ue t edu tio s i  O  a  

ha e ee  p i a il  due to effe ts o  t pe II us le fi es.  

A highe  PO  follo i g p i i g e e ise i  us le egio s o p ised ai l  of fast-

t it h fi es ould also e e pe ted to slo  the fall i  i t a o te PO  a d thus a ate the 

i t a ellula  eta oli  pe tu atio s du i g high-i te sit  e e ise Δ[PC ], Δ[C ], Δ[ADP]  

a d a u ulatio  of [Pi], [K+] a d [H+], hi h a e i pli ated i  the fatigue p o ess Alle , 

La , & Weste lad, ; G assi et al. . He e, i  the supi e positio , p i i g 

e e ise a  aise iti al po e   i tue of a  i ease i  the highest eta oli  ate fo  

hi h a stead -state of i t a o te PO  a  e a hie ed.  Co siste t ith this 

i te p etatio  is the e ha e e t of iti al po e  i  h pe o ia Va hatalo et al.  a d 

the i e se elatio ship et ee  the p opo tio  of t pe II us le fi es a d iti al po e  



 
 

Va hatalo et al. . The la k of a o elatio  et ee  O  a d iti al po e  i  the 

supi e g oup i  the p ese t stud , et oth ei g i p o ed follo i g p i i g e e ise, a  

the efo e e e plai ed  these pa a ete s sha i g ph siologi al dete i a ts likel  

elated to i eased O  a aila ilit  that e e up egulated follo i g p i i g e e ise. He e 

i  situatio s he e O  deli e  is o all  o p o ised the efo e su h as du i g e e ise 

i  the supi e positio , O  deli e  a  e the ajo  li iti g fa to  i  dete i i g iti al 

po e . I p o e e ts to O  deli e , su h as follo i g p i i g e e ise, a  thus e ha e 

iti al po e  a d edu e O  ithout a  depe de e of iti al po e  o  O  per se. 

Ho e e , i  situatio s he e O  deli e  to the e e isi g us ulatu e is ade uate to eet 

the de a d fo  ATP es thesis su h as du i g up ight le e e ise i  health  adult 

hu a s  O  a  dete i e iti al po e  o e  a d a o e that of O  deli e . I  su h 

ases, O  di tates the ag itude of elia e o  su st ate-le el phospho latio  a d 

depletio  of O  sto es o t i uti g to e e g  eta olis  du i g the est-e e ise t a sitio  

Whipp et al. , a d the efo e the highest po e  at hi h the O  defi it a  e 

sta ilised.  

The e is o side a le spatial hete oge eit  i  us le deo ge atio  du i g e e ise Koga 

et al. , hi h is edu ed follo i g p i i g e e ise Saitoh et al. ; P ieu  et al. 

. A o e ho oge ous dist i utio  of lood flo , o  athe  a o e app op iate 

at hi g of O  deli e  to lo al eta oli  ate O / O  atio  a  also ha e o t i uted 

to the de eased O  follo i g p i i g i  the supi e g oup i  the p ese t stud . 

Fu the o e, a p i i g-i du ed e ha e e t i  the O / O  atio a  also ha e 

itigated the e ui e e t fo  the e uit e t of additio al highe -o de  oto  u its to 

sustai  po e  p odu tio , thus aisi g iti al po e . He e, i  additio  to a  i p o ed 



 
 

PO , a  alte ati e e ha is   hi h p i i g e e ise a  ha e esulted i  the 

i depe de t i p o e e t of O  a d iti al po e  i  the supi e positio  is ia a edu ed 

hete oge eit  of us le deo ge atio . Su h a h pothesis e ai s to e tested; ho e e , 

p e ious esea h has i di ated o elatio ship et ee  the ha ge i  us le 

deo ge atio  hete oge eit  a d the slo  o po e t of pul o a  O  ki eti s ith 

p i i g e e ise Saitoh et al. ; Fukuoka et al. . 

 

Li itatio s. 

Be ause the u e  of isits that pa ti ipa ts e e e ui ed to pe fo  as al ead  high, 

e e e u a le to epeat ea h e pe i e tal t ial to e ha e the sig al-to- oise atio of the 

O  espo ses. Repeated t a sitio s at ea h i te sit  ould ha e i eased the u e  of 

isits f o   to , pla i g u due e ui e e ts o  the pa ti ipa ts a d i easi g the isk of 

a t ai i g effe t o fou di g the esults. Despite this, the % o fide e i te al 

asso iated ith the O  as ~  s; e ual to the suggested i i all  i po ta t diffe e e to 

dete i e sig ifi a t ha ges i  O  du i g i te e tio al studies Be so  et al. , a d 

as s alle  tha  the ea  diffe e e i  O  at all fou  o k ates i  the supi e g oup. 

These o fide e i te als e e aided  the high a plitude of the i di idual O  

espo ses, thus i easi g the sig al-to- oise atio i  ea h t a sitio . He e despite the use 

of si gle t a sitio s at ea h o k ate, e a e o fide t that ou  epo ted effe ts of p i i g 

e e ise o  O  follo i g p i i g e e ise i  the supi e a d up ight g oups, espe ti el . 

Additio all , fo  easo s outli ed a o e e e e u a le to pe fo  additio al t ials if the 

e o s asso iated ith the pa a ete s of the po e -du atio  elatio ship e e la ge. Whilst 

this esulted i  the ea  CV a oss g oups a d o ditio s fo  W’ ei g ~ %, hi h is la ge  



 
 

tha  is t pi all  epo ted i  the lite atu e, the CV su ou di g iti al po e  as t pi all  

e  lo  ~ % , the efo e e a e o fide t i  the diffe e tial effe ts of p i i g e e ise o  

iti al po e  et ee  od  positio s. 

Co lusio s. 

I  o lusio , this stud  p o ides the fi st e pe i e tal e ide e to sho  that O  is 

e ha isti all  elated to iti al po e . Spe ifi all , he  p i i g e e ise as o du ted 

i  the supi e positio , O  as sig ifi a tl  de eased a d iti al po e  as i eased, 

he eas du i g up ight e e ise, O  a d iti al po e  e e oth u affe ted  p i i g 

e e ise. Du i g supi e e e ise, e also o se ed faste  hea t ate ki eti s, slo e  

[HH +M ] ki eti s a d i eased [H O +M O ] follo i g p i i g e e ise, suggesti g that 

the ha ges i  O  a d iti al po e  a ose th ough the e ha ed us le O  a aila ilit  

that atte ded p i i g e e ise. Ho e e , the st o g o elatio  o se ed he ei  et ee  

O  a d iti al po e  fo  up ight e e ise as ot appa e t i  the supi e positio , 

suggesti g that othe  ph siologi al fa to s, su h as O  deli e , ight dete i e iti al 

po e  du i g supi e e e ise, ith the o o ita t i p o e e t i  O  a d iti al po e  

ei g a  a tefa t of othe  sha ed ph siologi al dete i a ts.  
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TABLES 

Ta le . Pul o a  o ge  uptake ki eti s du i g hea -i te sit  p i i g e e ise pe fo ed i  the up ight 

a d supi e positio s. 

 Up ight Supi e 

 Mea SD Mea SD  O  aseli e, l/ i  . . . .  

, s  

O , s   

, , l/ i  . . . .  

Gai , l. i - .W- . . . .  

, , l/ i  . . . .  

E d-e   O , l/ i  . . . .  

, fu da e tal ti e dela ; O , fu da e tal ti e o sta t;  , fu da e tal a plitude; Gai , 

*

*

*

*

*



 
 

 

 

 

 

 

 

 

i ease i  fu da e tal phase  O  pe  u it i ease i  po e  output; , , ag itude of the O  slo  

o po e t; E d-e  O , e d-e e ise O . * i di ates sig ifi a tl  diffe e t f o  the up ight g oup P< 

. . 



 
 Ta le . Pul o a  o ge  uptake espo ses to e e ise ith a d ithout p i i g e e ise. 

 Supi e Up ight 

Pa a ete  Co t ol P i ed Co t ol P i ed 

O  aseli e, l/ i  Mea  SD Mea SD Mea SD Mea  SD 

WR  .   . .  . . . .    .  

WR  .   . .  . .  . .   .  

WR  .   . .  . .  . .   .  

WR  .  . . . . . .  .  

, s   

WR       

WR       

WR       

WR       

O , s  

WR      

WR       

WR      

WR      

, l/ i   

WR  .  . . . . . .  .  

WR  .  . . . . . .   .  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

Gai , l. i - .W-   

WR  .   . . . . . .  .  

WR  .  . . . .  . .  .  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

, l/ i   

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

E d-e   O , l/ i    

WR  .   . . . . . .  .  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  
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*
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*



 
 

 

 

 

 

 

, fu da e tal ti e dela ;  O , fu da e tal ti e o sta t;  , fu da e tal a plitude; Gai , 
i ease i  fu da e tal phase O  pe  u it i ease i  po e  output; , ag itude of the O  
slo  o po e t; E d-e  O , e d-e e ise O . * i di ates sig ifi a t ai  effe t of o ditio  P < 
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Ta le . Mus le deo ge atio  ki eti  espo ses at ea h po e  output ith a d ithout p i i g 
e e ise. 

 Supi e Up ight

Pa a ete  Co t ol P i ed Co t ol P i ed 

[HH +M ] , μM Mea  SD Mea SD Mea SD Mea  SD 

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

TD[HH +M ], s   

WR      

WR      

WR        

WR       

τ[HH +M ], s  

WR      

WR      

WR      

WR      

A[HH +M ],  μM  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

SC[HH +M ],  μM  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

WR  .  . . . . . .  .  

[HH +M ] , ea  [HH +M ] o e  last  s of aseli e; TD[HH +M ], ti e dela  efo e e po e tial 
ise i  [HH +M ]; τ[HH +M ], ti e o sta t of [HH +M ] espo se; A[HH +M ], a plitude of [HH +M ] 
espo se; SC[HH +M ], ag itude of the [HH +M ] slo  o po e t. * i di ates sig ifi a t ai  

effe t of o ditio  P < . .  

*

*



 
 

Fig. . The g oup ea  ± SD iti al po e  easu ed i  the o t ol CON  a d p i ed 
PRI  o ditio s i  the supi e pa el A  a d up ight pa el B  g oups. The iti al po e  

g oup ea s ± SD a e sho  as ope  a s a d i di idual pa ti ipa t ha ges i  iti al 
po e  et ee  o ditio s a e sho  as dashed la k li es. * ep ese ts a sig ifi a t 
diffe e e et ee  o ditio s P = . . 

Fig. . O  espo ses a d po e -du atio  elatio ships ith a d ithout p i i g 
e e ise i  the supi e pa els a, , a d ; pa ti ipa t  a d up ight pa els d, e, a d f; 
pa ti ipa t  i  t o ep ese tati e pa ti ipa ts. a & d, O  espo ses i  the o t ol 
o ditio  i  supi e a d up ight positio s, espe ti el .  & e, O  espo ses i  the 

p i ed o ditio  i  supi e a d up ight positio s, espe ti el . WR  = la k ir les; WR  
= hite ir les; WR  = la k tria gles; WR  = hite tria gles. The dashed horizo tal 
li es ep ese t the pa ti ipa t’s O  a  he eas the dotted erti al li es allo  
o pa iso  of ti e to e haustio  et ee  o ditio s.  & f, po e -du atio  
elatio ships i  oth o ditio s i  supi e a d up ight positio s, espe ti el .  Co t ol = 
hite ir les, p i ed = la k tria gles. 

Fig. . Co pa iso s of g oup ea s ± SD a oss all o k ates fo  o hae oglo i  
[H O +M O ]  a d total hae oglo i  [TH +M ]  i  oth g oups. a a d , 

[H O +M O ] a d [TH +M ] espo ses i  the supi e g oup, espe ti el .  a d d, 
[H O +M O ] a d [TH +M ] espo ses i  the up ight g oup, espe ti el . Co t ol = 

hite ir les, p i ed = la k tria gles. * ep ese ts a sig ifi a t ai  effe t of o ditio  

Fig. . Co elatio s et ee  iti al po e  o alised to od  ass a d the O  

fo  the supi e a  a d up ight  g oups. Pea so ’s o elatio  oeffi ie t alues 
r  a e also displa ed. The o elatio  sho  i  pa el  as sig ifi a t P = . . 

Fig. . O  espo ses a d est-fit odelled espo ses of a ep ese tati e pa ti ipa t 
f o  the supi e a  a d up ight  g oups at a ep ese tati e o k ate. Ope  s ua es 
= CON ith g e  li e of esiduals  a d ope  t ia gles = PRI ith la k li e of 
esiduals . Solid la k li es ep ese t odelled fits fo  oth g oups.  
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