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Effects of exercise-induced arterial hypoxemia
on limb muscle fatigue and performance
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Summary this desaturation by adding small amounts gpdroxic
) ) . . inspired @s mixtures (.23 - .30,6,) induces an increase in
1. Reductions in arterial Psaturation (-5 to -10% exgcise time to ghaustion (See Figure 3). Furthermore, if
SaQ < rest) occur ver time during sustained hep the Q desaturation isxacerbated by acutely reducingg

intensity ercise in a normoxic environment, due primarily,, ascending to high altitudeseecise time to exhaustion is
to the effects of acid pH and increased temperature on §@her reduced (Fiaure 3).

position of the HbQdissociation curve.
2. We pevented the desaturation incurred dul
exacise a’B0% \o,,,,, viaincreased fO, (.23 to .29) an

Arterial O2 Desaturation During Endurance Cycling
Exercise (90% VO, F102 .21)

showed thatxercise time to exhaustion was increased. 1007
3. We wsed supramaximal magnetic stimulation | 98-
100 Hz) of the femoral neevio test for quadricepsafigue 96-
We wsed mildly hyperoxic inspirates (B, .23 to .29) t
prevent O, desaturation. \Wthen compared the amount g 947
quadriceps fatigue incurred folling cycling eercise a S 927
SaQ, 98%vs. 91% with each trial carried out at identi & o,
work rates and for equal durations. H=717
4. Preventing the normal seercise-induced € 88 ?emp;wo
desaturation prented about one-half the amount 861 PO, = 85 mmHg
exacise-induced quadriceps fatigue; plasma lactate
effort perception were also reduceth a subset of less PreWU 2 4 6 8 1012 14 16 18

subjects who showed only minimal arteriaypbxemic
during sustainedxercise (SaQ [B5%), breathing a mild.y
hypoxic inspirate (fO, .17, SaQ [B8%) exacerbated the
quadriceps fatigue. Figure 1. EIAH during heavy intensity constant load
5. We mnclude that the normakercise-induced ©  cycling esercise in 11 fit young adult male cyclistsThe
desaturation during heavy intensity enduranoeroise O, desatuation was due primarily to a time-dependant
contritutes significantly toercise performance limitation metabolic acidosis (pHI7.17) and rise in tempature
in part because of its effect on locomotor muscle fatigue. (0+2°C) as PaQwas 80 — 90 mmHg.

Time (min)

We asked the fundamental question, “Whdoes
Exercise-Induced Arterial Hypoxemia (EIAH) arterial typoxemia—either the 6 to 10% reduction in SaO
induced by prolonged heavyxecise in a normoxic
EIAH is defined as a reduction in arterial, O ervironment or the more sere Q, desaturation
saturation (Saf) and occurs for a variety of reasons.encountered during prolonged heavyereise at high
During short-term incrementalxercise in some highly altitudes—curtail performance time?” Is this curtailment
trained subjects arterial BQOmay fall secondary to an strictly a result of reduced Otransport to \wrking
excessvely widened aleolar to arterial PQdifference and locomotor muscle leading to “peripheral” endyar
in the absence of significanypberver_\tilationl. If this EIAH  fatigue? This peripheral fatigue feft is certainly a
is prevented @ia increased [O,), Vo,,,, is increased. reasonable hypothesisvgn the evidence thatypoxemia
During constant load, high intensity cycling or runningwill reduce C&* reuptale and release in the sarcoplasmic
exacise sustained to the point okhaustion, SaQfalls  reticulum, thereby decreasing cross-bridgevatitin and
progressiely over time due primarily to a time- (and force outputt and this effect may occur through a number
intensity-) dependent metabolic acidosis and rising body mechanisms, including accumulation of lactate and
temperature, which shifts the,@issociation cur® to he hydrogen ions, in@anic phosphate and/or free radical
right (see Figure 1)In some highly fit subjects (especially production> A recent study stwed indirect myoelectric
during running gercise) a reduced &®, will also evidence of seere hypoxic effects on locomotor muscle
contrikute to a reduced Se}b(see Figure 2).Preventing fatigue during cycling.
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governor” limiting motor recruitment of working muscle

Endurance Treadmill Running At 90% VO2zmax such.that the fqnc_:tiqn of vital gans is protected may
explain eercise limitation in the presence ofpoxemia’

100 Hence, this latter hypothesis would require reftehibition
98 of central motor output to locomotor muscles in order to
protect aginst impending failure of vital gens, and/or
96 — the occurrence of lung edeaimiting the duration and/or
S 94 - magnitude of cerebralypoxia in order to preseeveerebral
3(: aerobic metabolism may present yet another potential
% 92 — source of central inhibition of locomotor muscle
9D g9 PaO, =75 recruitment. A recent study prented EIAH during
PaCo, =36 maximal rowing gercise and obseed an increase in brain
88 ’;;35?229‘ 3% oxygenation bt no change in muscle oxygenation, thereby
86 Temp=39.2°  implying that changing Safhad little effect on muscle O
transportper se’ Indeed, the classic studies of John Sutton,

r—Tr 1T 1T 1T 1T T T "“T"1
0 2 4 6 8 10 12 14 16 18

Exercise Time (min)

Jack Reees and colleagues in Operation Everest |l
predicted a major role for non-peripheral factors in limiting
exacise performance during the simulated ascent of
Figure 2. Arterial Q saturation during constant load, Everest0!!

high intensity treadmill running to exhaustion in 17 fit

young women (FO, .21). Mean values @ shown for General Methods

those with a low &0, (75 mmHg) (closed circles) and
those who maintained a higra®, (85 — 90 mmHg) (open
circles) thoughout. Dashetines refer to subjects who did
not show hypoxemia duringc@rcise (mean values, open
symbols) and solid lines refer to those with hypoxem
(closed symbols, mean value3he RCO, was higher and
the alveolar to arterial PQ difference wider in the low
PaO, group. Thetime-dependant fall in Satheyond the
first two minutes of running was due to the rise in teeaper
ture (+2.2°C) and fall in arterial pH (07.25 pH). (After
Waeter et al, 20013)

Eleven aubjects were studied of am® aerage
aerobic fitness (9,,,,, = 44 — 69 nvkg/min, ages 19 — 33
years). V& used supramaximal magnetic stimulation of the

moral nere bkefore and after cycling xercise to

etermine if indeed locomotor muscktifue,per se was
induced by changing Vels of arterial oxygenation during
high intensity ®ercise in normoxic and in ypoxic
ernvironments. Thisprocedure consisted of paired, supra-
maximal stimuli delrered over a range of frequencies (1 —
100 Hz), achieed by varying the duration of the inter
stimulus interal. Thequadriceps force output in response

Acute Hypoxemia Decreases Endurance to supramaximal neevgimulation was shown to be highly
Performance (90% VO2zmax, 300 Watts) reproducible (coefficient of variation & 6%) both within-
FIO, 28 21 17 13 and between-daysEvoked potentials in response to nerv
Sa0; 98% 91% 87% 75% stimulation were measured from the quadriceps muscle

N
o
1

EMG; their magnitude remained unchanged from baseline
to post gercise conditions ensuring that the motor input to

the muscle ws supramaximal and equal before and after
the cycling eercise. Superimpositiof a supramaximal
i twitch on a maximum oluntary quadriceps contraction

-
[9)]
I

-
o
I

[9)]
L

produced an\&rage force output thatveraged 7% of the
potentiated twitch alue at rest, indicating that subjects did
not fully actvate their quadricepgia voluntary effort.

Time to Exhaustion (min)

o
L

Peripheral Muscle Fatigue—cannot respond?

Inhibition of “Central” Motor éi'tput—w asked to respond? Experiment A. Prevmting EIAH in a Normoxic
Environment

Why? 1O transport =

Figure 3. Effects of EIAH on time to exhaustion at a
fixed, high intensity work rate.Note in a hormoxic e
ronment with an endxercise arterial Q satumtion whih
avelagad 91% (see gure 2 time to &haustion was about
13 minutes.Prewventing this reduction in Sa@via F,0, .23
to .29) allowed the subjects taescise at least 16% lorag,
wheeas reducing fO, below normoxic levels caused mod
erate (at RO, .17 and 87% Sag) and then marked (at .13
F,0, and 75% Sag) reductions in xercise time to xhaus-
tion.

Subjects gcled at a fixed workload at an intensity
that averaged 90% of their peak maximal work rate, until
they could no longer maintain a get pedaling frequegc
Arterial blood was obtained periodically and magnetic
stimulation vas applied at baseline and at intervals from 2.5
to 70 minutes following »ercise. Thenthe subjects
returned and repeated thexperiment only with
supplemental inspired {3.23 - .29 FO,) added in amounts
that were just sufficient to prent EIAH, i.e., SaQ was
maintained at resting Vels ((08%). Onthis second day
Alternatively, the long-held concept of a “central subjects rercised at pwer outputs and for durations that
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were identical to those under contro|@.21) conditions. voluntary contraction, we observed thatuntary actvation

Thus the only difference between the otwexercise of the quadriceps was reduced from 93% during the pre-

conditions was the SaQ.e., 91%vs.98%. exacise resting baseline to 85% followingescise in
normoxia; and when desaturatiomsvpreented, wluntary
activation fell less than half this amount (93% at baseline to
90% immediate postxercise).

40 - These findings demonstrate that the arteriagl O

desaturation that normally accompanies heavy intensity

[0

o

o

L

[0}

Q C

_8 -(% sustained xercise in a normoxic environment contrtes

§ =1 significantly to locomotor musclafigue. Inturn, we think

3 £ it reasonable to conclude that the lessening of local muscle

put ‘Q fatigue with the preention of Q, desaturation contributes to

% g -20 - an enhancement okercise performance. Nertheless, we

£ & cannot claim a true causedesft relationship, because we

25 are unable to determine Wothese data obtained during

A supramaximal nees gimulation in recwery translate

€L precisely into the subjects’ capability for sustaining\eemi

I_% 0 - (Iikely sub-maximal) pweer output during the preceding

;1’ exgacise.

X FIO2 21 .28 A7 .21 While these data clearly implicate a significarieef
Sa0, (%) 91 98 88 95 of reduced Qtransport on locomotor muscle fatigue and on
Time (min) 13 13 10 10 exacise performance, tigedo rot rule out an effect of O

desaturation on reducing motor output to the locomotor
Work Rate (w) 300 300 260 260 muscles duringxercise i.e. “centraldtigue”!? Indeed the
finding that eercise significantly reduced oluntary

Figure 4. Cycling exercise to exhaustion in normia activation of the quadriceps, and that this wasgddy
caused a reduction in force output of the quadriceps inrelieved by preventing O, desaturation, indirectly implicates
response to supramaximal femoral nervdimulation @ cntribution from “central fatigue” to ypoxemic efects
which averaged one-third bel baseline. When the on e&ercise limitation. A major outstanding problem with
hypoxemia was prented (.27 [O,) and the &erise car interpretation of these tests is whether the change in force
ried out for an identical time and work rate as gOF.21, output with the superimposed twitch, as conducted in the
quadriceps fatigue was reduced by mdran 50%. When resting subject during reeery, truly represents “central
EIAH was made greater by mild vronmental hypoxia inhibition” of the volitional force produced during the
(F,0, .17), quadriceps fatigue was enhancéinally exer- ~ preceding rhythmicercise task.To date there is no direct
cise to exhaustion in normoxia andver hypoxia (FO, evidence—pro or con—of an effect of arterigtpoxemia
.13) ae hown. Notethat seere hypoxemia causedxer- on reflec inhibition of central motor output to locomotor
cise to stop in less than one-thithe time as in normoxia; musclesduring exacise. Certainlithe reduced rates of rise
however the amount of quadriceps fatigue was only on@f effort perceptions during xercise when EIAH \as
half that in normoxia. prevented might also he&e ontributed to e&ercise
performance limitation and may be classified as “central’
. - ) _— fatigue (or “symptom limited”). However since much of
The ley fang_ue flndlng_s are _summarlzed in Figure _4the cause of enhancedat perceptions in the presence of
Note that gercise in hormoxia, which caused a progressi hypoxemia likely originated from intensified sensory

de(;satgratio?fto 91% S@(Cr_anged:_ 87I_f?w:ﬁ)’ resul_ted in 3feedback input from atiguing, acidic muscles, then this
re U(.:t'on ot force outpgt Immediately g exercise at type of “central” ftigue is causally linked to “peripheral”
all stimulation frequencies (1 — 100 Hz) thaeraged 33% fatigue

belov baseline and returned gradually to baselinesl¢e
ove 70 mnutes of receery. When the EIAH vas Experiment B. Effect of Hypoxic-Induced Moderate
prevented and SaQheld at resting legls, the reduction in Hypoxemia

force output was still significant but only about one-half _ . ' .
that which occurred under control conditions in the  This &periment was conducted in those subjects who

presence of EIAH. Thus, the penmtion of EIAH, per se, ©Xerienced minimal © desaturation [(95%) during the
Significanﬂy reduced the amount of quadricemigﬁe exacise in normoxia. A similar deSign was used as in
induced by the xercise; it also significantly lowered the @®eriment A, in that the effect on quadricepsidue vas
absolute leel and rate of rise of arterial blood lactatecompared following xercise of identical work rates and
concentration wer the final half of the )ercise, and durations. Inthese subjects an @, of .17 reduced the
reduced the rate of rise offeft perception for both limb Mean eercise SaQto 88% and significantly increased the
discomfort and dyspnea (data notwhd Finally using @mount of quadriceps fatigue by 20 — 25%erothat
the twitch stimulation superimposed on the maximurfbsered at FO, .21 (SaQ 95%) (see Figure 4).
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Furthermore the moderate reductions in Sa€lov 90%
increased the rate of rise of blood lactate anfbrtef .
perceptions during thexercise. Soagain, as with the Perlpheral_/ Central Cause? of
prevention of EIAH in a normoxic environment, the furthe Hypoxemic-Induced Exercise
reduced SaQin a mildly hypoxic environment was lirdd Performance Limitation
to performance limitation by means of @ansport-induced
reductions in the force output of the locomotor muscles
response to supramaximal motor reegimulation.

We propose that the effects of EIAH on locomota
muscle (peripheral) fatigue mechanisms were due Locomotor Muscle T Effort Reflex

; ; . . i PR IS : P
reductions in muscle Otransport, which in turn auld Fatlg”e Perception '”h't:t'on'
reduce muscle Capi”ary F%@nd mitochpndria| Pp Since
the work rates in our study required ao)Mvery close to  [| Force Production To A [V Central Motor Output
Vo,,.« Preventing the Q desaturation also raised meao,V Supra-max Stim] To Locomotor Muscles]

about 5% (at endxercise). Thus, subjects wergeecising
at a slightly lower relatie work intensity which wuld _ . _
account for at least some of the reduction in lactaigure 5. Schematic of the “peripheral” and “central’

production and fatigue. fatigue influences on hypcemic-induced limitations to
exercise perdbrmance. We bund peripheal locomotor
Summary muscle fatigue to be induced by alldés of arterial hypox-

Th h tic di i Fi 5 outl themia studied—including the EIAH whicoccurs during
. € schemalic diagram (n Figure outlines ﬁeavy sustainedxercise in normoxia. Indirect &vidence
various types of contributions to curtailment of performancgISO implicates “central” fatigue contristions—especially

experienced in the presence of arterightixemia. Listed in severe enironmental hypoxia-induced arterial hypox-
are peripheral muscle fatigue secondary to reducgd §mia

transport to muscle and owtypes of “central” &ctors,

namely conscious fefrt perception and refteinhibition,

which might limit performance by reducing motor output tgz\cknowledgements

the working locomotor muscles. Our results\ghbat for

both levels of hypoxemia, its effect on limiting performance The original research reported in this manuscrigts w
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(i.e. locomotormuscle) &tigue. V¢ especially emphasize
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