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Abstract
▼
This study  a im ed  to  explore m uscle oxygen ex trac
tion  and  m uscle activation  p a tte rn  du ring  b ilateral 
in te rm itten t subm axim al isom etric  knee-ex ten - 
sions b y  com bining N ear-infrared  Spectroscopy 
(NIRS) and  E lectrom yography (EMG) m easu re 
m ents from  th e  M. V astus Lateralis. A group  of 
highly specifically tra in ed  boys (you th  sailors) 
(n= 10) and  un tra in ed  m atched  controls (n= 10) 
perfo rm ed  12 b ou ts o f 9 0 s  bilateral subm axim al 
(30-40%  MVC) isom etric  knee-ex tension  in te r
spersed  w ith  6 s recovery-periods. Patterns o f 
d eoxygenated  haem oglobin  and  m yoglobin con
cen tra tio n  ( Deoxy[ H b+ Mb] ) w e re  observed  during  
each  b o u t and  th e  en tire  protocol. Reoxygenation 
Index (RI) w as assessed for each  recovery  period  
as th e  am p litu d e  o f D eoxy[H b+M b]-decrease re la

tive to  am p litu d e  o f D eoxy[H b+M b]-increase d u r
ing each  bout. Root M ean Square (RMS) and  M ean 
Pow er Frequency (MPF) w e re  calculated  for each 
b o u t as a n  average o f th e  final 60s. Deoxy[Hb+M b], 
RI, RMS and  MPF w ere  analyzed by  rep ea ted -m eas- 
u res ANOVA. Results indicated  significantly h igher 
D eoxy[H b+M b]-increase and  low er RI in specifi
cally tra in ed  boys com pared  to  u n tra in ed  controls. 
These differences a re  p resum ab ly  re la ted  to  th e  
differences in EM G -m easurem ents w h ich  d em o n 
stra ted  low er RM S-increase and  M PF-decrease for 
tra in ed  co m pared  to  u n tra in ed  boys. In conclusion, 
specifically tra in ed  boys indicate delayed o n se t o f 
m uscle  fatigue in com parison  to  u n tra in ed  con
trols, w h ich  m igh t be  associated  w ith  th e  different 
p a tte rn  o f m uscle  0 2-ex traction  o r m uscle activa
tio n  p a tte rn  (i.e., a  m ore  accurate  re cm itm en t o f 
s low -tw itch  fibres).
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Introduction
▼
Localized m usc le  fa tigue d u rin g  b ila te ra l in te r
m itte n t su b m ax im a l iso m etric  k n e e-e x te n sio n  
exercise  is a  com plex  p h e n o m e n o n , a n d  cou ld  be  
d efin ed  as a n  in ab ility  o f  th e  m uscle  (g roup) to 
m a in ta in  th e  req u ired  o r  e x p ec te d  to rq u e  [29]. 
Fatigue m ech an ism s d u rin g  iso m etric  exercise  
can  b e  in fluenced  by n u m ero u s  factors such  as: 
exercise  in te n s ity  [3 ,9 ,1 0 ], m usc le  len g th  [3 ,21], 
n u m b e r  o f  ex tre m itie s  involved [24], n u m b e r  o f 
m uscles involved [20], age [13 ,16 ], g e n d e r  [22] 
a n d  physical fitness level [7 ,1 4 ,2 3 ,2 9 ,3 2 ,3 3 ] . 
Isom etric  co n tra c tio n  is ch a rac te rized  by  re s tr ic 
ted  local b lood  flow  [1 0 ,2 7 ,3 4 ], since th e  in tra 
m u scu la r  p re ssu re  increases even  a t v e ry  low  
isom etric  co n tra c tio n  in ten s itie s  [9]. Therefore, 
th e  de livery  o f  oxygen a n d  w a sh  o u t o f  m uscle  
m etab o lites  m ay  beco m e lim ited , w h ich  affects 
th e  d u ra tio n  o f  such  a  co n tra c tio n  [33]. However, 
literatu re  suggests th a t w h e n  fatiguing isom etric  
con tractions are  p e rfo rm ed  a t low  levels (<30%

m axim al vo lu n ta ry  con traction  (MVC)), fatigue 
m easu red  by electrom yographic changes, is m ainly 
d u e  to neural changes, w hereas a t h igher con trac
tio n  levels (>45%  MVC) m ainly  m etabolic factors 
co n trib u te  to fatigue [9,16,30].
Fatigue m ech an ism s have a lread y  b e en  inv esti
g a ted  by  m ean s o f N ear-in fra red  S pectroscopy  
(NIRS) o r  e lec tro m y o g rap h y  (EMG). NIRS-m eas- 
u re d  d eo x y g en a tio n  d u rin g  iso m etric  k n ee- 
e x te n s io n  is in fluenced  by  b o th  cap illa ry  b lood 
flow  an d  m uscle  oxygen u p tak e  [12]. H ow ever it 
is su g g ested  th a t  d eo x y g en a tio n  reflects cap illa ry  
oxygen  e x tra c tio n  ra th e r  th a n  oxygen  su p p ly  
[2 ,5 ,1 2 ,1 8 ]. For E M G -m easurem en ts d u rin g  su s
ta in e d  su b m ax im a l iso m etric  k n ee-ex ten s io n , a 
sign ifican t in crease  in  Root M ean Square  (RMS) 
a n d  d ecrease  in M ean  Pow er F requency  (MPF) 
[9 ,2 7 ,3 6 ] have b e en  d e m o n s tra ted , reflecting  
resp ec tive ly  a n  in crease  in a d d itio n a l m o to r u n it 
re c ru itm e n t a n d  a  d ecrease  in  th e  freq u en cy  o f 
th e  E M G -spectrum , in d ica tin g  m usc le  fa tigue [6[. 
Recently, th e re  has b e en  an  in creased  in te re s t in
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Table 1 Mean (± SD) of age, height, weight, body fat percentage, practice hours/week and sailing experience in specifically trained and untrained boys, (no 
significant differences were found).

CROUP Age (year) Height (cm) W eig ht (kg) Body fa t % ( %) Practice (hours/week) Experience (years)

trained boys (n = 10) 14.0±1.4 157.6± 11.4 44.4±7.9 13.2±3.7 9.6± 1.6 5.5±1.8
untrained boys (n = 10) 13.8± 1.3 162.2 ±6.6 47.4± 8.2 11.8±4.5 - -

com b in in g  NIRS a n d  EMG to  investiga te  m usc le  fa tigue m ech a 
n ism s d u rin g  su b m ax im a l iso m etric  k n e e -e x te n sio n  exerc ise  in 
ad u lts  [8 ,1 1 ,3 6 ]. T hese  resea rch  g ro u p s re p o rt  a  co rre la tio n  
b e tw e e n  NIRS- a n d  E M G -m easurem en ts suggesting  a  re la tio n 
sh ip  b e tw e e n  oxygen e x tra c tio n  an d  fa tigue [11 ,36]. However, 
on ly  a few  s tu d ies  have b e en  co n d u c ted  in  a  p aed ia tr ic  p o p u la 
tio n  [27] o r  in a d u lt p o p u la tio n s  w ith  specifically  tra in e d  an d  
u n tra in e d  sub jects [14 ,29].
By com b in in g  NIRS- a n d  E M G -m easurem en ts, th e  p u rp o se  o f 
th is  s tu d y  w as to  g e t a n  in sig h t in to  th e  p e rfo rm an ce  lim iting  
factors o f b ila te ra l in te rm it te n t  su b m ax im a l iso m etric  knee- 
ex te n sio n  exercise  a t th e  m uscle  level by  ex am in in g  th e  tim e- 
co u rse  o f deox y g en a tio n , reo x y g en a tio n  an d  m yoelectrica l 
m an ifes ta tio n s (i.e., RMS an d  MPF) o f th e  M. V astus Lateralis in 
young , h ighly  specifically  tra in e d  (sa ilo rs) an d  u n tra in e d  boys. 
W e h y p o th es ized  th a t  (1) specifically  tra in e d  boys w ill develop  
less m uscle  fa tigue an d  h ig h er d eo x y g en a tio n  a n d  reo x y g en a
tio n  co m p ared  to  u n tra in e d  boys an d  th a t  (2) th e  a p p ea ran c e  o f 
fa tigue w ill b e  asso c ia ted  w ith  changes in d eo x y g en a tio n  an d  
reoxygenation .

Methods
▼
Subjects
20  m ale  sub jects p a r tic ip a te d  in th is  research : 10 specifically  
tra in e d  boys ( in te rn a tio n a l sa iling  level), h igh ly  tra in e d  in  in te r
m it te n t  su b m ax im a l iso m etric  k n e e -e x te n s io n  exercise, a n d  10 
u n tra in e d  m atch ed  con tro ls , p e rfo rm in g  no specific o rg an ised  
physical ac tiv ities . Specifically tra in e d  boys an d  co n tro ls  w e re  
m atch ed  for age (± 1  year), h e ig h t (± 5 c m )  an d  w e ig h t (± 5 k g ). 
All sub jects an d  th e ir  p a re n ts  signed  in fo rm ed  co n sen t. The 
s tu d y  w as c a rried  o u t in  acco rdance  w ith  [15] an d  ap p ro v ed  by 
th e  H u m an  R esearch Ethics C o m m ittee  o f  G hen t U niversity  H os
p ita l. The sub jec ts  w e re  in s tru c te d  to  p e rfo rm  no in ten siv e  e x e r
cise 48  h  b efore  th is  te s t. T he su b jec ts’ a n th ro p o m e trie s , p rac tice  
h o u rs /w e ek  a n d  sailing  ex p erien c e  a re  d isp layed  in © Table 1.

Study design
Each su b jec t p e rfo rm e d  12 b o u ts  o f  9 0 s  su b m ax im a l (3 0 -40%  
MVC) b ila te ra l k n e e -e x te n s io n  exercise  (1 2 0 ° kn ee  an d  h ip  
ang le) in te rsp e rse d  w ith  6 s  recovery  p e rio d s . P rotocol se ttin g s 
w e re  b ased  o n  u n p u b lish ed  p re lim in a ry  race analysis o f th e  
tem p o ra l p a tte rn , c o n tra c tio n  in te n s ity  a n d  jo in t  ang les d u rin g  
co m p etitiv e  y o u th  sa iling  (i.e., reg atta s).

Procedure
The su b jec ts’ h e ig h t (a n th ro p o m e te r  GPM, DKSH Sw itzerland) 
a n d  w e ig h t (E lectron ic  SECA, 815 E legantia) w e re  d e te rm in e d . 
Body fat p e rcen tag e  w as m ea su re d  by  m ean s o f  a  skinfold c a lip er 
(H a rp en d en ) a n d  ca lcu la ted  by  th e  m e th o d  o f Parizková [28].
A 5 -m in  s ta n d a rd  w a rm -u p  o n  a  cycle e rg o m e te r  (M onark) an d  
a sh o rt fam ilia riza tio n  p e rio d  o f  k n e e -e x te n s io n  exerc ise  on  an  
isok inetic  d y n a m o m e te r  (Biodex, sy s tem  2, USA) w e re  p e r 
fo rm ed  1 5 m in  p r io r  to  th e  a c tu a l p ro toco l. The isok inetic

d y n a m o m e te r  w as se t a t 120° kn ee  a n d  h ip  ang le  a n d  sub jects 
p e rfo rm e d  th re e  5 s m ax im al v o lu n ta ry  b ila te ra l iso m etric  knee- 
ex te n sio n  co n tra c tio n s , in te rsp e rse d  w ith  9 0 s  o f  rest. T he h ig h 
e s t to rq u e  dev elo p ed  in th e  3 a tte m p ts  w as reg ard ed  as th e  
m ax im al v o lu n ta ry  co n tra c tio n  to rq u e  (MVC). Subjects w e re  no t 
fa sten ed  w ith  s trap s to  th e  isok inetic  chair, b u t  th e y  w ere  
in s tru c te d  to  keep  c o n ta c t w ith  th e  back su p p o rt o f  th e  isok i
ne tic  chair. A fter 3 m in  rest, 30  a n d  40% MVC w e re  se t as m a rk 
ers o n  th e  d y n a m o m e te r  sc reen  an d  th e  sub jects p e rfo rm e d  12 
b o u ts  o f 9 0 s  b ila te ra l iso m etric  k n e e -e x te n s io n  exercise  
b e tw e e n  30  a n d  40% MVC (th ro u g h  v isu a l feedback). T he b o u ts  
w e re  se p a ra ted  by  6 s o f  rest. The sub jects w e re  in s tru c te d  to  use  
b o th  legs d u rin g  th e  k n e e -e x te n s io n  exercise. T hey w e re  v e r
bally  en co u rag ed  by  th e  resea rch ers  a n d  all p e rs is ted  th ro u g h 
o u t th e  e n tire  p ro toco l. The pro toco l is v isua lly  d isp layed  
in ©  Fig. 1.

Measurements
Near-Infrared Spectroscopy (NIRS)
The NIRS-m odel Oxiplex TS™ (ISS, C ham paign, Illinois, USA) 
reco rd ed  co n tin u o u sly  a t a  sam p lin g  freq u en cy  o f 1 Hz, u sin g  a 
N IRS-probe co n sistin g  o f 8 l ig h t-e m ittin g  d io d es o p e ra tin g  a t 
w av elen g th s o f 750  an d  830  n m  a n d  a  ligh t de tec to r, w ith  a  d is 
tan c e  o f 2 .0 -3 .5 c m  b e tw e e n  th e  ligh t sou rce  a n d  th e  d e te c to r  
[2 ,5]. The p ro b e  w as p o sitio n ed  o ver th e  belly  o f  th e  M. V astus 
L ateralis (VL), a lo n g  th e  v e rtica l ax is o f  th e  r ig h t th ig h  an d  
a tta c h e d  to  th e  sk in  sec u re d  by  Velcro s tra p s  an d  tap e . Skin p e n  
m ark s in d ica ted  m arg in s o f  th e  p ro b e  a n d  b e lt to  check  for any  
d isp lac em e n ts  o f  th e  p ro b e  d u rin g  p ro toco l. T he p ro b e  w as c o n 
n e c ted  to  a  PC for d a ta  acq u isitio n , a n a lo g u e -to -d ig ita l co n v er
sion  an d  su b seq u e n t analysis, b a sed  o n  th e  m eth o d  o f Belardinelli 
e t  al. [1], T he base lin e  d eo x y g en a ted  h aem o g lo b in  a n d  m yo
g lob in  co n ce n tra tio n  (D eoxy[H b+ M b]) w as ca lcu la ted  as th e  
average o f  2 m in  rest sea ted  in th e  d y n a m o m e te r  p r io r  to  p ro to 
col. This v a lu e  w as se t as 100%. From  th e  s ta r t  o f th e  p ro toco l, 
D eoxy[H b+M b] w as averaged  in 1 0 s  in te rvals (as a  m oving  
average) a n d  ex p ressed  as a  fu n c tio n  o f  base lin e  Deoxy[Hb + Mb] 
[1 ]. R eoxygenation  Index (RI) w as d e te rm in e d  im m ed ia te ly  a fte r  
e ach  b o u t by  se ttin g  o u t th e  a m p litu d e  o f d ec rease  in 
D eoxy[H b+M b] a t th e  e n d  o f 6 s  re s t (i.e., A2 in  © Fig. 2) to  th e  
a m p litu d e  o f  in crease  in Deoxy[Hb + Mb] d u rin g  9 0 s  k n ee- 
ex te n sio n  exerc ise  (i.e., AÍ in © Fig. 2). R eoxygenation  Index  (%) 
is eq u al to  A2, d iv id ed  by AÍ an d  m u ltip lied  by 100 (RI=A2/ 
AÍ *100) ( O Fig. 2).

Electromyography (EMG)
EMG (N oraxon) o f  th e  M. V astus Lateralis (VL) w as co n tin u o u sly  
reco rd ed  a t sam p lin g  freq u en cy  o f  1 0 0 0  Hz u sin g  b ip o la r 
3 4 -m m -d ia m e te r  Ag-AgCl e lec tro d es (Blue Sensor, D anlee M edi
cal P roducts, Inc., Syracuse, NY), p laced  a lm o s t on  th e  sam e  loca
tio n  o f th e  VL as th e  p ro b e  o f th e  NIRS dev ice  (i.e., in th e  
lo n g itu d in a l axis o f th e  NIRS-probe). Each e le c tro d e  site  w as 
p re p a re d  by  shaving, sligh t ab rad in g  an d  clean ing  th e  site  w ith  
a n  a lco h o l-e th e r-a ce to n e  so lu tio n  (accord ing  to  SENIAM reco m 
m en d a tio n s). T he EMG signal w as checked  for m o v em en t a r te -
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Fig. 1 Visual display of the  test protocol: 3 a t
tem pts to Maximal Voluntary Contraction (MVC), 
3 min rest and 12 times 90 s knee-extension exer
cise interspersed with 6 s rest.
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Fig. 2 Visual display of Reoxygenation Index (RI) calculation, as a func
tion of A2/A1.

facts a n d  th e  w ires, c o n n ec ted  to  th e  e lec tro d es w e re  tap e d , to  
th e  th ig h  o f  th e  sub ject. M yoelectric  signals w e re  re layed from  
th e  b ip o la r  e lec tro d es to  a  Telem yo dev ice  (N oraxon, Inc., S co tts
dale , AZ) [2]. T he raw  EMG signal w as rectified , b a n d -p ass -  
filte red  (B u tte rw o rth  filter) an d  in te g ra te d  u sin g  com m erc ia lly  
availab le  so ftw are  (M yoR esearch 2.10, N oraxon, Inc.) [2]. The 
m ea n  values o f  RMS a n d  MPF w e re  ca lcu la ted  for each  b o u t as 
th e  m ean  o f  th e  final 6 0 s . T he RMS- a n d  M PF-values d u rin g  th e  
first b o u t w e re  se t to  100% a n d  th e  values d u rin g  th e  follow ing 
b o u ts  w e re  ex p ressed  re la tive  to  th e  first exercise  b o u t.

Statistical analyses
Sta tistica l co m p u ta tio n s  w e re  p e rfo rm e d  u sin g  SPSS® so ftw a re  
(ve rs io n  18; SPSS Lead T echnologies Inc., Chicago, IL, USA). All 
d a ta  a re  p re sen te d  as m e a n t  SD a n d  in d e p e n d e n t sam p le  t- te s ts  
w e re  c o n d u c ted  to  d isp lay  sign ifican t d ifferences b e tw e e n  b o th  
g ro u p s for age, h e igh t, w e ig h t, b o d y  fat p e rcen tag e , p rac tice  an d  
ex p erien ce . Bout 1 w as an a ly sed  separately . R epeated  m easu res 
ANOVA w as u sed  to  d e te rm in e  w h e th e r  changes o f  reco rd ed  
D eoxy[H b+M b] in tim e , w e re  sign ifican t th ro u g h o u t b o u t 1. 
W h e n  a  sign ifican t effect for D eoxy[H b+M b] w as d e te c te d  
w ith in  th e  1 0 s-D eoxy[H b+ M b]-va lues o f th e  first b o u t th e se  
w e re  co m p ared  1 on  1 to  a  p o s t-h o c  te s t  (S tu d e n t’s t - te s t  for 
p a ire d  o b se rv a tio n s, fo llow ed by th e  B onfe rro n i-ty p e  a d ju s t

m e n t for m u ltip le  co m p ariso n s) [35]. To in d ica te  th e  b o u ts  a t 
w h ic h  a  sign ifican t d ifference  b e tw e e n  specifically  tra in e d  an d  
u n tra in e d  boys cou ld  b e  seen  in D eoxy[H b+M b], RI, RMS o r  MPF, 
an  in d e p e n d e n t sam p le  t - te s t  w as u sed . Surprisingly , ev ery  v a ri
ab le  sh o w ed  a  sign ifican t d ifference  b e tw e e n  specifically  tra in e d  
an d  u n tra in e d  boys from  b o u t 7 to  th e  e n d  o f  th e  pro toco l. 
T herefore, re p ea te d  m easu re s ANOVA w as u se d  to  d e te rm in e  
sign ifican t m a in  effects an d  in te rac tio n  effects for all variab les 
th ro u g h o u t th e  second  h a lf  o f th e  p ro toco l (from  b o u t 6 to  12). 
Further, th e  in d e p e n d e n t sam p le  t- te s t  w as co n d u c ted  to  d e te c t 
sign ifican t d ifferences b e tw e e n  b o th  g ro u p s for th e  variab les: 
D eoxy[H b+M b], RI, RMS a n d  MPF a t b o u t 12.

Results
▼
Specifically tra in e d  boys (1 5 1 .4 ± 4 3 .9 N m ) sh o w ed  no  signifi
c an tly  h ig h er M axim al V o lu n tary  C o n trac tio n  Torque (MVC), 
c o m p ared  to  u n tra in e d  co n tro ls  (153.3 ± 55.3 Nm). D uring  12 
b o u ts  o f  9 0 s  b ila te ra l su b m ax im a l iso m etric  k n e e -ex ten s io n  
in te rsp e rse d  w ith  6 s rest, d eo x y g en a ted  h aem o g lo b in  an d  
m yoglob in  co n ce n tra tio n  (D eoxy[H b+M b]) d e m o n s tra te d  a 
seq u en ce  o f  12 id en tica l cycles. Each o n e  consists o f  3 p h ases. As 
a  sam ple , th e  1 0 s-v a lu es o f  b o u t 1 w e re  s ta tis tica lly  analyzed  
in © Fig. 3. S ignificant w ith in -e ffec t for Deoxy[ Hb + Mb] ( p =0.001 
& W ilks’ L am bda=9.017) w as reported . Post-hoc com parison  indi
cated  first a  significant (p< 0 .01) increase in  Deoxy[Hb+M b] and  
a fte r approxim ately  30  s o f m uscle co n traction  a  levelling off. The 
following 60s, Deoxy[Hb+M b] rem ain ed  in steady  sta te  w ith  a  sig
n ificant (p < 0.01 ) decrease  du ring  th e  6 s rest.
O Fig. 4 show s th e  p ro g ress o f  D eoxy[H b+M b], R eoxygenation  
Index (RI), Root M ean  Square  (RMS) a n d  M ean  Pow er Frequency  
(MPF) in  tim e , respectively . T he in d e p e n d e n t sam p le  t - te s t  o f  12 
b o u ts  D eoxy[H b+M b], RI, RMS a n d  MPF d raw s th e  a tte n tio n  to  
th e  second  h a lf  o f  th e  p ro toco l, w h e re  sign ifican t d ifferences 
b e tw e e n  b o th  g ro u p s w e re  d e tec ted . T herefore, re p ea te d  m e a s
u res ANOVA w as co n d u c ted  on ly  for th e  second  p a r t  o f th e  p ro 
tocol (b o u t 6 -1 2 ) . W h ereas  th is  s ta tis tica l analysis sh o w ed  no 
in te rac tio n  effect for D eoxy[H b+M b] by g roup , it d id  sh o w  a  sig
n ifican t effec t b e tw e e n  th e  g ro u p s (p < 0 .05 a n d  F = 5.461 ) w h ich  
ind ica tes a  h ig h er in crease  in  D eoxy[H b+M b] for specifically  
tra in e d  boys, co m p ared  to  th e  u n tra in e d  co n tro ls . F u rth e rm o re  
RI show s a  sign ifican t effec t b e tw e e n  th e  g ro u p s (p < 0 .0 5  an d  
F = 8.205). Specifically  tra in e d  sub jec ts  d isp lay  a sign ifican tly  
lo w er RI th a n  th e  u n tra in e d  co n tro ls . Further, o n ly  a  t re n d  w as
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found  to  b e tw ee n -g ro u p  effect for RMS (p = 0 .087  an d  F = 3.272). 
How ever, © Fig. 4c d isp lays c learly  th a t  u n tra in e d  boys sh o w  a 
b igger in crease  in RMS, co m p ared  to  specifically  tra in e d  boys. 
Finally, a  g roup-by-M PF in te rac tio n  effec t (p<  0 .05 a n d  F = 3.878) 
w as found  for MPF, w h ic h  ind ica tes a  d iffe ren t p rogress in  MPF 
for specifically  tra in e d  boys, co m p ared  to  u n tra in e d  co n tro ls. 
Nam ely, MPF d ecreased  for u n tra in e d  con tro ls  w h e rea s  it stayed  
in a  m o re  o r less s tead y  s ta te  for specifically  tra in e d  boys.
© Table 2 ind ica tes (a t b o u t 12) a  sign ifican tly  h ig h er in crease  in 
D eoxy[H b+M b] (p = 0 .016  a n d  t = -2 .7 6 6 ) , a  sign ifican tly  low er 
d ec rease  in MPF (p< 0 .001  an d  t = -4 .3 5 6 )  a n d  a sign ifican tly  
lo w er RI (p = 0.003 a n d  t  = 3 .479) for specifically  tra in e d  sub jects 
co m p ared  to  u n tra in e d  co n tro ls. H ow ever, th e re  w e re  no  signifi
c an t d ifferences found  in  th e  increase  o f RMS.

iso m etric  k n e e -e x te n sio n  by  ex am in in g  th e  t im e  co u rse  o f  d eo x 
yg en atio n , reo x y g en a tio n  a n d  m yoelectrica l m an ifes ta tio n s o f  
th e  M. V astus Lateralis (VL), by  m ean s o f  N ear-in fra red  S p ec tro s
copy (NIRS) a n d  E lectrom yography  (EMG) in a  p a ed ia tr ic  p o p u 
lation . W e a lso  investiga ted  w h e th e r  th e re  is a  d iffe ren t re sp o n se  
a t m uscle  level b e tw e e n  h igh ly  specifically  tra in e d  a n d  u n tra in e d  
boys. T he m ajo r findings o f th is  s tu d y  d e m o n s tra te  th a t  specifi
cally  tra in e d  boys show  a h ig h er increase  in d eo x y g en a ted  h a e 
m o g lob in  a n d  m yoglob in  co n ce n tra tio n  (D eoxy[H b+ M bj) an d  
su rp ris in g ly  a  low er R eoxygenation  Index  (RI), co m p ared  to  
u n tra in e d  co n tro ls . Also, th e  slo w er ra te  o f  increase  in  Root 
M ean Square  (RMS) a n d  d ecrease  in  M ean Pow er F requency 
(MPF) su p p o rts  th e  hyp o th esis  th a t  specifically  tra in e d  sub jects 
develop  m uscle  fa tigue m o re  slow ly  co m p ared  to  u n tra in e d  co n 
tro ls , d u e  to  a  specific re sp o n se  a t  m uscle  level.
In th e  p re se n t study, it w as d e m o n s tra ted  th a t du rin g  each  b o u t o f 
th e  b ila tera l su bm ax im al isom etric  k n ee-ex ten sio n  exercise, 
th e re  w as a g radual increase  in Deoxy[H b+M b], follow ed by a 
steady  sta te  an d  a  sh a rp  decrease  in D eoxy[H b+M b] a t th e  o n se t 
o f m uscle  re laxation . It shou ld  be no ted  th a t  Deoxy[Hb+M b] has 
freq u en tly  b een  u sed  to  express th e  d eg ree  o f m icrovascu lar oxy
gen  ( 0 2) ex trac tio n  [2 ,5 ,12] and  D eoxy[H b+M b] is less affected  
by changes in b lood  vo lu m e u n d e r th e  NIRS p ro b e  du rin g  exercise 
com p ared  to  oxygenated  haem oglob in  an d  m yoglobin co n cen tra 
tio n  (O xy[H b+M b]) [12].
S ta tistica l analysis o f b o u t 1 co n firm ed  th e  a p p ea ran c e  o f th ese  
3 p h ases d u rin g  th is  exercise. At th e  o n se t o f  su b m ax im a l iso 
m etric  m u sc le  c o n trac tio n , th e  b a lan ce  b e tw e e n  0 2-su p p ly  an d  
0 2-d e m a n d  is c learly  d is tu rb ed . To m in im ize  th e  0 2-deficit, 
D eoxy[H b+M b] in creased  sh a rp ly  as a n  in d ica tio n  o f  in crease  in 
0 2-ex trac tio n . Subsequently , th e  ba lan ce  is re s to red  as Deoxy 
[H b+M b] levels o ff to  reach  a  s tead y  sta te  phase . Finally, as a 
re su lt o f  th e  m uscle  re lax a tio n  (6 s )  a n d  a  d ec reased  in tra m u sc u 
lar p re ssu re , w e  suggest th a t th e re  is a  su d d e n  o u tflo w  o f  d eo x y 
g e n a ted  h aem o g lo b in  a n d  inflow  o f oxyg en ated  haem o g lo b in  
(i.e., reo x y g en a tio n  o f th e  tis su e  u n d e r  th e  NIRS-probe). U nfor
tu n ate ly , th is  s tu d y  has no  re liab le  m ea su re m e n ts  o f m uscle  p e r 
fusion.

Discussion
▼
T he a im  o f th is  s tu d y  w as to  investiga te  p e rfo rm a n ce  lim iting  
factors a t m usc le  level d u rin g  b ila te ra l in te rm it te n t  su b m ax im a l
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Fig. 3 Deoxy[Hb +Mb]-progress in time throughout bout 1. (Within 
posthoc-test for Deoxy [Hb+Mb]: *p<0.05 **p<0.01).
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Table 2 Deoxy[Hb + Mb], Reoxygenation Index (RI), percentage Root Mean Sguare (RMS) and Mean Power Freguency (MPF) at protocol-end (bout 12) in 
specifically trained and untrained boys (Independent sample t-test).

GROUP Deoxybouti2 (%) Rlboutl2 (%) RMSboutl2 (%) MPFbouti2 ( %)

trained boys (n = 10) 142.3 + 18.5 * 47.4 + 11.5 ** 144.1 + 26.2 99.3 + 5.0***
untrained boys (n = 10) 124.4 + 7.8 * 68.5 + 15.2 ** 169.5 + 54.6 88.9 + 5.7***

At th is  m o m e n t, th e re  is no  co n sen su s a b o u t w h e th e r  b lood  p e r 
fusion  is occluded  d u rin g  th e  su b m ax im a l (30 -40%  MVC) iso 
m etric  k n e e-e x te n s io n  exercise. Several e a rlie r  s tu d ies  [9], have 
su g g ested  th a t  d u rin g  su b m ax im a l k n e e-e x te n sio n  exercise  
lo w er th a n  40% MVC, b lood  flow  is no t occluded . On th e  o th e r  
han d , De R uiter e t al. [10] reg is te red  in  VL a lread y  a n  a rte ria l 
occlusion  from  25% MVC to rq u e  (a t 9 0 ° kn ee  an d  h ip  ang le) an d  
re p o rte d  th a t  in creased  fib re -p e n n a tio n  angle , a n d  th u s  
d ec reased  k n ee  angle, leads to  a  h ig h er in tra m u sc u la r  p ressu re . 
Surprisingly , th is  m uscle  load w h ic h  w o u ld  c o n tr ib u te  to  m uscle  
occlusion , is q u ite  low. K now ing th a t  in tra m u sc u la r  p re ssu re  is 
h ig h er in d e e p e r  p a r ts  th a n  in  superficial p a r ts  o f  th e  m uscle  
[31 ], it c an  be  suggested  th a t  w h e n  superficial occlusion  is m ea s
u re d  from  NIRS-variables, cap illa ry  b lood  flow  in to  th e  m usc le  is 
c e rta in ly  occluded . How ever, in th is  study, no valid  m e a su re 
m en ts  o f  in tra m u sc u la r  p re ssu re  o r b lood  flow  w e re  done. 
T hough, th e  s tead y  sta te  p h a se  in  D eo x y [H b + M b ]-p a tte rn  sug
gests th a t  cap illa ry  b lood  flow  in  th e  m uscle  is p ro b ab ly  no t 
occluded . This is in  line  w ith  th e  re su lts  o f th e  o n ly  p aed ia tric  
s tu d y  [27] th a t  investiga ted  NIRS a n d  EMG d u rin g  su b m ax im al 
k n e e -e x te n s io n  exercise, since  M oalla e t al. [27] re p o rte d  an  
ischem ia  a t o r above 50% MVC iso m etric  kn ee  ex te n sio n  (a t 90° 
k n ee  an d  h ip  ang le), d u e  to  in creased  in tra m u sc u la r  p ressu re . 
How ever, as d e m o n s tra te d  above, no  co n sen su s has b een  
reach ed  on  th e  c o n tr ib u tio n  o f re s tr ic te d  b lood  c ircu la tio n  to  th e  
d ev e lo p m en t o f fa tigue d u rin g  su b m ax im a l iso m etric  knee- 
ex te n sio n  exerc ise  in  ad u lts  an d  on ly  little  re sea rch  [27] in  th is 
d irec tio n  has b e en  d o n e  in a  p a ed ia tr ic  p o p u la tio n .
T h ro u g h o u t th e  e n tire  p ro toco l, specifically  tra in e d  boys d is 
p layed  a  h ig h er Deoxy] Hb + M b ]-increase  co m p ared  to  u n tra in e d  
co n tro ls . In fact, th e y  a lso  sh o w ed  a  c o n tin u o u s  increase  in 
D eoxy[H b+M b], w h e rea s  u n tra in e d  co n tro ls  in d ica ted  o n ly  a 
sligh t in crease  in D eoxy[H b+M b] u n til b o u t 6 a n d  a  stead y  sta te  
in  D eoxy[H b+M b] from  b o u t 6 to  12. Thus, d ifferences in 
D eoxy[H b+M b] b e tw e e n  b o th  g ro u p s w e re  p re se n t especially  
from  b o u t 6 to  12. The h ig h er D eoxy[H b+ M b]-increase  in  sp e 
cifically  tra in e d  sub jec ts  suggests th a t th e y  sh o w  a h ig h er 
increase  in cap illa ry  0 2-ex tra c tio n , co m p ared  to  u n tra in e d  co n 
tro ls . This is in  line  w ith  th e  resu lts  o f  Usaj [33] w h ic h  sh o w ed  
th a t  a f te r  4  w eeks o f e n d u ran c e  tra in in g  a n  increase  in  relative 
d eo x y g en a ted  h aem o g lo b in  c o n ce n tra tio n  a n d  e n d u ran c e  tim e  
d u rin g  su s ta in ed  su b m ax im a l iso m etric  h an d g rip  exerc ise  (a t 
30% MVC) w as v isib le. T he a u th o r  su g g ested  th a t  a  ce rta in  
n u m b e r o f c ap illa rie s m ay  o p e n  as a  re su lt o f iso m etric  e n d u r 
an ce  tra in in g , in creas in g  0 2 c o n su m p tio n  cap a c ity  as a  re su lt o f 
in creased  0 2 availability . F u rth e rm o re , a  h ig h er m uscle  fibre ox i
d a tive  cap ac ity  (i.e., h ig h er m u sc le  cap illa ry  d en sity , h ig h er 
m ito ch o n d ria l d en sity , h ig h er m ito ch o n d ria l ox idative  en zy m e  
activ ity , h ig h er g lycogen sto res, h ig h er c rea tin e  p h o sp h a te  sto res 
a n d  m o re  m yoglobin  co n ce n tra tio n ) is su g g ested  d u e  to  e n d u r 
an ce  tra in in g  a d a p ta tio n  [17 ,29]. A dditionally , th e  n e u ro m u sc u 
lar ac tiv a tio n  (i.e., m usc le  fibre re c ru itm e n t)  p a tte rn  is changed  
d u e  to  tra in in g  a d a p ta tio n  [4 ,25]. W e suggest th a t  th e  h ig h er 
D eoxy[H b+ M b]-increase  in  specifically  tra in e d  co m p ared  to

u n tra in e d  boys is p ro b ab ly  re la ted  to  th e  d iffe ren t m usc le  fibre 
re c ru itm e n t, b ecau se  changes in RMS a n d  MPF a re  largely  in 
p a ralle l to  th o se  o f  D eoxy[Hb+M b] (O Fig. 4). In th e  specifically  
tra in e d  boys, th e  R M S-increase is n o t significantly , th o u g h  
rem ark ab ly  lo w er a n d  th e  M PF-decrease is sign ifican tly  low er 
th a n  for u n tra in e d  co n tro ls. This ex p resses less fa tigue d ev elo p 
m e n t a n d  lo w er a d d itio n a l m o to r u n it  re c ru itm e n t for specifi
cally  tra in e d  sub jec ts  co m p ared  to  u n tra in e d  co n tro ls  [6]. As a 
re su lt o f  m an y  h o u rs  o f  q u as i- iso m e tric  k n e e -e x te n sio n  exercise  
d u rin g  sa iling  tra in in g  (o n  average 5.5 ±1 .8  y ears o f  circa 
9 .6 ± 1 .6 h  a w eek), it is suggested  th a t  specifically  tra in e d  boys 
acq u ired  Slow Tw itch (ST) fibres w ith  a  h ig h er ox idative  c ap ac ity  
[17,29] th a n  th o se  o f  th e  u n tra in e d  co n tro ls. This re su lts  in a 
h ig h er s tre n g th  e n d u ran c e  cap ac ity  b u t n o t in a  h ig h er m ax im al 
s tre n g th  cap ac ity  [7]. This is co n firm ed  by th e  re su lts  o f  th is 
study. Briefly, it is po ss ib le  th a t  e n d u ra n c e -tra in e d  boys w ill be 
ab le  to  m od ify  th e ir  m uscle  ac tiv a tio n  p a tte rn  [26], p re su m ab ly  
by  rec ru itin g  p rim a rily  ty p e  I fibres [23], in d ica ted  by  th e  co n 
t in u o u s  in crease  in D eoxy[H b+M b] th ro u g h o u t th e  pro toco l, 
w h e rea s  for th e  sam e  p e rio d  o f tim e , u n tra in e d  con tro ls  w ill 
have to  re c ru it fa ste r th e ir  m o re  fa tiguab le  FT fibres, in d ica ted  by 
th e  s tead y  s ta te  in  D eoxy[H b+M b] d u rin g  th e  second  h a lf  o f  th e  
p ro toco l.
Since specifically  tra in e d  sub jec ts  ex h ib ited  a h ig h er in crease  in 
cap illa ry  0 2-e x tra c tio n  co m p ared  to  u n tra in e d  co n tro ls , it is 
v e ry  su rp ris in g  th a t  specifically  tra in e d  boys d isp layed  a low er 
RI co m p ared  to  th e  co n tro ls. How ever, it is im p o rta n t to  no te  
th a t  RI does n o t re flect m uscle  reo xygenation , b u t reox y g en a tio n  
o f  [H b+M b] u n d e r  th e  NIRS-probe, s itu a te d  in  sm all cap illa ry  
b lood  vessels. In line  w ith  Kim e e t al. [18], th e  slo w er RI for sp e 
cifically tra in e d  c h ild ren  is p re su m ab ly  d u e  to  th e  h ig h er ox id a 
tive  cap ac ity  an d  th u s  th e  h ig h er cap illa ry  0 2-e x tra c tio n  from  
th e  VL o f  specifically  tra in e d  boys co m p ared  to  th a t  o f  u n tra in e d  
co n tro ls . As a co n seq u en ce , th e  0 2-g rad ie n t from  cap illa ry  b lood  
to  m yocy te  a t th e  o n se t o f  b lood  re p erfu s io n  w ill b e  h ig h er in 
specifically  tra in e d  boys co m p ared  to  u n tra in e d  co n tro ls. C onse
q uen tly , th e  tra in e d  sub jects w ill b e  ab le  to  c o m p en sa te  th e  0 2- 
im b a lan ce  in th e  VL itse lf m o re  rapidly, b u t th is  w ill re su lt in a 
slo w er reo x y g en a tio n  o f  [H b+M b] u n d e r  th e  NIRS-probe, 
b ecau se  o f a  v e ry  fast cap illa ry  0 2-e x tra c tio n  o f [H b+M b]. A ddi
tionally , re su lts  confirm  th a t  th e  sp eed  an d  m ag n itu d e  o f cap il
la ry  0 2-e x tra c tio n  d u rin g  th is  ty p e  o f  exercise  is a  v e ry  im p o rta n t 
facto r in fluencing  th e  RI [18].
To o u r  know ledge, th is  is th e  first s tu d y  to  ex am in e  m od ification  
in b o th  EMG a n d  NIRS a c tiv ity  in  tra in e d  an d  u n tra in e d  ch ild ren  
d u rin g  b ila te ra l in te rm it te n t  su b m ax im a l iso m etric  k n e e -e x te n 
sion  exercise. How ever, th e  s tu d y  show s so m e lim ita tio n s , in h e r
e n t  to  NIRS- an d  E M G -m easurem en ts. First o f  all, e arlie r s tu d ies 
[18] w ith  NIRS p e rfo rm e d  a n  a rte ria l occlusion  as physio logical 
scale to  d e te rm in e  th e  level o f  d eo x y g en a tio n  in a d u lt p a r tic i
p a n ts . How ever, th is  m e th o d  is v e ry  p a in fu l, especially  for leg 
occlusion , an d  rare ly  u sed  in  p aed ia tr ic  p o p u la tio n s . T herefore, 
w e  se t th e  b ase lin e  v a lu e  a t 100 % Deoxy] Hb + Mb] a n d  ex p ressed  
D eoxy[H b+M b] re la tive  to  th e  base lin e  value . Also, since  NIRS-
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tech n iq u es rely  o n  ligh t p e n e tra tio n  to  th e  t is su e  w h ic h  is m ain ly  
a b so rb ed  by  ch ro m o p h o res [27], w e  assu m e  th a t  no  d ifference  
can  be  sh o w n  b e tw e e n  a d u lts  an d  ch ild ren . It w o u ld  be  in te re s t
ing in th e  fu tu re  to  assess m eth o d o lo g ies  o f  th e  NIRS signal in 
b o th  c h ild ren  a n d  ad u lts . Secondly, th e  2 p ro b es, m etab o lic  and  
e lec tro m y o g rap h ic  (NIRS a n d  EMG), w e re  as close as po ss ib le  to 
each  o th e r  b u t  n o t ex ac tly  on  th e  sam e  m usc le  p ro p o rtio n . EMG- 
m e a su re m e n t p rov ides a  good re p re se n ta tio n  o f  to ta l m uscle  
re c ru itm e n t [6]. How ever, NIRS show s reg ional d ifferences in 
ox y g en atio n  [8]. In a d d itio n , N IR S -m easurem en t a llow s th e  
in v estiga tion  o f  on ly  a few  cubic  c en tim e te rs  o f  th e  superficial 
m usc le  area , w h e re  p re d o m in an tly  FT fibres a re  s itu a te d  [19]. 
U nfortunate ly , th is  tech n ica l lim ita tio n  o f NIRS in g en era l c an n o t 
b e  solved. In ad d itio n , w e  stro n g ly  adv ise  a d d itio n a l investiga
tio n s  w ith  su itab le  tech n iq u es (b lood  m etab o lites  a n d  e le c tro 
lytes co n ce n tra tio n  m ea su re m e n t)  co m b in ed  w ith  NIRS and  
EMG to  ge t m o re  in sig h t in to  th e  m ech an ism s th a t  lim it th e  
b ila te ra l in te rm it te n t  su b m ax im a l iso m etric  k n ee-ex ten sio n .
In conclusion , o u r  findings in d ica te  th a t  specifically  tra in e d  boys 
sh o w  a t th e  m uscle  level a  d iffe ren t re sp o n se  to  b ila te ra l in te r 
m it te n t  su b m ax im a l iso m etric  k n e e -e x te n sio n  exercise  co m 
p a red  to  th e  u n tra in e d  co n tro ls. The d ifferences in 
D eoxy[H b+M b] m ig h t re flect a  d iffe ren t p a tte rn  o f  m uscle  02- 
e x trac tio n , p re su m ab ly  d u e  to  a  h ig h er ox idative  cap ac ity  o f th e  
ST fibres in  th e ir  VL an d  a  m o re  accu ra te  n e u ro m u scu la r  fibre 
ac tiv a tio n  p a tte rn , d u e  to  tra in in g  a d ap ta tio n s  a t  m usc le  level. 
As a co n seq u en ce, specifically  tra in e d  boys sh o w ed  a  delayed  
o n se t o f  m usc le  fa tigue d u rin g  th is  specific su b m ax im a l b ila tera l 
iso m etric  k n e e-e x te n sio n  exercise.
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