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Abstract

Ascent to high altitude is accompanied by a reduction in partial pressure of
inspired oxygen, which leads to interconnected adjustments within the neu-
romuscular system. This review describes the unique challenge that such an
environment poses to neuromuscular fatigability (peripheral, central and su-
praspinal) for individuals who normally reside near to sea level (SL) (<1000 m;
ie, lowlanders) and for native highlanders, who represent the manifestation of
high altitude-related heritable adaptations across millennia. Firstly, the effect of
acute exposure to high altitude-related hypoxia on neuromuscular fatigability
will be examined. Under these conditions, both supraspinal and peripheral fati-
gability are increased compared with SL. The specific mechanisms contributing
to impaired performance are dependent on the exercise paradigm and amount of
muscle mass involved. Next, the effect of chronic exposure to high altitude (ie,
acclimatization of ~7-28 days) will be considered. With acclimatization, supraspi-
nal fatigability is restored to SL values, regardless of the amount of muscle mass
involved, whereas peripheral fatigability remains greater than SL except when
exercise involves a small amount of muscle mass (eg, knee extensors). Indeed,
when whole-body exercise is involved, peripheral fatigability is not different to
acute high-altitude exposure, due to competing positive (haematological and
muscle metabolic) and negative (respiratory-mediated) effects of acclimatization
on neuromuscular performance. In the final section, we consider evolutionary
adaptations of native highlanders (primarily Himalayans of Tibet and Nepal) that
may account for their superior performance at altitude and lesser degree of neu-
romuscular fatigability compared with acclimatized lowlanders, for both single-
joint and whole-body exercise.
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1 | INTRODUCTION

Human performance is often limited by fatigue,' which we
will define as an exercise-induced reduction in the ability
to exert muscle force or power, regardless of whether the
task can still be performed successfully (modified from
Ref. [2]). To localize the sites of impairment within the
motor pathway, separate terms are used to describe force
loss due to mechanisms at or distal to the neuromuscular
junction (peripheral fatigue), proximal to the neuromus-
cular junction (central fatigue) and at or above the motor
cortex (supraspinal fatigue).> The reductions of muscle
output, and the mechanisms responsible, are dependent
on the characteristics of the fatiguing task.” For exam-
ple, the proportion of force loss due to central fatigue in-
creases with task duration.*® Besides the influence of the
task characteristics, the mechanisms of neuromuscular
fatigability can be affected by environmental conditions
such as temperature and availability of oxygen.*’ This
review will explore the latter condition in the context of
high altitude.

The study of neuromuscular function with exposure to
high altitude has value for several reasons. Firstly, approx-
imately 81.6 million people live permanently at altitudes
>2500 m,® and >40 million people transiently go to high
altitude for work or leisure every year.’ Secondly, under-
standing the aetiology of neuromuscular fatigability at
high altitude may lead to strategies to limit development
of fatigue, which could be critical during activities such
as rescue operations. Thirdly, just as other experimental
paradigms represent analogues for clinical conditions (eg,
cold for hypothermia, heat for hyperthermia, bed rest or
chronic unloading for prolonged inactivity or micrograv-
ity), the study of human responses to high altitude may
offer insight into the pathophysiology of critical illnesses
accompanied by hypoxaemia.'

High altitude (3500-6250 m) is a unique challenge
for the human body. This is particularly true when those
who reside below 1000 m (lowlanders) transition swiftly
from these sea level (SL) conditions to real or simulated
(eg, normobaric or hypobaric hypoxic chambers) high al-
titude (acute high-altitude exposure; AH). With AH, rapid
adjustments to many physiological systems of the human
body are required to maintain homeostasis. For example,
to counteract reductions in haemoglobin saturation (S,0,)
and arterial oxygen content (C,0,) that follow a decline
in pressure of inspired oxygen (P,0O,), heart rate (HR)
and ventilation (Vg) increase to preserve oxygen delivery
(DO,) to muscles and organs. From a performance stand-
point, the most immediate consequences compared with
SL are decreased maximal aerobic power'" and increased
neuromuscular fatigability.12 In contrast, maximal anaer-
obic power is typically unaffected with AH."

With chronic (real or simulated) high-altitude expo-
sure (CH), positive (acclimatization; eg, greater Vi than
AH, polycythaemia, ie, augmented red blood cell num-
ber) and negative (eg, hypoxic pulmonary vasoconstric-
tion) interconnected physiological adaptations occur.**?
Functionally, maximal aerobic power improves com-
pared with AH, whereas maximal anaerobic power is
unchanged.'®!” Neuromuscular fatigability can be either
ameliorated from AH'" or unchanged,” depending on
the fatiguing task and locus examined; however, with rel-
atively few studies in the area, much remains unknown.

Despite the many positive adaptations, acclimatized
lowlanders do not achieve the remarkable capacity of na-
tive highlanders (eg, Sherpa of Nepal and Tibetans) for
physical exertion in the high-altitude environment. This
is perhaps unsurprising because the astonishing capacity
of these peoples resides in their genotypic and phenotypic
adaptations over millennia®""**; eg, Sherpa of Nepal are
descendants of people who have inhabited the Tibetan
Plateau for >25 000 years.” Seminal studies as well as re-
views have been published on the muscle ultrastructure
and metabolic features as well as cardiovascular and re-
spiratory physiology of native highlanders**>*; however,
none have focussed on the beneficial effects that such fea-
tures yield for neuromuscular fatigability in these popula-
tions at high altitude.

The scope of this review is to describe how neuromus-
cular fatigability in lowlanders is affected with AH (be-
tween 3500 and 6250 m) and CH (short- to medium-term
high-altitude exposure, ~7-28 days), as well as consider
how fatigability is influenced by heritable adaptations and
lifetime exposure to high altitude in native highlanders.
Regarding the effect of high altitude on neuromuscular
physiology, numerous resources exist, from sections of
the cornerstone book of Ward, Milledge and West,? to ex-
cellent reviews on muscle ultrastructure, energetics and
contractile c:haracteristics,16’23’30’31 cerebral blood flow,
cerebral function and exercise tolerance.**** Whereas
former reviews collectively characterize the effect of high-
altitude exposure on neuromuscular fatigability, the as-
pect of task-specificity has not been explored in depth as
it relates to the continuum of acute, chronic and lifetime
(ancestral) exposure to high altitude, and the evolution-
ary adaptations of highlanders to cope with fatigability in
such an environment. This review focuses solely on neuro-
muscular fatigability and provides a comprehensive exam-
ination of important factors such as: duration of exposure
to high altitude; modality and type of exercise; amount of
muscle mass involved; acclimatization in the context of
heritable adaptations and a lifetime of high-altitude expo-
sure (primarily for Himalayan Tibetans and Sherpa). This
final point is particularly useful because a comparison of
lowlanders to those who represent the gold standard of
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adaptability to high altitude provides insight into limita-
tions to acclimatization for those who reside near to SL.

2 | THE CHALLENGE AT HIGH
ALTITUDE

From a value of about 760 mm Hg at SL, air pressure (P,)
decreases with increasing altitude, which leads to de-
creased pressure of inspired gases. As aerobic organisms
depend on O,, the decline of P;0, with altitude represents
a notable stressor for humans. For a latitude between 15
and 45° (and as an average between summer and winter
months, with Py greater in summer), P, (in mm Hg) can
be determined as:

P, = exp[6.63268 — 0.1112 X (h) — 0.00149 x (h)*] (1)

with h representing the elevation in kilometres (relative to
SL).** Accounting for the fraction of oxygen in air (F,0y;
0.2093) and the water vapour pressure (47 mm Hg), PO, (in
mm Hg) can be calculated as:

P;0, = 0.2093 x (P, — 47) ®))

To solve for P;O, at a given altitude or elevation, the
two equations can be combined:

P,0, = —9.8371 + exp [5.06869 — 0.1112 X (k) — 0.00149 X (h)? |
(3)

It follows that the P;O, at 3500 and 6250 (lower and
upper limits of high altitude in the present review) is
64.3% and 43.6% of P;0, at SL (149 mm Hg), respectively
(Figure 1), and at about 5300 m P;0, is halved relative to
SL. Two other equations can further characterize the chal-
lenge of exposure to high altitude in the context of neuro-
muscular fatigability:

C,0, = (1.36 X [Hb] x S,0,) + (0.003x P,0,) (4)

DO, = C,0, x (BF/100) (5)

with C,0, in mL/dL, [Hb] (concentration of haemoglobin)
in g/dL, S,0, in % (NB: if estimated with pulse oximetry, it
is referred to as S;0,), 1.36 the affinity of oxygen for haemo-
globin, P,0O, (partial pressure of arterial oxygen) in mm Hg,
0.003 the solubility of O, in the plasma, and BF (blood flow)
aswell as DO, in mL/min.

Immediate ascent to high altitude leads to a decline in
P,0,, and if all else remains equal, to reduced P,0,, S,0,,
C,0, and DO,. In this acute situation, compensatory ad-
justments attempt to mitigate these declines, chiefly by
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FIGURE 1 Pressure of inspired oxygen (P;O,) as a function
of altitude. P;O, (mm Hg) was calculated as —9.8371 + exp
[5.06869—0.1112 x (h)—0.00149 x (h)*], with h representing the
elevation in kilometres (relative to sea level; see text for details).
At 3.5 and 6.25 km, the lower and upper limits of high altitude in
the present review, P;0, is ~95.9 and 65.0 mm Hg, respectively, ie,
64.3% and 43.6% of P;0, at sea level (149 mm Hg)

increased V.*® Despite this, the O, pressure gradients at
each step of the O, cascade, from ambient air to human
muscle, are reduced with acute exposure to P;0, encoun-
tered at high altitude.>”*® These reductions do not present
limitations for O, uptake in the resting skeletal muscle.*
However, as muscle oxygen consumption (VO,) is largely
determined by DO, as well as the gradient between capil-
lary and muscle intracellular PO,, and an increased DO,
does not offset the decline in this gradient, muscle VO,
at submaximal absolute workloads and maximal VO,
(VO,nay) are lower with high altitude-related hypoxia.*®*!

With short- to medium-term CH (~7-28 days of expo-
sure to high altitude), despite acclimatization, restoration of
P,0, and performance to SL never occur.'* As with AH, the
most important physiological response with acclimatiza-
tion is hyperventilation.'* That is, Vi, (as well as the hypoxic
ventilatory response) increases gradually over 1-2 weeks at
altitude.*** This increased ventilation is especially import-
ant for the early adaptations with CH, as it contributes to
the increase of S,0, and P,0O, by mitigating the reduction
in alveolar PO, at altitude, and by increasing [Hb] through
respiratory alkalosis-induced diuresis.!”* Indeed, with CH,
acclimatized individuals typically have greater P,0, and
lower P,CO, than unacclimatized individuals at the same
altitude.*® The second most important response in accli-
matization is increased [Hb].* Initially (up to 2 weeks), re-
duced plasma volume is the main determinant of increased
[Hb], whereas later (>2 weeks), polycythaemia prevails.***
After ~1 week at high altitude, increased [Hb], rather than
P,0,, is the main contributor to the partial recovery of C,0,
to values at SL* (see also figure 2 in Ref. [45]).

In addition to the aforementioned systemic responses
with CH that collectively improve P,0,, S,0,, [Hb] and C,0,,
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acclimatization occurs also in the muscle, at the ultrastruc-
tural and metabolic levels.****® Although such acclimati-
zation responses generally induce a reduction in peripheral
fatigability with CH compared with AH, one caveat with
acclimatization remains, ie, the increased work of breathing
because of ventilatory acclimatization.**° Further details
and the implications of this will be presented in the section
regarding neuromuscular fatigability with CH.

3 | EXERCISE CONSIDERATIONS
TO STUDY NEUROMUSCULAR
FATIGABILITY AT HIGH ALTITUDE

Before delving into the effect of exposure to high altitude
on neuromuscular fatigability, it is important to present a
few considerations related to task specificity, in particular
the amount of muscle mass involved, the determination of
the targeted intensity and the exercise paradigm.

3.1 | Amount of muscle mass involved
The amount of muscle mass involved markedly influences
the aetiology of neuromuscular fatigability. This is a well-
known factor for exercise with AH and CH,***! a feature
also recently highlighted in the context of neuromuscular
fatigability with normoxic exercise.”> When evaluating neu-
romuscular fatigability with high-intensity whole-body ex-
ercise with AH or CH, it is necessary to consider potential
cardiorespiratory limitations and associated hypoxic-related
impairments. Firstly, exercise-induced arterial hypoxae-
mia (a decline in P,0, during exercise)™ develops with AH
and CH with whole-body but not with single-joint exercise
(Figure 2A)**™®, which accelerates the rate of peripheral
fatigability of the motor muscles.” Secondly, in the face of a
finite cardiac output, greater work of breathing with whole-
body relative to single-joint exercise (see values of Vi as an
approximate in Figure 2B), and the associated respiratory
muscle metaboreflex,*® will cause blood flow to be redistrib-
uted away from the locomotor muscles,’>®! thus exacerbat-
ing their fatigability.®*** Considering also that fatigability of
respiratory muscles is worsened with severe hypoxia,®* the
respiratory muscle metaboreflex with AH and CH is further
exacerbated compared with SL.*® As neither exercise-
induced arterial hypoxaemia nor increased work of breath-
ing™® are relevant when small muscle mass is involved (see
Figure 2), single-joint exercise is an excellent paradigm to
investigate the direct effects of acute or sustained low P,0O,
on the fatigability of the neuromuscular system. However,
whole-body exercise represents an ideal paradigm to study
how the cardiorespiratory and neuromuscular systems inte-
grate and adapt in response to the hypoxic challenge.

3.2 | Determination of the
targeted intensity

For single-joint exercise, the isometric or isokinetic maximal
voluntary contraction (MVC) force of a muscle or a muscle
group is typically not affected with AH (Figure 3A).3*>>¢68
However, there are some reports of a lower MVC force with
AH compared with SL.>"* Lower maximal strength may re-
flect poorer cortical voluntary activation with severe acute
hypoxia,'” owing to an abrupt reduction in cerebral mi-
tochondrial O, pressure.”* Similar to AH, with CH (at the
same or gradually increasing level of high altitude over
days), single-joint MVC force is typically not different from
SL (Figure 3A).18207275 Ap exception to this would be cases
when there is considerable high altitude-related muscle
wasting.76’77 However, studies have shown that this mus-
cular atrophy can be greatly limited by increased caloric
intake,”®”® which would prevent an atrophy-associated de-
cline in MVC force with CH. It follows that neuromuscular
fatigability studies involving single-joint isometric exercise,
using the same relative exercise intensity (% MVC force)
across SL, AH and CH, will most likely target the same ab-
solute force (or joint torque). In contrast, a relative intensity
for whole-body exercise (% VO, Or peak power output;
Wpeak) likely will result in different absolute exercise inten-
sities (work rates) across conditions because VO,,,,, and
Wpeak are greatly reduced with AH compared with SL, and
reductions are still evident with CH (Figure 3B).!®!7#

3.3 | Exercise paradigm

Key considerations for a single-joint exercise paradigm are
the percentage of MVC force targeted and pattern of activa-
tion (ie, sustained vs intermittent contractions). Although
direct investigations are limited in the context of hypoxia,
sustained contractions have a briefer endurance time with
AH compared with normoxia (SL) at low intensity (eg, 30%
MVC force)®*® but not at high intensity (eg, 60% or 70%
MVC force; Figure 4A).%% Studies by Katayama and col-
leagues®®®* demonstrated the importance of contraction
type as, in contrast to the findings with a sustained contrac-
tion, endurance time was shorter and peripheral fatigabil-
ity (estimated indirectly with increased electromyographic
activity) was greater with AH than SL for an intermittent
protocol at 60% MVC force, whereas both measures were
similar between conditions when the exercise was sustained
at the same target intensity (Figure 4B). Muscle blood flow
occlusion can occur with a sustained high-intensity contrac-
tion, and the percentage of MVC force needed to occlude
blood flow to muscle fibres is lower for strong than weak
individuals.*® With a substantial reduction of DO,, the ac-
cumulation of metabolites as well as their clearance, which
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FIGURE 2 Arterial oxygen saturation (S,0,) and ventilation (V) in single-joint and whole-body exercise at rest and at task failure,
with different inspired fractions of oxygen (F;0,). A, exercise-induced arterial hypoxaemia (indicated by a decrease in S,0, with exercise,
consequent to declined P,0,) occurs with whole-body but not with single-joint tasks. B, greater Vi in whole-body than single-joint exercise,
and as a consequence work of breathing, is associated with greater respiratory muscle metaboreflex (see text for details). All data have been
retrieved from figures (using WebPlotDigitizer v4.3) or tables of original articles. Numbers around data points indicate the F;0, used in the
study, with the reference number considered for data in superscript. A F,0, value of 0.21 corresponds to sea level, whereas F,0, values of
0.16, 0.15, 0.14, 0.13, 0.11, 0.10 and 0.09 correspond to simulated altitude-related hypoxia at ~2200, 2700, 3300, 3800, 5000, 5600, 6300 m

are chief determinants of peripheral fatigability,** may be
unaffected by reduced initial levels of P,0,, S,0, and C,0,,
ie, AH. Indeed, the rate of peripheral fatigability was greater
with AH than SL with intermittent isometric knee exten-
sions targeting 50% MVC force, but not when the exercise
was repeated in both conditions with ischaemia of the exer-
cising leg (Figure 4C).*> Additionally, muscle oxygenation,
as measured by near-infrared spectroscopy, was not differ-
ent between AH and SL for sustained high-intensity single-
joint exercise but lower with AH than SL when contractions
were intermittent.? Collectively, these observations indicate
that the best insight into the effects of AH and CH on neu-
romuscular fatigability during single-joint exercise will be

achieved with intermittent contractions or a low-intensity
sustained contraction (ie, <60% MVC force).

With whole-body exercise, the task paradigms most
often involve a constant work rate for a specified time,
incremental or constant work rate to exhaustion, or time
trials (maximal distance in a specified time, ie, work rate
is the dependent variable). It is imperative to consider the
paradigm chosen when interpreting the effect of AH or
CH on neuromuscular fatigability. For example, with a
constant absolute work rate for a specified time, both pe-
ripheral®® and supraspinal® fatigability are greater with
AH compared with SL. In contrast, if such a work rate
is held to exhaustion, peripheral fatigability is lower,*
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FIGURE 3 Maximal voluntary contraction (MVC) force or torque, maximal oxygen consumption (VO,,,,,) and peak power output
(Wpeak) at sea level (SL), and with acute (AH) and chronic (CH) exposure to high altitude. All data have been retrieved from figures (using
WebPlotDigitizer v4.3) or tables of original articles corresponding to the reference numbers in superscript. For reference, the turquoise
shaded areas indicate the interval between 95% and 105% of values at SL for MVC force, torque, VO, and Wpeak. A, single-joint exercise.
B, whole-body exercise (cycle ergometry). For single-joint exercise, MVC force or torque is typically not affected with AH and CH; it follows
that neuromuscular fatigability studies involving single-joint isometric exercise, using the same relative exercise intensity (% MVC force)
across SL, AH and CH, will most likely target the same absolute force or torque. In contrast, as VO,,,, and Wpe.dk are greatly reduced with
AH and CH compared with SL, a relative intensity for whole-body exercise (% VO, OF Wpe.dk) likely will result in different absolute

exercise intensities (work rates) across conditions

whereas supraspinal fatigability is greater”’ with AH com-
pared with SL. The latter is also the case with incremental
exercise to exhaustion with AH, when task termination
occurs at a lower Wpeak with both AH and CH compared
with SL.'®'7 If, however, whole-body exercise is conducted
at a relatively low intensity and for a prolonged time
(290 min), the same magnitudes of peripheral and supra-
spinal fatigability are present for SL and AH.*”* Details
(and the reasonings) will be reported in the sections spe-
cific to neuromuscular fatigability with AH and CH.

4 | NEUROMUSCULAR
FATIGABILITY WITH ACUTE
EXPOSURE TO HIGH ALTITUDE

The current consensus of peripheral and supraspinal fati-
gability with AH relative to SL for different exercise types
is summarized in Table 1. The mechanisms contributing
to peripheral and supraspinal fatigability in single-joint
and whole-body exercise with AH relative to SL are sche-
matically reported in Figure 5.
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4.1 | Single-joint exercise studies

Unless the exercise task is a high-intensity (eg, 260% MVC
force) sustained contraction (see subsection ‘Exercise
paradigm’ of the previous section), the rate of peripheral
fatigability is increased with AH compared with SL. This
has been demonstrated with voluntary exercise’>®**° as
well as intermittent electrically evoked contractions.”

as well as the prominent effects of greater metabolite ac-
cumulation (particularly inorganic phosphate) on myofi-
brillar function and sarcoplasmic Ca** release®***® would
accelerate the decline in muscle tissue contractility with
AH relative to SL. This is represented in Figure 6, which
shows that the decline of force with AH was greater than
at SL for intermittent electrically evoked contractions of
the knee extensors (from Ref. [75]).

With AH, relative to SL, the rate of supraspinal fatigabil-
ity is also accelerated. This has been reported for both lower
limb>>* and upper limb muscles.” Of note, when examin-
ing central fatigability as opposed to supraspinal fatigability
(ie, stimulation is applied to the peripheral nerve rather than
motor cortex), no differences have typically been reported
between SL and AH.®*'® For single joint exercise, the greater
supraspinal fatigability with AH relative to SL may be due to
a direct effect of reduced cerebral O, pressure on neuronal
activity.'”" Indeed, reduced cerebral O, pressure with AH
markedly decreases electroencephalographic activity and
complexity of the signal (reversible after reoxygenation), %
the turnover of neurotransmitters,'® synaptic transmission,
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Acute high-altitude exposure (AH) versus sea level (SL)

TABLE 1 Peripheral and supraspinal
fatigability with acute exposure to high

Single-joint Whole-body altitude, relative to values at sea level,
based on the exercise paradigm
PF SF PF SF
Isotime
Absolute target intensity + + + +
(force or power) 18,20,57,90,91 18,57
Relative target intensity (% + + = =
MVC force or % Wpeq) 68,7585 19 88 88
Isointensity
Exhaustion — + = 4L
55 55, 89 86 57

Note: The plus (+), minus (—) and equal (=) signs indicate that the fatigability measure with AH is
greater, lower or not different relative to SL, respectively. Numbers below signs indicate the cited
references that support each conclusion. Of note, no studies have been conducted using gold-standard
measures of fatigability for single-joint exercise at absolute target intensity because MVC force is typically
not lower with AH relative to SL (see ‘Determination of the targeted intensity’ subsection in text), which

means findings for this situation would mirror those at a relative target intensity.

Abbreviations: MVC, maximal voluntary contraction, PF, peripheral fatigability; SF, supraspinal

fatigability; Wpeak, peak power output.

ion channel and pump activity, and neuronal depolarization
(for review see Refs [32-34] and [106]). Alternatively, greater
supraspinal fatigability with AH relative to SL could relate to
increased group III/IV muscle afferent feedback, either from
increased resting discharge rate'®'® or from accelerated
formation of metabolites during the fatiguing task.”® When
using vascular occlusion (ischaemia) of the exercising elbow
flexors to ensure a similar muscular milieu between con-
ditions, task failure occurred sooner with AH than SL, and
cerebral oxygenation decreased in the simulated AH condi-
tion only.>* This suggests that reduced cerebral oxygenation,
independent of afferent feedback from the working muscles,
reduced exercise performance.> Support for this suggestion
comes from a study by Calbet and colleagues* who reported
administration of normoxic or hyperoxic gas at the point of
exhaustion during an incremental concentric knee exten-
sion task with AH enabled participants to continue exercis-
ing. Furthermore, when cerebral oxygenation with AH was
increased by supplementing inspiratory CO,, supraspinal
fatigability was reduced at the expense of greater peripheral
fatigability (due to greater respiratory-induced acidosis),*’
with no net effects on performance. Collectively, such find-
ings indicate that cerebral O, pressure as well as cerebral
oxygenation contribute substantially to the exacerbation of
supraspinal fatigability with AH.

4.2 | Whole-body exercise studies

Unlike single-joint exercise, whole-body exercise is influ-
enced by cardiorespiratory limitations and any associated

hypoxic-related impairments (chiefly exercise-induced ar-
terial hypoxaemia and the respiratory muscle metaboreflex;
see subsection ‘Amount of muscle mass involved’ of the
previous section). However, the effects of AH on peripheral
and supraspinal fatigability during whole-body exercise
corroborate findings from single-joint studies with AH.

When exercising at the same absolute intensity for the
same duration (except for a prolonged time, ie, 290 min,
see paragraph at the end of this section), peripheral fati-
gability is increased with AH compared to SL,'*2*7-%09!
presumably due in part to greater metabolite accumula-
tion with AH.'®” Additionally, increased exercise-induced
arterial hypoxaemia and work of breathing with AH rel-
ative to SL can exacerbate the development of peripheral
fatigability in the former condition.>*>%%%3

With whole-body exercise at the same absolute inten-
sity at SL and with AH, the rate of supraspinal fatiga-
bility is also accelerated.’®” When epidural anesthesia
was used to block group III/IV afferent feedback from
the working muscles during cycling with AH, time to
exhaustion was not different from the trial with intact
feedback.'® Additionally, when hyperoxic gas was de-
livered at the point of exhaustion during cycling with
AH, EMG activity of locomotor muscles as well as ce-
rebral oxygenation were rapidly increased, and exercise
continued.’****! These findings indicate indirectly that
the performance reduction with AH relative to SL has
a central component independent of afferent feedback,
and sensitive to severely declined P,0,, which may be
responsible for greater supraspinal fatigability in the for-
mer condition.**'%
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Acute high-altitude exposure
(AH)

Faster phosphagen depletion and
greater metabolite accumulation from
lower PO, and C O,

Slower recovery of phosphocreatine &

Impaired myofibrillar function and
sarcoplasmic calcium release

Direct effect of reduced cerebral O,
pressure and C,O, on neuronal
activity

Reduced neurotransmitters turnover,
synaptic transmission, ion channel
and pump activity, and neuronal
depolarization

Greater peripheral fatigability through
increased work of breathing and the
associated metaboreflex

Increased exercise-induced arterial
hypoxemia

Muscle tissue

Central nervous
system

Cardiorespiratory
system

Chronic high-altitude exposure
(CH)

Beneficial effect of increased PO,
and C_ O, from AH

Muscular remodelling and metabolic
adaptations

Increased cerebral oxygen delivery
and cerebral function through
increased P,0O, and C_O, from AH

Greater preservation of motoneurone
excitability during a fatiguing task

Beneficial effect of increased P,0,
and C_O, from AH

Negative effect of increased
metaboreflex due to greater
ventilation from AH

FIGURE 5 Schematic representation of the mechanisms in the muscle tissue, central nervous system, and cardiorespiratory system,

contributing to peripheral and supraspinal fatigability in single-joint and whole-body exercise with acute (AH) and chronic (CH) exposure

to high altitude. P,O,, partial pressure of arterial oxygen; C,0,, arterial oxygen content. The additional influence of the cardiorespiratory

system occurs when whole-body exercise, as opposed to single-joint, is performed

A hallmark of whole-body exercise with AH is greater
Vg compared with SL. Although this is a necessary cardio-
respiratory adjustment to mitigate the decline in P,0, with
severe hypoxia, two inevitable drawbacks are increased
work of breathing and hyperventilation-induced hypocap-
nia (ie, decreased partial pressure of arterial CO,, P,CO,).
As explained previously, increased work of breathing with
AH relative to SL increases the rate of peripheral fatiga-
bility in locomotor muscles, independent of hypoxia.®>*
Hypocapnia has a profound effect on supraspinal centres,
leading to cerebral vasoconstriction and decreased cerebral
blood flow."'? Indeed, decreased P,CO, during exercise is
concomitant to reduced cerebral blood flow and cerebral
oxygenation,'**'"* which may facilitate supraspinal fatiga-
bility.”’ If the decline of P,CO, during whole-body exercise
is prevented (isocapnia) by breathing CO,-enriched air, ce-
rebral blood flow and oxygen delivery are improved, with

no effects on performance.'*>**” Although these studies did
not measure peripheral, central or supraspinal fatigability,
evidence from the work of Rupp and colleagues® (single-
joint exercise) indicates that, in the presence of CO, clamp-
ing, the contribution of peripheral fatigability increases,
whereas supraspinal fatigability decreases.

Even though AH accelerates the rate of both peripheral
and supraspinal fatigability, if single-joint or whole-body
exercises are conducted to exhaustion (at the same abso-
lute intensity), peripheral fatigability will be lower > but
supraspinal fatigability will be greater”"* at the end of
the exercise with AH compared with SL. That is, due to
the high sensitivity of supraspinal centres to reduced level
of cerebral O, pressure and cerebral oxygenation with AH,
the major determinant of exercise performance switches
from a predominantly peripheral origin to a hypoxia-
sensitive supraspinal component of fatigability.>”5¢1®
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FIGURE 6 Peak force during and after a unilateral, fatiguing
protocol comprised of intermittent electrically evoked contractions
of the knee extensors. Data are mean values (+xSEM) collected

at sea level (SL, black diamonds; n = 11), with acute (AH, grey
squares; n = 11) and chronic (CH—LL, blue triangles; n = 11)
high-altitude exposure in lowlanders (data adapted from Ref. [75]),
and collected at high altitude from Sherpa (CH—SH, red crosses;

n = 10; data adapted from Ref. [150]). Values are reported as
percentage of the baseline peak force. The fatiguing task involved
three bouts of 75 electrically evoked contractions. For each session,
the initial target was 30% of the maximal voluntary contraction
force attained that day. Each stimulus train consisted of 12 pulses at
15 Hz (800 ms long), with 800 ms of rest between trains (there were
15 s of rest between bouts of contractions). Data points during the
fatiguing protocol represent the mean peak force of the first, middle
and last five contractions of each bout. R1, R2 and R3 represent the
peak force of single contractions evoked 1, 2 and 3 min after the
end of the fatiguing task

Interestingly, when whole-body exercise is performed
for a prolonged duration and at a relatively low exercise
intensity (90 min at a work rate corresponding to ~50%
VO, max at SL in Ref. [87]; 3 bouts of 80 min at ~45% W,
for SL and AH in Ref. [88]), comparable magnitudes of
peripheral fatigability,*”*® supraspinal fatigability and rat-
ings of perceived effort® are present at the end of the ex-
ercise for AH and SL.

Overall (see Table 1 for a schematic summary), the ev-
idence presented above indicates that with AH, when tar-
geting the same absolute intensity as at SL for a specified
time (eg, absolute force or power), both peripheral and
supraspinal fatigability are worsened with AH for both
single-joint and whole-body exercise. For single-joint ex-
ercise only, if a relative intensity (% MVC force or torque)
is targeted for a given period of time, both peripheral and
supraspinal fatigability are greater with AH compared
with SL. In contrast, for whole-body exercise, if a relative
exercise intensity (eg, % Wy is performed for the same
duration of time, peripheral and supraspinal fatigability
are comparable between conditions. Finally, if single-joint

or whole-body exercise is held to exhaustion, peripheral
fatigability is lower, whereas supraspinal fatigability is
higher for AH relative to SL.

5 | NEUROMUSCULAR
FATIGABILITY WITH CHRONIC
EXPOSURE TO HIGH ALTITUDE

Based on the balance of data from existing studies, pe-
ripheral and supraspinal fatigability with CH relative
to SL are summarized for different exercise types in
Table 2. Figure 5 provides a schematic of the mecha-
nisms contributing to peripheral and supraspinal fatiga-
bility in single-joint and whole-body exercise with CH
relative to SL.

5.1 | Single-joint exercise studies

When measures such as the decline in MVC force or
changes in the root mean square or integrated surface
EMG are used to infer the effect of CH on neuromuscu-
lar fatigability, findings are equivocal. That is, some stud-
ies report that values with CH remain impaired relative
to SL,”*!* whereas others report no difference between
CH and SL data.’>'**!*! When more detailed measures
are taken (ie, with the use of external stimulation), pe-
ripheral, central and supraspinal fatigability with CH are
restored to SL values.'®”” The seminal study of Garner and
colleagues’® reported that with CH, peripheral fatigability
was greater relative to SL. However, measures were taken
at extreme altitudes (ie, ~6750 and 8050 m) after 24 and
35 days of simulated hypobaric hypoxia, with a lack of
uniform altitude in the days before testing (progressively
decreasing levels of P,O,). Thus, it is hard to interpret such
measures as representative of the adaptations of neuro-
muscular fatigability with CH.

With CH, findings regarding neuromuscular propa-
gation (estimated as the peak-to-peak amplitude of the
maximal compound muscle action potential; M-wave) are
equivocal, with reports that values with CH are lower, %1%
not different® or higher'® than SL. A decline in the M-
wave amplitude with CH may be due to decreased con-
centration of skeletal muscle Nat-K™-ATPase,'*® which
would be a favourable adaptation to severe hypoxia in low-
landers as it would reduce ATP demand.'* Indeed, with
temporary reoxygenation at high altitude (P;0, = 140 mm
Hg), impairments in the amplitude and duration of the
maximal compound muscle action potential were not
resolved,'? corroborating the structural (decreased Na'-
K*-ATPase concentration) rather than transient nature of
such changes.
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TABLE 2 Peripheral and supraspinal fatigability with chronic
exposure to high altitude, relative to values at sea level, based on
the exercise paradigm

Chronic high-altitude exposure (CH) versus sea level (SL)

Single-joint Whole-body
PF SF PF SF
Isotime
Absolute target intensity = = + =
(force or power) 18,20 18
Relative target intensity = = ? ?
(% MVC force or % Wpe) 75 19
Isointensity
Exhaustion ? ? ? ?

Note: The plus (+) and equal (=) signs indicate that the fatigability measure
with CH is greater or not different relative to SL, respectively. Numbers
below signs indicate the cited references that support each conclusion.
Question marks indicate that no studies have been conducted that use
gold-standard measurements to probe neuromuscular fatigability. Of note,
no studies have been conducted using gold-standard measures of fatigability
for single-joint exercise at absolute target intensity because MVC force is
typically not lower with CH relative to SL (see ‘Determination of the targeted
intensity’ subsection in text), which means findings for this situation would
mirror those at a relative target intensity.

Abbreviations: MVC, maximal voluntary contraction, W .., peak power
output; PF, peripheral fatigability; SF, supraspinal fatigability.

Despite the possibility that neuromuscular propaga-
tion may be impaired with CH, peripheral fatigability
(peak force and contractile impulse during an electri-
cally evoked fatiguing protocol of the knee-extensors) for
isotime exercise was lower than AH, and restored to SL
values.”> One reason for such restoration is the sizeable
increase of P,0, and C,0, with CH relative to AH.*
Additionally, with CH, muscular remodelling and met-
abolic adaptations occur, which are dependent on the
magnitude of altitude-related hypoxia and the duration of
exposure.48 For the altitude and duration considered in the
present review (ie, 3500-6250 m, and ~7-28 days), changes
in muscle fibre type are not expected,125 whereas reduc-
tions in myofibrillar proteins or the cross-sectional area of
whole muscle and single fibres may occur.'*>**” Although
periods at high altitude longer than 28 days are typically
required for mitochondrial density to decrease,*®'?%'1%
mitochondria-specific enzymes related to f-oxidation, the
tricarboxylic acid cycle and oxidative phosphorylation are
reduced already between 7 and 28 days.”***13932 1 other
adaptations, the control between ATP supply and demand
is greater”™'** and, due to a shift towards greater depen-
dency on glucose oxidation and improved mitochon-
drial coupling efficiency for oxygen phosphorylation, so
is oxygen efficiency.**®!*"3* These muscular metabolic
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changes with CH may also explain the faster recovery of
muscle force (despite the same end-exercise peripheral
fatigability) after intermittent electrically evoked contrac-
tions compared with SL (see figure 2 in Ref. [75]).

With CH, supraspinal fatigability for single-joint ex-
ercise is restored to SL values.'” The most likely reason
for the improvement from AH to CH is the considerable
increase of P,0, (and, in turn, cerebral O, pressure) and
C,0,, with acclimatization to high altitude. Indeed, NIRS-
related indices of cerebral oxygenation during single-joint
exercise are similar to those at SL,' indicating that the
balance between O, supply and consumption'*® is not
different between the two conditions. Another factor that
might favour restoration of supraspinal fatigability with
CH to SL values is preservation of motoneurone excitabil-
ity during a fatiguing task.' That is, unlike the fatigue-
related reduction of motoneurone excitability identified
for both AH and SL, the cervicomedullary motor evoked
potential did not decrease when an intermittent isometric
task was performed with CH." Of note, the cervicomed-
ullary motor evoked potential was recorded during the si-
lent period induced by transcranial magnetic stimulation,
which eliminates the confound of unknown descending
drive on this measure."**!*” Preservation of motoneu-
rone excitability with CH may be due to increased sym-
pathetic nervous system activity'**'* that leads to greater
circulating epinephrine and norepinephrine concentra-
tions.”>*%* More excitable motoneurones would require
less descending drive for a given muscle output, which
would mitigate the functional consequence of any impair-
ment to cortical drive.

5.2 | Whole-body exercise studies

A plethora of research has investigated the effect of ac-
climatization to high altitude on whole-body exercise
performance, particularly using cycling as the exercis-
ing task. Most commonly, incremental (eg, Refs [41] and
[142]) or isointensity (same absolute work rate) exercise
until exhaustion (eg, Refs [51] and [143]) has been used
to determine measures such as Wpeak, VO, CONCentra-
tion of blood lactate (to study the presence or absence of
the lactate paradox in lowlanders; eg, Refs [141, 143 and
144]), EMG activity or time to exhaustion. However, to
our knowledge, only two studies'®* have evaluated neu-
romuscular fatigability with CH using external stimu-
lation to probe peripheral, central and/or supraspinal
fatigability.

Differently from single-joint exercise, when peripheral
fatigability with CH is ameliorated from AH and recovers
to values at SL, peripheral fatigability of quadriceps femo-
ris following whole-body exercise is not different between
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CH and AH, with both conditions showing greater im-
pairment of the potentiated resting twitch force compared
with SL."*?° This absence of an improvement from AH
to CH could reflect the interplay of adaptations with CH
that would positively (increased P,0, and C,0,, as well
as metabolic muscular adaptations) or negatively (greater
metaboreflex-mediated shunting of blood away from the
working locomotor muscles due to greater Vi) influence
peripheral fatigability. Each of these mechanisms is de-
scribed in more detail in the preceding sections. The inter-
play of these mechanisms with CH should be investigated
further, particularly with superior measures of peripheral
fatigability (see ‘Additional Considerations’ section).

In terms of supraspinal and central fatigability, similar
to the findings with single-joint exercise, acclimatization
leads to an amelioration of the impairments seen with
AH."®® This may be due to increased P,0, and C,0,, as
well as estimated cerebral DO, during exercise, from AH to
CH."® Overall (see Table 2 for a schematic summary), based
on the balance of data from existing studies, when single-
joint exercise involves the same absolute or relative (ie, %
MVC) force or torque for the same period of time, both
peripheral and supraspinal fatigability are not different be-
tween CH and SL. Differently, for whole-body exercise, if
the same absolute intensity (work rate) is targeted, periph-
eral fatigue is worsened with CH relative to SL, whereas
supraspinal fatigue is unchanged. No studies have used
gold-standard measurements to compare peripheral and
supraspinal fatigability between CH and SL for whole-body
exercise at the same relative intensity (% VO, OF Wpey) OF
for either single-joint or whole-body exercise performed to
exhaustion.

6 | NEUROMUSCULAR
FATIGABILITY IN NATIVE
HIGHLANDERS

Differently from native lowlanders, who occasionally and
temporarily migrate to high altitude, native highland-
ers, by virtue of their lineage and a lifetime in such an
environment, present unique genotypic and phenotypic
adaptations to live and perform with chronically low Py
and P;0,. Currently, successful inherent adaptations to
high altitude are mainly recognized in three populations:
Ethiopians, Tibetans and Andeans.'* Their patterns of
adaptations, however, are markedly different. At altitudes
>3500 m (P;0, < ~96 mm Hg), relative to lowlander na-
tives at SL: (1) Andeans have greater [Hb] (resulting from
similar plasma volume but greater haemoglobin mass)
and lower S,0,; (2) Tibetans have similar [Hb] (due to
greater plasma volume and haemoglobin mass) and lower
S,0,; (3) Ethiopians have similar [Hb] and S,0,."**’

Most of the studies on exercise performance of high-
altitude natives involve either Andeans or Tibetans, which
means data are relatively scant in Ethiopians. Present day
Andeans and Tibetans are descendants of people who first
inhabited the Andean and Tibetan Plateaus ~11 000 and
25 000 years ago, respectively.”*'** As such, despite the same
external stressor at high altitude, ie, reduction in P;O, of at
least ~35% relative to SL, the two populations have adapted
independently and differently. Despite similarities at the mus-
cle ultrastructural level, >>* compared with native Andeans,
native Tibetans typically have greater Vg, lower mean pulmo-
nary arterial pressure, lower [Hb] (because of greater plasma
volume and lower haemoglobin mass), lower S,0, and there-
fore lower C,0,, and greater capillary density,?>?%4>146:149
Such differences make it likely that neuromuscular perfor-
mance and fatigability at high altitude will vary between the
two populations. However, because there are no studies to
compare neuromuscular fatigability between Tibetans and
Andeans, and the only two studies to draw comparisons be-
tween lowlanders and native highlanders were conducted
with Sherpa,***>! the Tibetan population will be the focus
of this review. Of note, because Sherpa belong to an ethnic
group that emigrated from Tibet ~500 years ago,"> Tibetans
and Sherpa will be considered together, as Himalayans, as in
previous reviews (eg, Ref. [27]). The following section will
consider physiological adaptations as they relate to neuro-
muscular fatigability with exercise. For reviews that focus
on physiological adaptations for life at high and extreme al-
titudes relative to lowlanders, we refer the reader to one of
these seminal articles (eg, Refs [21, 22, 26, 27, 153]).

To investigate intrinsic fatigability of muscles of low-
landers and Sherpa at high altitude, we recently assessed
force loss during a protocol of intermittent, electrically
evoked knee extensor contractions, which minimized acti-
vation of the quadriceps via central pathways.'*® Peak force
declined less for Sherpa than lowlanders during the fatigu-
ing task (Figure 6). Further, during the recovery period after
the task, rapid force production was greater for Sherpa com-
pared with lowlanders. Muscle oxygenation indices obtained
with near infrared spectroscopy and estimated DO, were not
different between groups, which indicates that adaptations
at the muscular level of Sherpa, independent of convective
DO,, favour the preservation of muscle performance and
repeated force production at high altitude.'® Sherpa, com-
pared with lowlanders at high altitude, have less perturba-
tion of phosphocreatine and inorganic phosphate levels,
greater resting concentration of ATP and phosphocreatine
(ie improved energetic reserve), and greater reliance on
phosphocreatine hydrolysis.”**>* Additionally, they have
reduced glycolytic activation and anaerobic glycolytic en-
zymes, greater coupling between ATP supply and demand,
decreased capacity for fatty oxidation, greater mitochondria
coupling efficiency (conferring an overall greater efficiency
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of oxygen utilization), greater protection against oxidative
stress and greater myoglobin content,*"*32%13+1%6 At the ul-
trastructural level of muscle, Sherpa, relative to lowlanders,
have smaller mean fibre cross-sectional area, greater capil-
lary density (favouring greater O, conductance), and lower
mitochondrial density, but greater O, consumption-to-
mitochondria volume ratio.">” All these adaptations, besides
contributing to the ‘lactate paradox’ for Sherpa at high alti-
tude (ie, a lower-than-expected accumulation of blood lac-
tate in a VO,,,, test in native highlanders compared with
lowlanders),'”> would also make the muscles of Sherpa
more resistant to peripheral fatigability. Specifically, these
adaptations would allow lower accumulation of inorganic
phosphate and lead to faster metabolite clearance and re-
covery, which would result in a lesser perturbation to the
muscular milieu for Sherpa than lowlanders and confer a
contractile advantage at high altitude.

The greater capacity for maintenance of neuromuscular
homeostasis at high altitude in Sherpa relative to acclima-
tized lowlanders was recently noted during a sustained,
voluntary isometric elbow flexion contraction at 25% MVC
torque.151 Of note, due to the smaller stature and body
mass of Sherpa than lowlanders, elbow flexor MVC torque
was considerably lower (~37%) in the former group, which
meant a lower absolute torque at the relative submaximal
target.'>' Despite similar supraspinal fatigability, biceps
brachii motor-evoked potentials, maximal M-waves, and
indices of cerebral oxygenation were less affected by the fa-
tiguing task for Sherpa than lowlanders, indicating a lesser
perturbation of homeostasis in the former group.

As muscles are the end point of the locomotor chain,
these aforementioned differences for fatigability between
lowlanders and Sherpa during single-joint exercise are
likely to greatly contribute to the superior performance at
altitude for Sherpa during whole-body activity. Notably,
numerous studies have identified other advantageous
physiological traits for performance at high altitude that
Himalayans exhibit. Himalayans have greater VO,,,, than
native lowlanders acclimatized at high altitude,15 8159 as
well as lower Vg, lower pulmonary vascular resistance, a
narrower alveolar-to-arterial P,0O, difference, a lesser de-
cline in S,0, and greater P,CO, during exercise.”***®! For a
review of these cardiovascular and respiratory adaptations,
we encourage the reader to consult the following articles:
Refs [21, 23, 26, 27, 38, 145, 153, 156, 162]. To view a graphi-
cal summary, see figure 2 in Ref. [27] or figure 1 in Ref. [23].
A tabular summary can be viewed in table 2 in Ref. [27].

From a performance perspective, differences between
Himalayans and lowlanders have been reported for the econ-
omy of locomotion (ie, metabolic energy per unit distance).
That is, when Himalayans and lowlanders cycled at the
same work rate at high altitude, the former group exhibited
lower VO,.'**!®* This disparity between populations has also
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been confirmed with walking and running at low altitude
(1300 m)."®* The greater economy of native highlanders com-
pared with lowlanders seems likely to be advantageous for
physical performance at high altitude, presumably yielding
lower neuromuscular fatigability. However, the latter point
is speculative, as neuromuscular fatigability (peripheral, cen-
tral and supraspinal) with whole-body exercise at high alti-
tude has never been compared between native Himalayans
and lowlanders. As such, experimental evidence is required.

The capacity of native Himalayans for superior perfor-
mance at high altitude is exemplified by Sherpa porters, who
can carry loads up to 200% of their body mass.'*® When com-
pared with lowlanders, for the same magnitude of carried
load, Sherpa porters have a considerably lower cost of loco-
motion,'®’ greater mass-specific metabolic power and loco-
motion efficiency.'®® This superior performance is largely the
result of biomechanically independent factors, namely respi-
ratory, circulatory and muscular adaptations in native high-
landers.'*”'%® Such aspects should intuitively lead to lower
fatigability in Sherpa porters compared with lowlanders for
the same load-carrying task; however, again, experimental
evidence is needed to confirm these suppositions.

7 | ADDITIONAL
CONSIDERATIONS

The following factors are important to emphasize for in-
terpretation of the findings presented in this review: how
high altitude-related hypoxia is induced (ie, real or simu-
lated), the duration of acclimatization for lowlanders, the
measures used to study peripheral fatigability, and the
training status of lowlanders and native highlanders.

7.1 | Inducing high altitude-
related hypoxia

For the study of AH, nearly all investigations have used
simulated high altitude because it enables rapid delivery
of a hypoxic stimulus, without giving enough time for
adjustments to occur related to acclimatization. If par-
ticipants travel to an elevation >3500 m, it typically takes
hours to days for the ascent (depending on the means of
transport), which means the study of AH would be biased
by the initial adaptations that occur with acclimatization.
Simulated AH may be achieved via normobaric or hypo-
baric hypoxia (ie, reducing F,0, and Py, respectively; see
Formula 2), with both leading to reduced P;O,. For this
reason, it is not uncommon for researchers to compare
data obtained via these two approaches; however, equiva-
lence of the two conditions should not be assumed.'®""
Hence, with simulated normobaric hypoxia being the
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most widely used paradigm to study AH, one must con-
sider that these findings may differ from the results that
would be obtained with either simulated hypobaric hy-
poxia or immediate ascent to high altitude.

In contrast to the study of AH, the investigation of
neuromuscular fatigability with CH has relied almost ex-
clusively on expeditions to high altitude. Whereas rarely
used, simulated CH (eg, Operation Everest 11)"? holds
some advantages over field work in that it allows factors
such as dietary requirements or daily exercise to be con-
trolled, thereby better isolating the effect of hypoxia from
others factors inherent to an expedition.

7.2 | Duration of acclimatization
for lowlanders

In the present review, we considered both real and simu-
lated altitudes between 3500 and 6250 m, and short- to
medium-term acclimatization (ie, ~7-28 days) as CH.
However, even when excluding elevations below or above
this range as well as very brief or prolonged acclimatiza-
tion periods, the hypoxic stimulus varies markedly among
studies. When considered in conjunction with the inher-
ent between-participant variability and the small sample
sizes for these studies, there are many research questions
still to be answered and findings to be confirmed.

7.3 | Measures to study peripheral
fatigability

Irrespective of environmental conditions, to accurately de-
pict fatigue-related impairments in muscle contractility,
force responses should be collected via supramaximal stim-
ulation across a broad range of frequencies. Although a full
force-frequency relationship would be ideal, the procedure
is time consuming, which means that the muscle state could
differ among responses as the muscle recovers from the fa-
tiguing protocol. Further, depending on the muscle group
examined, stimulation trains of sufficient duration (usually
1 s) to elicit a plateau of force for each tetanic contraction
can be prohibitively uncomfortable or yield unreliable force
responses. As such, force responses to single or paired high-
frequency stimuli (twitches and doublets, respectively) are
often used. Whereas this is a practical compromise, the
lower number of stimuli can lead to an overestimation of
peripheral fatigability, especially at high stimulation fre-
quencies'”® and acutely post-exercise.'”* This makes the
decline of twitch or doublet force a poor measure of periph-
eral fatigability. When a full force-frequency relationship is
not feasible, it is advised that responses be collected at both
low- and high-frequencies of stimulation® as well as the

frequency that approximates the motor unit discharge rates
expected during the voluntary contractions of the fatiguing
task. The majority of studies to investigate peripheral fati-
gability with AH and CH used only twitch or doublet force,
which means there is still much to learn about intrinsic fati-
gability of muscle fibres under these conditions.

7.4 | Training status of lowlanders and
native highlanders

To draw appropriate conclusions about the influence of
heritable adaptations and a lifetime of high-altitude expo-
sure on neuromuscular fatigability (or any physiological
measure) in such an environment, ideally participants of
each group should have an equivalent long-term training
status. Although training status was not quantified in any
of the studies we cite, the lowlanders who participate in
such expeditions tend to be active and fit individuals, so we
believe they are likely to represent a comparably trained
group to native highlanders. Nevertheless, it would be valu-
able for future studies to confirm this with some measure of
long-term physical activity. Given the logistical challenges
associated with equipping highlanders with wearable tech-
nology (eg, an accelerometer) prior to an expedition, a ques-
tionnaire (eg, Global Physical Activity Questionnaire)'” is
likely the most feasible option. However, appropriate trans-
lation into the native language of the highlander population
would be very important for a meaningful comparison with
lowlanders (although differences in the interpretation of
questions may still persist due to cultural reasons).

8 | FUTURE DIRECTIONS

Despite a growing body of knowledge regarding the effects
of acute and chronic exposure to high altitude on neuro-
muscular function and fatigability, several issues remain
to be addressed. For example, eccentric versus concentric
contractions, which differ for neural contributions at the
spinal and supraspinal levels,'”® could be used in fatigu-
ing tasks to determine whether the effect of AH and CH
on neuromuscular fatigability is specific to contraction
type. Furthermore, given the apparent preservation of mo-
toneurone excitability during fatiguing exercise with CH,"
studies should examine activity of single motor units (eg,
Ref. [177]) to determine to what extent AH and CH affect
motoneuronal output, and how this relates to task perfor-
mance (eg, force steadiness). Although expeditions to high
altitude have provided mechanistic insight into physiologi-
cal adaptations to sustained severe hypoxia (ie, acclima-
tization), future expeditions should endeavour to include
the study of adaptations that occur following the return to
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SL (ie, de-acclimatization). Field expeditions should also
extend our recent work with single-joint exercise,'***"
and compare peripheral, central and supraspinal fatiga-
bility between lowlanders and native highlanders with
whole-body exercise. Finally, a comparison of fatigability
among the three different ethnic groups at high altitude
(ie, Ethiopians, Himalayans and Andeans) would provide
invaluable information regarding the processes by which
humans have evolved to their environment, and the func-
tional consequences from a neuromuscular perspective.

9 | CONCLUSIONS

In the current review, we summarized findings of the influ-
ence of high altitude-related hypoxia (ie, 3500-6250 m, P;0O,
between ~64.3% and 43.6% of that at SL) on neuromuscu-
lar fatigability during single-joint or whole-body exercise
in the contexts of acute exposure, short- to medium-term
(~7-28 days) acclimatization, as well as heritable adapta-
tions and lifetime residence. It is clear from the results that
peripheral and supraspinal fatigability worsen with acute
exposure to high altitude. However, if the exercise is con-
ducted to exhaustion, peripheral fatigability will be lower,
whereas supraspinal fatigability will be greater. With ac-
climatization, both measures are restored to values at SL
for single-joint exercise. In contrast, with whole-body exer-
cise, only supraspinal fatigability is restored to the sea-level
standard, whereas peripheral fatigability is not improved
relative to acute high-altitude exposure. Compared with
acclimatized lowlanders, native Himalayan highlanders
(Tibetans and Sherpa) present lower peripheral fatigability
and greater maintenance of neuromuscular homoeostasis
during single-joint exercise. Along with known differences
between Himalayans and lowlanders for the cardiovascular
and respiratory systems, the implied neuromuscular ad-
aptations for highlanders would presumably lead to lower
neuromuscular fatigability compared with lowlanders for a
whole-body exercise at high altitude; however, this has yet
to be addressed experimentally.

ACKNOWLEDGEMENT

Open Access Funding provided by Universita degli Studi
di Milano within the CRUI-CARE Agreement. [ Correction
added on May 9, 2022, after first online publication: CRUI-
CARE Funding statement has been added. ]

CONFLICT OF INTEREST
There are no competing interests to declare.

AUTHOR CONTRIBUTIONS
All authors contributed to the conception of the present
review. LR and SH collected information from individual

ACTA PHYSIOLOGICA Bk

studies and drafted the manuscript. All authors revised the
manuscript critically for important intellectual content.
All authors have read and approved the final submission.

ORCID

Luca Ruggiero
Charles L. Rice
Chris J. McNeil

https://orcid.org/0000-0003-1914-9625
https://orcid.org/0000-0002-5323-6979
https://orcid.org/0000-0003-3681-4404

REFERENCES

1. Enoka RM, Duchateau J. Translating fatigue to human perfor-
mance. Med Sci Sports Exerc. 2016;48(11):2228-2238.

2. Bigland-Ritchie B, Rice CL, Garland SJ, Walsh ML. Task-
dependent factors in fatigue of human voluntary contractions.
In: Gandevia SC, Enoka RM, McComas AlJ, Stuart DG, Thomas
CK, eds. Fatigue. Neural and muscular mechanisms. Springer;
1995:361-380.

3. Gandevia SC. Spinal and supraspinal factors in human muscle
fatigue. Physiol Rev. 2001;81(4):1725-1789.

4. Smith JL, Martin PG, Gandevia SC, Taylor JL. Sustained con-
traction at very low forces produces prominent supraspi-
nal fatigue in human elbow flexor muscles. J Appl Physiol.
2007;103:560-568.

5. Thomas K, Goodall S, Stone M, Howatson G, Gibson ASC,
Ansley LES. Central and peripheral fatigue in male cyclists
after 4-, 20- and 40-km time trials. Med Sci Sports Exerc.
2015;47(3):537-546.

6. Todd G, Butler JE, Taylor JL, Gandevia SC. Hyperthermia:
a failure of the motor cortex and the muscle. J Physiol.
2005;563(2):621-631.

7. Cahill F, Kalmar JM, Pretorius T, Gardiner PF, Giesbrecht
GG. Whole-body hypothermia has central and periph-
eral influences on elbow flexor performance. Exp Physiol.
2011;96(5):528-538.

8. Tremblay JC, Ainslie PN. Global and country-level estimates
of human population at high altitude. Proc Natl Acad Sci USA.
2021;118(18):¢2102463118.

9. West JB, Schoene RB, Milledge JS. High Altitude Medicine and
Physiology. Hodder Arnold; 2007.

10. Grocott M, Montgomery H, Vercueil A. High-altitude physiol-
ogy and pathophysiology: implications and relevance for inten-
sive care medicine. Crit Care. 2007;11(1):203.

11. Klausen K, Robinson S, Micahel ED, Myhre LG. Effect of
high altitude on maximal working capacity. J Appl Physiol.
1966;21(4):1191-1194.

12. Fulco CS, Lewis SF, Frykman PN, et al. Muscle fatigue and ex-
haustion during dynamic leg exercise in normoxia and hypo-
baric hypoxia. J Appl Physiol. 1996;81(5):1891-1900.

13. di Prampero PE, Mognoni P, Veicstenas A. The effects of hy-
poxia on maximal anaerobic alactic power in man. In: Brendel
W, Zink RA, eds. High Altitude Physiology and Medicine.
Springer; 1982:88-93.

14. West JB. High-altitude medicine. Am J Respir Crit Care Med.
2012;186(12):1229-1237.

15. Dempsey JA, Morgan BJ. Humans in hypoxia: a conspiracy of
maladaptation?! Physiology. 2015;30:304-316.

16. Cerretelli P. Muscle energetics and ultrastructure in chronic hy-
poxia. Respiration. 1992;59(suppl 2):24-29.


https://orcid.org/0000-0003-1914-9625
https://orcid.org/0000-0003-1914-9625
https://orcid.org/0000-0002-5323-6979
https://orcid.org/0000-0002-5323-6979
https://orcid.org/0000-0003-3681-4404
https://orcid.org/0000-0003-3681-4404

LBl A\ -TA PHYSIOLOGICA

17.
18.
19.
20.

21.
22.
23.
24.
25.

26.

27.
28.

29.
30.
31.

32.
33.

34.

35.

36.

RUGGIERO ET AL.

Calbet JAL, Boushel R, Rédegran G, Sendergaard H, Wagner
PD, Saltin B. Why is VO, after altitude acclimatization still
reduced despite normalization of arterial O, content? Am J
Physiol Regul Integr Comp Physiol. 2003;284:R304-R316.
Goodall S, Twomey R, Amann M, et al. AltitudeOmics:
exercise-induced supraspinal fatigue is attenuated in healthy
humans after acclimatization to high altitude. Acta Physiol.
2014;210(4):875-888.

Ruggiero L, Yacyshyn AF, Nettleton J, McNeil CJ. UBC-Nepal
expedition: acclimatization to high-altitude increases spinal
motoneurone excitability during fatigue in humans. J Physiol.
2018;596(15):3327-3339.

Amann M, Goodall S, Twomey R, Subudhi AW, Lovering AT,
Roach RC. AltitudeOmics: on the consequences of high-altitude
acclimatization for the development of fatigue during locomo-
tor exercise in humans. J Appl Physiol. 2013;115(5):634-642.

Ge RL, Simonson TS, Gordeuk V, Prchal JT, McClain DA.
Metabolic aspects of high-altitude adaptation in Tibetans. Exp
Physiol. 2015;100:1247-1255.

Simonson TS. Altitude adaptation: a glimpse through various
lenses. High Alt Med Biol. 2015;16:125-137.

Murray AJ, Montgomery HE, Feelisch M, Grocott MPW, Martin
D. Metabolic adjustments to high-altitude hypoxia: from ge-
netic signals to physiological implications. Biochem Soc Trans.
2018;46:599-607.

Zhao M, Kong Q-P, Wang H-W, et al. Mitochondrial genome
evidence reveals successful Late Paleolithic settlement on the
Tibetan Plateau. Proc Natl Acad Sci USA. 2009;106:21230-21235.
Hochachka PW. Muscle enzymatic composition and metabolic
regulation in high altitude adapted natives. Int J Sports Med.
1992;13(suppl 1):S89-S91.

Wu T, Kayser B. High altitude adaptations in Tibetans. High Alt
Med Biol. 2006;7(3):193-208.

Gilbert-Kawai ET, Milledge JS, Grocott MPW, Martin DS. King
of the Mountains: Tibetan and Sherpa physiological adapta-
tions for life at high altitude. Physiology. 2014;29:388-402.
Horscroft JA, Kotwica AO, Laner V, et al. Metabolic basis
to Sherpa altitude adaptation. Proc Natl Acad Sci USA.
2017;114:6382-6387.

Ward MP, Milledge JS, West JB. High Altitude Medicine and
Physiology. Chapman & Hall; 1989.

Hoppeler H, Vogt M. Muscle tissue adaptations to hypoxia.
J Exp Biol. 2001;204:3133-3139.

Perrey S, Rupp T. Altitude-induced changes in muscle contrac-
tile properties. High Alt Med Biol. 2009;10(2):175-182.

Verges S, Rupp T, Jubeau M, et al. Cerebral perturbations
during exercise in hypoxia. Am J Physiol Regul Integr Comp
Physiol. 2012;302:R903-R916.

Goodall S, Twomey R, Amann M. Acute and chronic hypoxia:
implications for cerebral function and exercise tolerance.
Fatigue. 2014;2(2):73-92.

Fan J-L, Kayser B. Fatigue and exhaustion in hypoxia: the role
of cerebral oxygenation. High Alt Med Biol. 2016;17(2):72-84.
West JB. Prediction of barometric pressures at high alti-
tude with the use of model atmospheres. J Appl Physiol.
1996;81(4):1850-1854.

Wagner PD, Gale GE, Moon RE, Torre-Bueno JR, Stolp BW,
Saltzman HA. Pulmonary gas exchange in humans exer-
cising at sea level and simulated altitude. J Appl Physiol.
1986;61(1):260-270.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Richardson RS, Noyszewski EA, Kendrick KF, Leigh JS, Wagner
PD. Myoglobin O, desaturation during exercise. Evidence of
limited O, transport. J Clin Invest. 1995;96:1916-1926.
Hoppeler H, Vogt M, Weibel ER, Fliick M. Responses of
skeletal muscle mitochondria to hypoxia. Exp Physiol.
2003;88(1):109-119.

Richardson RS, Duteil S, Wary C, Wray DW, Hoff J, Carlier PG.
Human skeletal muscle intracellular oxygenation: the impact
of ambient oxygen availability. J Physiol. 2006;571(2):415-424.
Richardson RS, Knight DR, Poole DC, et al. Determinants of
maximal exercise VO, during single leg knee-extensor exercise
in humans. Am J Physiol. 1995;268(4 Pt 2):H1453-H1461.
Calbet JAL, Radegran G, Boushel R, Saltin B. On the
mechanisms that limit oxygen uptake during exercise in
acute and chronic hypoxia: role of muscle mass. J Physiol.
2009;587(2):477-490.

Rahn H, Otis A. Man’s respiratory response during and after ac-
climatization to high altitude. Am J Physiol. 1949;157:445-462.
Sutton JR, Reeves JT, Wagner PD, et al. Operation Everest II:
oxygen transport during exercise at extreme simulated altitude.
J Appl Physiol. 1988;64(4):1309-1321.

Sato M, Severinghaus JW, Powell FL, Xu FD, Spellman MJ.
Augmented hypoxic ventilatory response in men at altitude. J
Appl Physiol. 1992;73:101-107.

Hoiland RL, Howe CA, Coombs GB, Ainslie PN. Ventilatory
and cerebrovascular regulation and integration at high-altitude.
Clin Auton Res. 2018;28:423-435.

Rasmussen P, Siebenmann C, Diaz V, Lundby C. Red cell vol-
ume expansion at altitude: a meta-analysis and Monte Carlo
simulation. Med Sci Sports Exerc. 2013;45(9):1767-1772.
Siebenmann C, Robach P, Lundby C. Regulation of blood vol-
ume in lowlanders exposed to high altitude. J Appl Physiol.
2017;123(4):957-966.

Horscroft JA, Murray AJ. Skeletal muscle energy metabolism
in environmental hypoxia: climbing towards consensus. Extrem
Physiol Med. 2014;21(4):1191-1194.

Cruz JC, Reeves JT, Grover RF, et al. Ventilatory acclimatization
to high altitude is prevented by CO, rebreathing. Respiration.
1980;39(3):121-130.

Cibella F, Cuttitta G, Romano S, Grassi B, Bonsignore G, Milic-
Emili J. Respiratory energetics during exercise at high altitude.
J Appl Physiol. 1999;86(6):1785-1792.

Kayser B, Narici M, Binzoni T, Grassi B, Cerretelli P. Fatigue
and exhaustion in chronic hypobaric hypoxia: influence of ex-
ercising muscle mass. J Appl Physiol. 1994;76(2):634-640.
Weavil JC, Amann M. Neuromuscular fatigue during whole
body exercise. Curr Opin Physiol. 2019;10:128-136.

Dempsey JA, Wagner PD. Exercise-induced arterial hypoxemia.
J Appl Physiol. 1999;87:1997-2006.

Millet GY, Muthalib M, Jubeau M, Laursen PB, Nosaka K.
Severe hypoxia affects exercise performance independently
of afferent feedback and peripheral fatigue. J Appl Physiol.
2012;112:1335-1344.

Goodall S, Ross EZ, Romer LM. Effect of graded hypoxia on su-
praspinal contributions to fatigue with unilateral knee-extensor
contractions. J Appl Physiol. 2010;109:1842-1851.

Laursen PB, Rhodes EC, Langill RH, Taunton JE, McKenzie
DC. Exercise-induced arterial hypoxemia is not different
during cycling and running in triathletes. Scand J Med Sci.
2005;15(2):113-117.



RUGGIERO ET AL.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Goodall S, Gonzalez-Alonso J, Ali L, Ross EZ, Romer LM.
Supraspinal fatigue after normoxic and hypoxic exercise in hu-
mans. J Physiol. 2012;590(11):2767-2782.

Smith JL, Butler J, Martin PG, McBain RA, Taylor JL. Increased
ventilation does not impair maximal voluntary contractions of
the elbow flexors. J Appl Physiol. 2008;104:1674-1682.

Romer LM, Haverkamp HC, Lovering AT, Pegelow DF,
Dempsey JA. Effect of exercise-induced arterial hypoxemia on
quadriceps muscle fatigue in healthy humans. Am J Physiol
Regul Integr Comp Physiol. 2006;290:R365-R375.

Harms CA, Babcock MA, McClaran SR, et al. Respiratory mus-
cle work compromises leg blood flow during maximal exercise.
J Appl Physiol. 1997;82:1573-1583.

Dominelli PB, Archiza B, Ramsook AH, et al. Effects of respi-
ratory muscle work on respiratory and locomotor blood flow
during exercise. Exp Physiol. 2017;102(11):1535-1547.

Romer LM, Lovering AT, Haverkamp HC, Pegelow DF,
Dempsey JA. Effect of inspiratory muscle work on peripheral
fatigue of locomotor muscles in healthy humans. J Physiol.
2006;571(Pt 2):425-439.

Dominelli PB, Molgat-Seon Y, Griesdale DE, et al. Exercise-
induced quadriceps muscle fatigue in men and women: ef-
fects of arterial oxygen content and respiratory muscle work. J
Physiol. 2017;595(15):5227-5244.

Verges S, Bachasson D, Wuyam B. Effect of acute hypoxia
on respiratory muscle fatigue in healthy humans. Respir Res.
2010;11(1):109.

Amann M, Pegelow DF, Jacques AJ, Dempsey JA. Inspiratory
muscle work in acute hypoxia influences locomotor muscle
fatigue and exercise performance in healthy humans. Am J
Physiol Regul Integr Comp Physiol. 2007;293:R2036-R2045.
Eiken O, Tesch PA. Effects of hyperoxia and hypoxia on dy-
namic and sustained static performance of the human quadri-
ceps muscle. Acta Physiol Scand. 1984;122:629-633.

Fulco CS, Rock PB, Muza SR, et al. Gender alters impact of
hypobaric hypoxia on adductor pollicis muscle performance. J
Appl Physiol. 2001;91:100-108.

Katayama K, Amann M, Pegelow DF, Jacques AJ, Dempsey JA.
Effect of arterial oxygenation on quadriceps fatigability during
isolated muscle exercise. Am J Physiol Regul Integr Comp
Physiol. 2007;292:R1279-R1286.

Dousset E, Steinberg JG, Balon N, Jammes Y. Effects of acute
hypoxemia on force and surface EMG during sustained hand-
grip. Muscle Nerve. 2001;24(3):364-371.

Rupp T, Jubeau M, Wuyam B, et al. Time-dependent effect of
acute hypoxia on corticospinal excitability in healthy humans.
J Neurophysiol. 2012;108:1270-1277.

Rasmussen P, Nielsen J, Overgaard M, et al. Reduced muscle
activation during exercise related to brain oxygenation and me-
tabolism in humans. J Physiol. 2010;588:1985-1995.

Garner SH, Sutton JR, Burse RL, McComas AJ, Cymerman
A, Hoouston CS. Operation Everest II: neuromuscular perfor-
mance under conditions of extreme simulated altitude. J Appl
Physiol. 1990;68(3):1167-1172.

Orizio C, Esposito F, Veicstenas A. Effect of acclimatization
to high altitude (5050 m) on motor unit activation pattern and
muscle performance. J Appl Physiol. 1994;77(6):2840-2844.
Casale R, Farina D, Merletti R, Rainoldi A. Myoelectric mani-
festations of fatigue during exposure to hypobaric hypoxia for
12 days. Muscle Nerve. 2004;30:618-625.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

ACTA PHYSIOLOGICA Bk

Ruggiero L, Hoiland RL, Hansen AB, Ainslie PN, McNeil CJ.
High-altitude acclimatization improves recovery from muscle
fatigue. Med Sci Sports Exerc. 2020;52(1):161-169.

Rose MS, Houston CS, Fulco CS, Coates G, Sutton JR,
Cymerman A. Operation Everest II: nutrition and body compo-
sition. J Appl Physiol. 1988;65:2545-2551.

Murray AJ, Montgomery HE. How wasting is saving: weight
loss at altitude might result from an evolutionary adaptation.
BioEssays. 2014;36(8):721-729.

Butterfield GE, Gates J, Fleming S, Brooks GA, Sutton JR,
Reeves JT. Increased energy intake minimizes weight loss in
men at high altitude. J Appl Physiol. 1992;72:1741-1748.
Barnholt KE, Hoffman AR, Rock PB, et al. Endocrine re-
sponses to acute and chronic high-altitude exposure (4300
meters): modulating effects of caloric restriction. Am J Physiol
Endocrinol Metab. 2006;290:E1078-E1088.

Degens H, Horneros JMS, Hopman MTF. Acute hypoxia lim-
its endurance but does not affect muscle contractile properties.
Muscle Nerve. 2006;33:532-537.

Bendahan D, Badier M, Jammes Y, et al. Metabolic and myo-
electrical effects of acute hypoxaemia during isometric contrac-
tion of forearm muscles in humans: a combined *'P-magnetic
resonance spectroscopy-surface electromyogram (MRS-SEMG)
study. Clin Sci. 1998;94:279-286.

Katayama K, Yoshitake Y, Watanabe K, Akima H, Ishida K. Muscle
deoxygenation during sustained and intermittent isometric exer-
cise in hypoxia. Med Sci Sports Exerc. 2010;42(7):1269-1278.
Barnes WS. The relationship between maximum isometric
strength and intramuscular circulatory occlusion. Ergonomics.
1980;23(4):351-357.

Allen DG, Lamb GD, Westerblad H. Skeletal muscle fatigue:
cellular mechanisms. Physiol Rev. 2008;88(1):287-332.

Millet GY, Aubert D, Favier FB, Busso T, Benoit H. Effect of
acute hypoxia on central fatigue during repeated isometric leg
contractions. Scan J Med Sci Sports. 2009;19:695-702.

Amann M, Romer LM, Subudhi AW, Pegelow DF, Dempsey JA.
Severity of arterial hypoxaemia affects the relative contribu-
tions of peripheral muscle fatigue to exercise performance in
healthy humans. J Physiol. 2007;581(1):389-403.

Sandiford SD, Green HJ, Duhamel TA, Perco JD, Schertzer
JD, Ouyang J. Inactivation of human muscle Na*-K*-ATPase
in vitro during prolonged exercise is increased with hypoxia. J
Appl Physiol. 2004;96:1767-1775.

Jubeau M, Rupp T, Temesi J, et al. Neuromuscular fatigue
during prolonged exercise in hypoxia. Med Sci Sports Exerc.
2017;49(3):430-439.

Rupp T, Le Roux MT, Perrey S, Wuyam B, Millet G, Verges
S. CO, clamping, peripheral and central fatigue during
hypoxic knee extensions in men. Med Sci Sports Exerc.
2015;47(12):2513-2524.

Amann M, Romer LM, Pegelow DF, Jacques AJ, Hess
CJ, Dempsey JA. Effects of arterial oxygen content on
peripheral locomotor muscle fatigue. J Appl Physiol.
2006;101:119-127.

Romer LM, Haverkamp HC, Amann M, Lovering AT, Pegelow
DF, Dempsey JA. Effect of acute severe hypoxia on periph-
eral fatigue and endurance capacity in healthy humans. Am J
Physiol Regul Integr Comp Physiol. 2007;292:R598-R606.
Sandiford SD, Green HJ, Duhamel TA, Schertzer JD, Perco
JD, Ouyang J. Muscle Na-K-pump and fatigue responses to



RELBE A\ -TA PHYSIOLOGICA

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

RUGGIERO ET AL.

progressive exercise in normoxia and hypoxia. Am J Physiol
Regul Integr Comp Physiol. 2005;289:R441-R449.

Szubski C, Burtscher M, Loscher WN. The effects of short-term
hypoxia on motor cortex excitability and neuromuscular activa-
tion. J Appl Physiol. 2006;101(6):1673-1677.

Szubski C, Burtscher M, Loscher WN. Neuromuscular fatigue
during sustained contractions performed in short-term hy-
poxia. Med Sci Sports Exerc. 2007;39(6):948-954.

LJ, Richardson RS, Videen JS, Hogan MC.
Phosphocreatine hydrolysis during submaximal exercise: the
effect of F,0,. J Appl Physiol. 1998;85(4):1457-1463.

Hogan MC, Richardson RS, Haseler LJ. Human muscle per-
formance and PCr hydrolysis with varied inspired oxygen frac-
tions: a 31P-MRS study. J Appl Physiol. 1999;86(4):1367-1373.
Haseler LJ, Hogan MC, Richardson RS. Skeletal muscle phos-
phocreatine recovery in exercise-trained humans is dependent
on O, availability. J Appl Physiol. 1999;86(6):2013-2018.

Zhang S-J, Bruton JD, Katz A, Westerblad H. Limited oxygen
diffusion accelerates fatigue development in mouse skeletal
muscle. J Physiol. 2006;572(2):551-559.

Westerblad H, Allen DG, Lannergen J. Muscle fatigue: lactic
acid or inorganic phosphate the major cause? News Physiol Sci.
2002;17:17-21.

Rupp T, Racinais S, Bringard A, Lapole T, Perrey S. Modulation
of exercise-induced spinal loop properties in response to oxy-
gen availability. Eur J Appl Physiol. 2015;115:471-482.
Hornbein TF. The high-altitude brain. J Exp Biol. 2001;204:
3129-3132.

Ozaki H, Watanabe S, Suzuki H. Topographic EEG changes
due to hypobaric hypoxia at simulated high altitude.
Electroencephalogr Clin Neurphysiol. 1995;94:349-356.
Papadelis C, Kourtidou-Papadeli C, Bamidis PD, Maglaveras
N, Pappas K. The effect of hypobaric hypoxia on multichannel
EEG signal complexity. Clin Neurophysiol. 2007;118:31-52.
Zhao J, Zhang R, Yu Q, Zhang J. Characteristics of EEG activity
during high altitude hypoxia and lowland reoxygenation. Brain
Res. 2016;1648:243-249.

Gibson GE, Duffy TE. Impaired synthesis of acetylcholine
by mild hypoxic hypoxia or nitrous oxide. J Neurochem.
1981;36:28-33.

Amann M, Kayser B. Nervous system function during exercise
in hypoxia. High Alt Med Biol. 2009;10(2):149-164.

Hill JM, Pickar JG, Parrish MD, Kaufman MP. Effects of hy-
poxia on the discharge of group III and IV muscle afferents in
cats. J Appl Physiol. 1992;73:2524-2529.

Arbogast S, Vassilakopoulos T, Darques JL, Duvauchelle JB,
Jammes Y. Influence of oxygen supply on activation of group
IV muscle afferents after low-frequency muscle stimulation.
Muscle Nerve. 2000;23:1187-1193.

Linnarsson D, Karlsson J, Fagraeus L, Saltin B. Muscle metabo-
lites and oxygen deficit with exercise in hypoxia and hyperoxia.
J Appl Physiol. 1974;36(4):399-402.

Kjaer M, Hanel B, Worm L, et al. Cardiovascular and
neuroendocrine responses to exercise in hypoxia during
impaired neural feedback from muscle. Am J Physiol.
1999;277(1):R76-R85.

Subudhi AW, Lorenz MC, Fulco CS, Roach RC. Cerebrovascular
responses to incremental exercise during hypobaric hypoxia:
effect of oxygenation on maximal performance. Am J Physiol
Heart Circ Physiol. 2008;294:H164-H171.

Haseler

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Ainslie PN, Ogoh S. Regulation of cerebral blood flow in mam-
mals during chronic hypoxia: a matter of balance. Exp Physiol.
2010;95(2):251-262.

Ide K, Eliasziw M, Poulin MJ. The relationship between mid-
dle cerebral artery blood velocity and end-tidal PCO, in the
hypocapnic-hypercapnic range in humans. J Appl Physiol.
2003;95:129-137.

Bhambhani Y, Malik R, Mookerjee S. Cerebral oxygenation de-
clines at exercise intensities above the respiratory compensa-
tion threshold. Respir Physiol Neurobiol. 2007;156:196-202.
Subudhi AW, Olin JT, Dimmen AC, Polaner DM, Kayser B,
Roach RC. Does cerebral oxygen delivery limit incremental ex-
ercise performance? J Appl Physiol. 2011;111(6):1727-1734.

Fan J-L, Bourdillon N, Kayser B. Effect of end-tidal CO,
clamping on cerebrovascular function, oxygenation, and per-
formance during 15-km time trial cycling in severe normo-
baric hypoxia: the role of cerebral O, delivery. Physiol Rep.
2013;1(3):e00066.

Siebenmann C, Serensen H, Jacobs RA, Haider T, Rasmussen P,
Lundby C. Hypocapnia during hypoxic exercise and its impact
on cerebral oxygenation, ventilation and maximal whole body
O, uptake. Respir Physiol Neurobiol. 2013;185:461-467.

Amann M, Calbet JAL. Convective oxygen transport and fa-
tigue. J Appl Physiol. 2008;104:861-870.

Felici F, Rosponi A, Sbriccoli P, Scarcia M, Bazzucchi I,
Tannattone M. Effect of human exposure to altitude on muscle
endurance during isometric contractions. Eur J Appl Physiol.
2001;85:507-512.

Fulco CS, Cymerman A, Muza SR, Rock PB, Pandolf KB,
Lewis SF. Adductor pollicis muscle fatigue during acute and
chronic altitude exposure and return to sea level. J Appl Physiol.
1994;77:179-183.

Esposito F, Orizio C, Parrinello G, Veicsteinas A. Chronic hy-
pobaric hypoxia does not affect electro-mechanical muscle ac-
tivities during sustained maximal isometric contractions. Eur J
Appl Physiol. 2003;90:337-343.

Caquelard F, Burnet H, Tagliarini F, Cauchy E, Richalet JP,
Jammes Y. Effects of prolonged hypobaric hypoxia on human
skeletal muscle function and electromyographic events. Clin
Sci. 2000;98:329-337.

Green H, Roy B, Grant S, et al. Downregulation in muscle Na*-
K*-ATPase following a 21-day expedition to 6194 m. J Appl
Physiol. 2000;88:634-640.

Hochachka PW, Buck LT, Doll CJ, Land SC. Unifying theory
of hypoxia tolerance: molecular/metabolic defense and rescue
mechanisms for surviving oxygen lack. Proc Natl Acad Sci USA.
1996;93:9493-9498.

Green HJ, Sutton JR, Cymerman A, Young PM, Houston CS.
Operation Everest II: adaptations in human skeletal muscle.
J Appl Physiol. 1989;66:2454-2461.

Hoppeler H, Kleinert E, Schlegel C, Claassen H, Howald H,
Cerretelli P. Muscular exercise at high altitude. IT. Morphological
adaptation of skeletal muscle to chronic hypoxia. Int J Sports
Med. 1990;11:S3-S9.

MacDougall JD, Green HJ, Sutton JR, et al. Operation
Everest II: structural adaptations in skeletal muscle in re-
sponse to extreme simulated altitude. Acta Physiol Scand.
1991;142:421-427.

Levett DZ, Radford EJ, Menassa DA, et al. Caudwell Xtreme
Everest Research Group: Acclimatization of skeletal muscle



RUGGIERO ET AL.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

mitochondria to high-altitude hypoxia during an ascent of
Everest. FASEB J. 2012;26(4):1431-1441.

Murray AJ, Horscroft JA. Mitochondrial function at extreme
high altitude. J Physiol. 2016;594(5):1137-1149.

Vigano A, Ripamonti M, De Palma S, et al. Proteins modulation
in human skeletal muscle in the early phase of adaptation to
hypobaric hypoxia. Proteomics. 2008;8(22):4668-4679.

Jacobs RA, Siebenmann C, Hug M, Toigo M, Meinild A-K,
Lundby C. Twenty-eight days at 3454-m altitude diminishes
respiratory capacity but enhances efficiency in human skeletal
muscle mitochondria. FASEB J. 2012;26(12):5192-5200.

Jacobs RA, Boushel R, Wright-Paradis C, et al. Mitochondrial
function in human skeletal muscle following high-altitude ex-
posure. Exp Physiol. 2013;98(1):245-255.

Edwards LM, Murray AJ, Tyler DJ, et al; Caudwell Xtreme
Everest Research Group. The effect of high-altitude on human
skeletal muscle energetics: P-MRS results from the Caudwell
Xtreme Everest expedition. PLoS One. 2010;5(5):e10681.

Braun B. Effects of high altitude on substrate use and met-
abolic economy: cause and effect? Med Sci Sports Exerc.
2008;40(8):1495-1500.

Ferrari M, Mottola L, Quaresima V. Principles, techniques, and
limitations of near infrared spectroscopy. Can J Appl Physiol.
2004;29(4):463-487.

McNeil CJ, Martin PG, Gandevia SC, Taylor JL. The response
to paired motor cortical stimuli is abolished at a spinal level
during human muscle fatigue. J Physiol. 2009;587:5601-5612.
McNeil CJ, Martin PG, Gandevia SC, Taylor JL. A novel way
to test human motoneurone behaviour during muscle fatigue.
Physiol News. 2011;82:29-31.

Lundby C, Calbet J, van Hall G, Saltin B, Sander M.
Sustained sympathetic activity in altitude acclimatizing
lowlanders and high-altitude natives. Scan J Med Sci Sports.
2018;28(3):854-861.

Simpson LL, Busch SA, Oliver SJ, et al. Baroreflex control of
sympathetic vasomotor activity and resting arterial pressure at
high altitude: insight from Lowlanders and Sherpa. J Physiol.
2019;597(9):2379-2390.

Mazzeo RS, Bender PR, Brooks GA, et al. Arterial catechol-
amine responses during exercise with acute and chronic high-
altitude exposure. Am J Physiol. 1991;261:E419-E424.

van Hall G, Calbet JAL, Sendergaard H, Saltin B. The re-
establishment of the normal blood lactate response to exercise
in humans after prolonged acclimatization to altitude. J Physiol.
2001;536(3):963-975.

Cymerman A, Reeves JT, Sutton JR, et al. Operation Everest
II: maximal oxygen uptake at extreme altitude. J Appl Physiol.
1989;66(5):2446-2453.

Grassi B, Ferretti G, Kayser B, et al. Maximal rate of blood lac-
tate accumulation during exercise at altitude in humans. J Appl
Physiol. 1995;79(1):331-339.

Lundby C, Saltin B, van Hall G. The lactate paradox, evidence
for a transient change in the course of acclimatization to severe
hypoxia in lowlanders. Acta Physiol Scand. 2000;170:265-269.
Beall CM. Andean, Tibetan, and Ethiopian patterns of adapta-
tion to high-altitude hypoxia. Integr Comp Biol. 2006;46(1):18-24.
Stembridge M, Williams AM, Gasho C, et al. The overlooked
significance of plasma volume for successful adaptation to high
altitude in Sherpa and Andean natives. Proc Natl Acad Sci USA.
2019;116(33):16177-16179.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

ACTA PHYSIOLOGICA Db

Beall CM, Decker MJ, Brittenham GM, Kushner I,
Gebremedhin A, Strohl KP. An Ethiopian pattern of human
adaptation to high-altitude hypoxia. Proc Natl Acad Sci USA.
2002;99(26):17215-17218.

Aldenderfer MS. Moving up in the world: archaeologists seek to
understand how and when people came to occupy the Andean
and Tibetan plateaus. Am Sci. 2003;91:542-549.

Beall CM. Two routes of functional adaptation: Tibetan
and Andean high-altitude natives. Proc Natl Acad Sci USA.
2007;104(Suppl 1):8655-8660.

Ruggiero L, Hoiland RL, Hansen AB, Ainslie PN, McNeil
CJ. UBC-Nepal expedition: peripheral fatigue
faster in Sherpa than Lowlanders at high altitude. J Physiol.
2018;596(22):5365-5377.

Ruggiero L, McNeil CJ. Supraspinal fatigue and neural-evoked
responses in lowlanders and Sherpa at 5050 m. Med Sci Sports
Exerc. 2019;51(1):183-192.

Childs G. A note on the Tibetan origin of the Sherpa Serwa
Lineage. Himalaya. 1997;17(2):23-25.

Wu T, Li S, Ward MP. Tibetans at extreme altitude. Wilderness
Environ Med. 2005;16(1):47-54.

Allen PS, Matheson GO, Zhu G, et al. Simultaneous 31P MRS
of the soleus and gastrocnemius in Sherpas during graded calf
muscle exercise. Am J Physiol. 1997;273(3 Pt 2):R999-R1007.
Hochachka PW, Beatty CL, Burelle Y, Trump ME, McKenzie
DC, Matheson GO. The lactate paradox in human high-altitude
physiological performance. Physiology. 2002;17:122-126.

Gelfi C, De Palma S, Ripamonti M, et al. New aspects of alti-
tude adaptation in Tibetans: a proteomic approach. FASEB J.
2004;18(3):612-614.

Kayser B, Hoppeler H, Claassen H, Cerretelli P. Muscle struc-
ture and performance capacity of Himalayan Sherpas. J Appl
Physiol. 1991;70(5):1938-1942.

Sun SF, Droma TS, Zhang JG, et al. Greater maximal O, uptakes
and vital capacities in Tibetan than Han residents of Lhasa.
Respir Physiol. 1990;79(2):151-161.

Zhang J, Droma T, Sutton JR, et al. Smaller alveolar-arterial
O, gradients in Tibetan than Han residents of Lhasa (3658 m).
Respir Physiol. 1996;103:75-82.

Lahiri S, Milledge JS, Chattopadhyay HP, Bhattacharyya AK,
Sinha AK. Respiration and heart rate of Sherpa highlanders
during exercise. J Appl Physiol. 1967;23(4):545-554.

Groves BM, Droma T, Sutton JR, et al. Minimal hypoxic pulmo-
nary hypertension in normal Tibetans at 3658 m. J Appl Physiol.
1993;74(1):312-318.

Marconi C, Marzorati M, Cerretelli P. Work capacity of permanent
residents of high altitude. High Alt Med Biol. 2006;7(2):105-115.
Ge RL, Chen QH, Wang LH, et al. Higher exercise performance
and lower VO, ,, in Tibetan than Han residents at 4700 m alti-
tude. J Appl Physiol. 1994;77(2):684-691.

Niu W, Wu Y, Li B, Chen N, Song S. Effects of long-term ac-
climatization in lowlanders migrating to high altitude: com-
parison with high altitude residents. Eur J Appl Physiol Occup
Physiol. 1995;71(6):543-548.

Marconi C, Marzorati M, Sciuto D, Ferri A, Cerretelli P.
Economy of locomotion in high-altitude Tibetan migrants ex-
posed to normoxia. J Physiol. 2005;569(2):667-675.

Bastien GJ, Schepens B, Willems PA, Heglund NC.
Energetics of load carrying in Nepalese porters. Science.
2005;308(5729):1755.

recovers



kBl A\ ~TA PHYSIOLOGICA

167.
168.

169.

170.
171.
172.

173.

174.

RUGGIERO ET AL.

Minetti AE, Formenti F, Ardigo LP. Himalayan porter’s special-
ization: metabolic power, economy, efficiency and skill. Proc R
Soc B. 2006;273:2791-2797.

Bastien GJ, Willems PA, Schepens B, Heglund NC. The me-
chanics of head-supported load carriage by Nepalese porters.
J Exp Biol. 2016;219:3626-3634.

Kayser B. Disentangling hypoxia and hypobaria. Respir Physiol
Neurobiol. 2009;169:338-339.

Millet GP, Faiss R, Pialoux V. Evidence for differences between
hypobaric and normobaric hypoxia is conclusive. Exerc Sport
Sci Rev. 2013;41(2):133.

Millet GP, Debevec T. CrossTalk proposal: barometric pressure,
independent of PO,, is the forgotten parameter in altitude phys-
iology and mountain medicine. J Physiol. 2020;598(5):893-896.

Millet GP, Faiss R, Pialoux V. Point: Counterpoint: Hypobaric
hypoxia induces/does not induce different responses from nor-
mobaric hypoxia. J Appl Physiol. 2012;112:1783-1787.

Ruggiero L, Bruce CD, Streight HB, McNeil CJ. Maximal results
with minimal stimuli: the fewest high-frequency pulses needed
to measure or model prolonged low-frequency force depression
in the dorsiflexors. J Appl Physiol. 2021;131:716-728.

Ruggiero L, Bruce CD, Cotton PD, Dix GU, McNeil CIJ.
Prolonged low-frequency force depression is underestimated

175.

176.

177.

when assessed with doublets compared with tetani in the dorsi-
flexors. J Appl Physiol. 2019;126:1352-1359.

World Health Organization. (2021). Physical Activity
Surveillance. (WWW document). https://www.who.int/teams/
noncommunicable-diseases/surveillance/systems-tools/physi
cal-activity-surveillance

Duchateau J, Baudry S. Insights into the neural control of ec-
centric contractions. J Appl Physiol. 2014;116:1418-1425.
McKeown DJ, Simmonds MJ, Kavanagh JJ. Reduced blood
oxygen levels induce changes in low-threshold motor unit
firing that align with the individual’s tolerance to hypoxia. J
Neurophysiol. 2019;121(5):1664-1671.

How to cite this article: Ruggiero L, Harrison
SWD, Rice CL, McNeil CJ. Neuromuscular
fatigability at high altitude: Lowlanders with acute
and chronic exposure, and native highlanders. Acta
Physiol. 2022;234:e13788. doi:10.1111/apha.13788



https://www.who.int/teams/noncommunicable-diseases/surveillance/systems-tools/physical-activity-surveillance
https://www.who.int/teams/noncommunicable-diseases/surveillance/systems-tools/physical-activity-surveillance
https://www.who.int/teams/noncommunicable-diseases/surveillance/systems-tools/physical-activity-surveillance
https://doi.org/10.1111/apha.13788

	Neuromuscular fatigability at high altitude: Lowlanders with acute and chronic exposure, and native highlanders
	Abstract
	1|INTRODUCTION
	2|THE CHALLENGE AT HIGH ALTITUDE
	3|EXERCISE CONSIDERATIONS TO STUDY NEUROMUSCULAR FATIGABILITY AT HIGH ALTITUDE
	3.1|Amount of muscle mass involved
	3.2|Determination of the targeted intensity
	3.3|Exercise paradigm

	4|NEUROMUSCULAR FATIGABILITY WITH ACUTE EXPOSURE TO HIGH ALTITUDE
	4.1|Single-­joint exercise studies
	4.2|Whole-­body exercise studies

	5|NEUROMUSCULAR FATIGABILITY WITH CHRONIC EXPOSURE TO HIGH ALTITUDE
	5.1|Single-­joint exercise studies
	5.2|Whole-­body exercise studies

	6|NEUROMUSCULAR FATIGABILITY IN NATIVE HIGHLANDERS
	7|ADDITIONAL CONSIDERATIONS
	7.1|Inducing high altitude-­related hypoxia
	7.2|Duration of acclimatization for lowlanders
	7.3|Measures to study peripheral fatigability
	7.4|Training status of lowlanders and native highlanders

	8|FUTURE DIRECTIONS
	9|CONCLUSIONS
	ACKNOWLEDGEMENT
	CONFLICT OF INTEREST
	AUTHOR CONTRIBUTIONS
	REFERENCES


