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Key points

� Critical power represents an important threshold for neuromuscular fatigue development and
may, therefore, dictate intensities for which exercise tolerance is determined by the magnitude
of fatigue accrued.

� Peripheral fatigue appears to be constant across O2 delivery conditions for large muscle mass
exercise, but this consistency is equivocal for smaller muscle mass exercise.

� We sought to determine the influence of blood flow occlusion during handgrip exercise on
neuromuscular fatigue development and to examine the relationship between neuromuscular
fatigue development and W ′.

� Blood flow occlusion influenced the development of both peripheral and central fatigue, thus
providing further evidence that the magnitude of peripheral fatigue is not constant across O2

delivery conditions for small muscle mass exercise.
� W ′ appears to be related to the magnitude of fatigue accrued during exercise, which may explain

the reported consistency of intramuscular metabolic perturbations and work performed for
severe-intensity exercise.

Abstract The influence of the muscle metabolic milieu on peripheral and central fatigue is
currently unclear. Moreover, the relationships between peripheral and central fatigue and the
curvature constant (W ′) have not been investigated. Six men (age: 25 ± 4 years, body mass:
82 ± 10 kg, height: 179 ± 4 cm) completed four constant power handgrip tests to exhaustion
under conditions of control exercise (Con), blood flow occlusion exercise (Occ), Con with 5 min
post-exercise blood flow occlusion (Con + Occ), and Occ with 5 min post-exercise blood flow
occlusion (Occ + Occ). Neuromuscular fatigue measurements and W ′ were obtained for each
subject. Each trial resulted in significant peripheral and central fatigue. Significantly greater
peripheral (79.7 ± 5.1% vs. 22.7 ± 6.0%) and central (42.6 ± 3.9% vs. 4.9 ± 2.0%) fatigue
occurred for Occ than for Con. In addition, significantly greater peripheral (83.0 ± 4.2% vs.
69.0 ± 6.2%) and central (65.5 ± 14.6% vs. 18.6 ± 4.1%) fatigue occurred for Occ + Occ than
for Con + Occ. W ′ was significantly related to the magnitude of global (r = 0.91) and peripheral
(r = 0.83) fatigue. The current findings demonstrate that blood flow occlusion exacerbated the
development of both peripheral and central fatigue and that post-exercise blood flow occlusion
prevented the recovery of both peripheral and central fatigue. Moreover, the current findings
suggest that W ′ may be determined by the magnitude of fatigue accrued during exercise.
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oxygenated-[haemoglobin + myoglobin]; P, power; PCr, phosphocreatine; Pi, inorganic phosphate; Ppeak, peak power;
Qtw, potentiated doublet force; R, resistance; %Sat-[Hb + Mb], %Saturation-[haemoglobin + myoglobin]; Tlim task
failure; total-[Hb + Mb], total-[haemoglobin + myoglobin]; VA, voluntary activation; W ′, curvature constant.

Introduction

Exercise tolerance within the severe-intensity domain
is well described by a hyperbolic relationship between
power output and time to exhaustion, establishing the
critical power (CP) asymptote and the curvature constant
(W ′) (Monod & Scherrer, 1965; Moritani et al. 1981;
Poole, 2008; Vanhatalo et al. 2010; Dekerle et al. 2012;
Broxterman et al. 2014). The precise mechanisms of
W ′ have remained elusive, yet it appears that W ′
represents a finite capacity that when completely utilized
results in similar amounts of work performed above
CP and similar end-exercise intramuscular perturbations
(i.e. phosphocreatine (PCr), inorganic phosphate (Pi),
and hydrogen ion (H+)) (Monod & Scherrer, 1965;
Moritani et al. 1981; Poole et al. 1988; Jones et al. 2008;
Vanhatalo et al. 2010). The consistency of these variables
suggests that the mechanisms determining W ′ must be
constant within a given exercise condition. Moreover,
the hyperbolic nature of the power–duration relationship
implies that exercise tolerance for any power output
within the severe-intensity domain is determined by the
same mechanisms. Furthermore, the robust hyperbolic
nature of the power–duration relationship across exercise
modalities (Moritani et al. 1981; Hughson et al. 1984; Poole
et al. 1988; Jones et al. 2008; Burnley, 2009; Vanhatalo
et al. 2010; Cheng et al. 2012; Broxterman et al. 2014,
2015) and species (Lauderdal & Hinchcliff, 1999; Copp
et al. 2010), where the determinants of exercise tolerance
are likely to differ (i.e. central cardiovascular limitations,
convective O2 transport limitations, diffusive O2 transport
limitations, etc.), suggests the mechanisms determining
exercise tolerance are common to severe-intensity exercise.
Importantly, Burnley et al. (2012) demonstrated that
knee-extension critical torque (the isometric exercise
equivalent to CP) represents a ‘critical threshold’ for
neuromuscular fatigue development and Vanhatalo et al.
(2011) demonstrated that W ′ is mechanistically related
to the

.
VO2 slow component and the process of muscle

fatigue development. Thus, exercise tolerance within the
severe-domain may be determined by the magnitude of
fatigue development or degree of system impairment
tolerated.

Evidence suggests that severe-intensity exercise
tolerance may be limited by the attainment of specific
levels of fatigue development (Saey et al. 2005; Amann
et al. 2006a; Romer et al. 2007; Amann & Dempsey,
2008; Gagnon et al. 2009; Duffield et al. 2010; Rossman
et al. 2012). Accordingly, Amann et al. (2013) proposed a
paradigm that describes the role of group III/IV muscle
afferent feedback and central motor drive in attaining a
‘sensory tolerance limit’ that leads to central motor drive
becoming limited or limiting, resulting in task failure.
This, however, is only one of several potential mechanisms
determining exercise tolerance (Clark et al. 2000; Nybo
& Nielsen, 2001; Todd et al. 2005; Meeusen et al. 2006;
Amann et al. 2007). Recently, Pethick et al. (2015)
demonstrated that beyond a decrease in torque-generating
capacity, fatigue may also limit the ability of the neuro-
muscular system to adapt to external perturbation. It
has been postulated that these mechanisms serve to limit
the magnitude of fatigue developed during exercise, pre-
sumably as a component of homeostasis (Amann et al.
2008, 2013; Rossman et al. 2012).

The findings of Burnley et al. (2012) in combination
with the proposed paradigm of Amann et al. (2013)
suggest that CP may represent the exercise intensity
above which exercise tolerance is limited by specific
levels of fatigue development. Thus, the mechanisms
determining W ′ may be related to the magnitude of fatigue
developed during severe-intensity exercise. A constant
level of fatigue development would constrain the amount
of work that could be performed and the degree of intra-
muscular metabolic perturbation prior to task failure
within the severe-intensity domain, which may explain
the consistency in the amount of work performed and the
intramuscular metabolic perturbations associated with
the complete utilization of W ′ (Monod & Scherrer, 1965;
Moritani et al. 1981; Poole et al. 1988; Jones et al. 2008;
Vanhatalo et al. 2010). Previous research suggests that
peripheral fatigue is constant for whole-body exercise
(i.e. cycling) across normoxic, hypoxic and hyperoxic
conditions (Amann et al. 2006a; Romer et al. 2007).
However, the results are equivocal for smaller muscle
mass exercise, as peripheral fatigue has been demonstrated
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to be similar (Millet et al. 2009) and different (Russ &
Kent-Braun, 2003; Christian et al. 2014) with varying
O2 delivery conditions. Thus, the magnitude of fatigue
accrued during severe-intensity exercise may be different
between large and small muscle mass exercise and may be
a determining mechanism of W ′.

To date, we are unaware of a study that has assessed
the magnitude of fatigue development using small muscle
mass (handgrip) exercise with reductions in O2 delivery
(via blood flow occlusion) during and post-exercise in
order to determine the influence of the muscle metabolic
milieu on peripheral and central fatigue. Moreover, we
are aware of no study that has empirically examined the
relationship between the magnitude of fatigue developed
during severe intensity exercise and W ′. Therefore, the
current study utilized handgrip exercise with periods
of blood flow occlusion during and post-exercise to
determine the influence of O2 delivery on the development
of peripheral and central fatigue. Furthermore, the current
study assessed the relationship between the magnitude of
fatigue development and the magnitude of W ′. We tested
the hypotheses that (1) peripheral and central fatigue
development would be significantly exacerbated during
exercise with blood flow occlusion compared to control
exercise, (2) there would be no significant recovery of peri-
pheral and central fatigue during post-exercise blood flow
occlusion, and (3) a greater magnitude of peripheral and
central fatigue accrued during exercise would be associated
with a greater magnitude of W ′.

Methods

Ethical approval

Six recreationally active men (age: 25 ± 4 years, body
mass: 82 ± 10 kg, height: 179 ± 4 cm) volunteered to
participate in the study. Subjects were free of overt cardio-
vascular or metabolic disease, determined via medical
health history evaluation. All experimental procedures
were approved by the Institutional Review Board of Kansas
State University and conformed to the Declaration of

Helsinki. Written informed consent was attained after
subjects were informed of the overall protocol and the
potential risks of participation.

Experimental design

After thorough familiarization with the handgrip
contraction and fatigue assessment protocol, subjects
completed a total of five testing sessions. Testing sessions
were separated by at least 24 h and the subjects were
instructed to abstain from vigorous activity during the
24 h prior to testing. Additionally, subjects were instructed
to abstain from caffeine and alcohol consumption during
the 2 and 12 h, respectively, prior to testing. All testing
was conducted using a custom-built two-handed handgrip
ergometer (Broxterman et al. 2014), which was calibrated
prior to the study. The ergometer was attached to a
pneumatic cylinder by means of a cable-pulley system,
which provided a fixed linear displacement of 4 cm
per handgrip contraction. Resistance was controlled via
pressurization of the pneumatic cylinder and work was
accomplished by compressing the air within the pneumatic
cylinder. Power output was calculated as P = Rdf/k, where
P is power in watts (W), R is resistance in kilograms
(kg), d is displacement in metres (m), f is contraction
frequency, and k is the constant 6.12 for the conversion
of kg m min−1 to W. Alterations in power output were
accomplished via alterations in resistance (air pressure),
as d and f were held constant. Subjects were seated in
front of the ergometer and grasped the handrail such
that both forearms were approximately at heart level.
Exercise was performed using a 50% contraction duty cycle
(1.5 s contraction: 1.5 s relaxation) at a rate of 20 contra-
ctions min−1. An audio recording with the specific timing
was used in conjunction with feedback provided by an
investigator to ensure correct timing. All testing sessions
were continued until task failure (Tlim), determined as
the inability to successfully complete the requisite 4 cm
displacement for three consecutive contraction cycles
(Fig. 1).
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Figure 1. EMG and ergometer displacement at task
failure in a representative subject
The integrated EMG (iEMG) values and ergometer
displacement across the final 60 s of an exercise test.
Task failure was determined as the inability to
successfully complete the requisite 4 cm displacement for
three consecutive contraction cycles. The steady iEMG
despite the inability to successfully complete the
contraction cycle demonstrates task failure was likely not
the result of diminished effort by the subject. The arrows
identify incomplete contraction cycles.
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Subjects completed an incremental power output test
(1.0 W + 0.5 W min−1) to determine peak power (Ppeak)
during the first testing session. Ppeak was determined as the
greatest power output for which at least half of the stage
was completed. Subjects subsequently completed four
constant-power testing sessions at 85% Ppeak (i.e. above
CP). The protocols were randomly ordered conditions
of control exercise (Con), blood flow occlusion exercise
(Occ), control exercise with 5 min post-exercise blood
flow occlusion (Con + Occ), and blood flow occlusion
exercise with 5 min post-exercise blood flow occlusion
(Occ + Occ) (Fig. 2). Brachial artery blood flow was
occluded with a vascular cuff positioned around the
brachial region of each arm, which was rapidly inflated
(<0.3 s) to suprasystolic pressures (�275 mmHg) at
the onset of exercise and remained inflated until the
appropriate time within the specific protocol (E20 Rapid
Cuff Inflator, Hokanson, Bellevue, WA, USA). Blood
flow occlusion was verified by the absence of a radial
pulse and the cuff pressures were continuously monitored
to ensure �275 mmHg. Neuromuscular function was
assessed prior to and following each protocol (Fig. 2). In
a recent study (Broxterman et al. 2015), the parameters
of the power–duration relationship were determined
for each of the current subjects for control and blood
flow occlusion conditions (Con CP, Con W ′, Occ CP,
Occ W ′), affording the opportunity to examine the
relationships between the parameters of neuromuscular
fatigue and the power–duration relationship. Importantly,
Ppeak (5.8 ± 0.9 W vs. 6.1 ± 1.1 W, P = 0.1) and Tlim at
similar power outputs (5.2±0.9 W vs. 5.3±0.9 W, P=0.2)
were not statistically different (459 ± 154 s vs. 470 ± 140 s,
P = 0.8), suggesting that the physiological determinants
of exercise tolerance had not changed for the subjects. In
addition, all subjects reported no changes in whole-body
and handgrip muscle training status.

Near-infrared spectroscopy

Oxygenation characteristics were measured during the
pre-exercise and exercise portions of each protocol
using a frequency-domain multi-distance NIRS system
(Oxiplex TS, ISS, Champaign, IL, USA). Detailed
descriptions of the principles and algorithms of the

NIRS technology have previously been described (Gratton
et al. 1997; Ferreira et al. 2006). Briefly, this NIRS
device consists of one detector fibre bundle and eight
light-emitting diodes (LED) operating at wavelengths
of 690 and 830 nm (four LEDs per wavelength).
The LED-detector fibre bundle separation distances
are 2.0, 2.5, 3.0, and 3.5 cm. This NIRS device
measures and incorporates the dynamic reduced scattering
coefficients to provide absolute concentrations (μM)
for deoxygenated-[haemoglobin + myoglobin] (deoxy-
[Hb + Mb]), oxygenated-[Hb + Mb] (oxy-[Hb + Mb]),
total-[Hb + Mb], and %Saturation-[Hb + Mb]
(%Sat-[Hb + Mb]). The deoxy-[Hb + Mb] is relatively
insensitive to changes in blood volume (De Blasi et al. 1993;
Ferrari et al. 1997; Grassi et al. 2003) and has been used to
reliably estimate the fractional oxygen extraction (De Blasi
et al. 1993; Mancini et al. 1994; Ferrari et al. 1997, 2006;
DeLorey et al. 2003, 2004; Grassi et al. 2003). The NIRS
device was calibrated prior to each test according to the
manufacturer’s recommendations. The flexor digitorum
superficialis of the left arm was identified using palpation
and EMG. The NIRS probe was secured along the belly
of the muscle with a Velcro strap and an elastic bandage.
The position of the probe was marked with indelible ink
to assess movement of the probe during the testing session
and for reproducible placement of the probe throughout
the study. NIRS data were collected at 50 Hz and analysed
using 9 s time-binned mean values.

Electromyography

Surface EMG measurements were obtained during each
protocol using a commercially available system (Trigno
EMG, Delsys Inc., Boston, MA, USA). The EMG sensor
consists of four silver electrodes (5 × 1 mm) arranged
in a 2 × 2 orientation used to make single differential
EMG measurements. The flexor digitorum superficialis
of the right arm was identified by palpation and strong
EMG activity when the fingers were flexed, but not
with ulnar or radial deviation. The sensor was secured
along the belly of the muscle using adhesive surgical
tape and the position marked with indelible ink. The
EMG data were collected at a sampling rate of 1000 Hz
and band-pass filtered (13–400 Hz) using a fifth-order

Rest Con 

Pre-exercise 
5 min 

Exercise 
Tlim 

Post-exercise 
5 min 

Rest Occ 

Rest Con Occ 

Rest Occ Occ 

Figure 2. Experimental design
Control (Con) and occluded (Occ) brachial artery blood flow.
The arrows signify when neuromuscular function testing was
conducted.
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Butterworth filter. The EMG signal corresponding to each
muscle contraction was detected using code developed ‘in
house’ (MATLAB R2011a, The Mathworks, Natick, MA,
USA). The amplitude characteristics were analysed via
integrated electromyography (iEMG) to provide an index
of muscle activation and motorneuron firing rate. The
frequency characteristics were analysed via median power
frequency (MedPF) to provide an index of the muscle
action potential conduction velocity. The EMG data were
analysed using 9 s time-binned mean values.

Neuromuscular function

Neuromuscular function testing was conducted on the
right arm with the subjects standing at the dynamometer,
such that the shoulders were in-line with the dynamometer
and the right arm was resting on a platform at shoulder
level with the elbow fully extended. The handgrip
dynamometer was attached to a calibrated force trans-
ducer (LBG1, BLH Electronics, Waltham, MA, USA) that
was fixed to the platform to prevent movement. Force
was sampled at 1000 Hz and displayed on a computer
screen (LabVIEW, National Instruments, Austin, TX,
USA). Adhesive stimulation electrodes (4 × 6 cm) were
attached to the antebrachial region of the right arm for
electrical stimulation of the flexor digitorum superficialis.
The anode was positioned proximal to the olecranon
process on the posterior brachial region of the arm and
the cathode was positioned over the median nerve on
the anterior antebrachial region of the arm. During the
familiarization session, the cathode location that provided
the greatest force development with electrical stimulation
was determined. The positions of the electrodes were
marked with indelible ink for reproducible placement
throughout the study. The flexor digitorum superficialis
was stimulated using a high-voltage constant-current
electrical stimulator (DS7AH, Digitimer, Welwyn Garden
City, UK). Paired stimuli (doublets) were delivered at
400 V with 100 μs square-wave pulse durations and a
10 ms pulse interval. Stimulation intensity was initiated at
50 mA and was increased in 10 mA increments until the
measured force and compound muscle action potential
(M-wave) no longer increased. The stimulator current
was then increased by a further 19 ± 4% to ensure
the stimuli were supramaximal (range 140–230 mA).
Subjects subsequently performed a series of six, 3 s
maximal voluntary contractions (MVCs), separated
by 30 s (�2.75 min total duration). Doublet muscle
stimulations were delivered 5 s prior to each MVC,
1.5 s into the MVC, and 5 s after each MVC to obtain
measurements of unpotentiated, superimposed and
potentiated doublet forces, respectively. Neuromuscular
assessment was completed prior to exercise and following
the end of the protocol for the testing session (Fig. 1).

In all cases, neuromuscular assessment was initiated
< 45 s after the cessation of the protocol. MVC was
measured as the greatest force attained prior to the super-
imposed muscle doublet stimulation. Superimposed
doublet force was measured as the increment in force
following the delivery of doublet stimulation during the
MVC. Voluntary activation (VA) was calculated using
doublet interpolation (Belanger & McComas, 1981;
Behm et al. 1996; Strojnik & Komi, 1998) corrected for
when the superimposed doublet stimulation did occur
at MVC:

%VA =
[

1 −
(

force prior to superimposed doublet

MVC

)

·
(

superimposed doublet force

potentiated doublet force

)]
.

Potentiated doublet force (Qtw) was measured as the
greatest force produced with double stimulation 5 s after
the MVC. The last four MVCs of each six MVC series were
utilized for data analysis, as the degree of potentiation
was lessened after the first two MVCs (Romer et al. 2006;
Amann et al. 2011).

Statistical analysis

All statistical analyses were performed using a
commercially available software package (SigmaStat,
Systat Software Inc., Point Richmond, CA, USA). Two-way
ANOVAs with repeated measures (trial × time) were used
to compare main effects for all of the NIRS variables
at baseline and end-exercise. One-way ANOVAs with a
repeated measure were used to compare main effects for
Tlim and then EMG variables at end-exercise. Tukey’s
post hoc analyses were conducted when main effects were
detected. Student’s paired t tests were used to compare pre-
and post-exercise Qtw, MVC, %VA within each exercise
test and the %change in Qtw, MVC, %VA for Con vs.
Occ and Con + Occ vs. Occ + Occ. The relationships
between the W ′ and MVC, Qtw, and %VA were assessed
using Pearson product moment correlation analyses of
the mean values between Con and Occ for each variable to
avoid the influence of multiple measurements from each
subject contributing to the correlation (Bland & Altman,
1995). The α-level was set at 0.05 a priori. All data are
presented as means ± SD, unless otherwise noted.

Results

The Ppeak from the incremental power test was 6.1 ± 1.1 W
and 85% Ppeak was 5.2 ± 0.9 W. The Tlim for the trials were:
Con: 472 ± 150 s, Con + Occ: 446 ± 165 s, Occ: 131 ± 12 s,
Occ + Occ: 134 ± 25 s. Tlim was significantly (P < 0.001)
shorter for exercise during blood flow occlusion than for

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society
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exercise during control blood flow. Occ CP (−0.7 ± 0.5 W)
was significantly lower than Con CP (3.9 ± 0.8 W), while
Occ W ′ (810 ± 205 J) was significantly greater than Con
W ′ (550 ± 127 J).

NIRS

For all muscle oxygenation measurements at end-exercise,
both Occ and Occ + Occ values were significantly different
from both Con and Con + Occ, while there were no
significant differences within each exercise condition
(Fig. 3). Baseline muscle oxygenation values were not
significantly different between trials. Deoxy-[Hb + Mb]
at end-exercise was significantly greater than baseline for
all trials. End-exercise total-[Hb + Mb] was significantly
greater than baseline for Con and Con + Occ, while there
was no significant difference between end-exercise and
baseline for Occ and Occ + Occ. Oxy-[Hb + Mb] was
significantly lower at end-exercise compared to baseline
for Occ and Occ + Occ, but no significance differences
were detected for Con or Con + Occ. %Sat-[Hb + Mb]
was significantly lower at end-exercise compared to base-
line for all trials (Fig. 3).

EMG

EMG measurements were not significantly different
between trials for the first 9 s of exercise. There were no
significant differences detected for EMG measurements

at end-exercise within each exercise condition (control or
occlusion). MedPF was significantly lower at end-exercise
for occlusion exercise than control exercise, while no
significant difference was detected for iEMG (Fig. 4).

Neuromuscular function and W ′

For all exercise trials, post-exercise neuromuscular fatigue
measurements were significantly lower than pre-exercise
values. The reductions in Qtw, MVC and %VA were
significantly greater for Occ than for Con (Fig. 5) and
for Occ + Occ than for Con + Occ (Fig. 6). The mean
W ′ between Con and Occ was significantly related to the
mean pre- to post-exercise reduction in MVC (r = −0.92,
P = 0.009) and Qtw (r = −0.83, P = 0.04), but not %VA
(r = −0.22, P = 0.68) (Fig. 7).

Discussion

The purpose of the current study was to determine the
influence of reductions in O2 delivery (via blood flow
occlusion) on the development of peripheral and central
fatigue during handgrip exercise. It was demonstrated
that blood flow occlusion during exercise exacerbated
the development of both peripheral and central fatigue.
Moreover, continued blood flow occlusion after the
cessation of exercise prevented the recovery of (or
worsened the magnitude of) peripheral and central
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fatigue. The current study is the first to identify a
relationship between the magnitude of fatigue developed
during exercise and the magnitude of W ′. This relationship
suggests that the magnitude of fatigue accrued during
severe-intensity exercise may be a determining mechanism
of W ′.

Influence of O2 delivery on fatigue

It has been postulated that the voluntary termination
of severe-intensity exercise is the result of attaining a
‘sensory tolerance limit’ (Gandevia, 2001; Amann et al.
2013). Evidence suggests that the ensemble group III/IV
afferent input from the active locomotor muscles plays
a vital role in determining this ‘sensory tolerance limit’
(Amann et al. 2006a,2006b, 2009; Amann & Calbet,
2008; Amann, 2011; Rossman et al. 2012; Kennedy et al.
2015) and the subsequent reduction in central motor
drive (Taylor et al. 2000). This reduction in central
motor drive is hypothesized to be a protective mechanism
that constrains the magnitude of fatigue development
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within the muscle by limiting intramuscular perturbations
(Amann et al. 2006a). The consistency of peripheral
fatigue development (and therefore the ‘sensory tolerance
limit’) during exercise is not without some degree of
ambiguity. It appears that the magnitude of peripheral
fatigue development for large muscle mass activity (e.g.
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cycling) is constant and does not vary with alterations
in O2 delivery (Amann et al. 2006a; Romer et al. 2007).
In contrast, a constant magnitude of peripheral fatigue
development is not consistently found for small muscle
mass activity (e.g. knee-extension and handgrip exercise).
Christian et al. (2014) demonstrated a greater magnitude
of peripheral fatigue development during knee-extension
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exercise in hypoxia than normoxia. Russ & Kent-Braun
(2003) demonstrated that ischaemic handgrip exercise
resulted in greater peripheral fatigue development than
control handgrip exercise. However, Millet et al. (2009)
demonstrated similar levels of peripheral fatigue with
knee-extension exercise during normoxic and hypoxic
exercise with and without ischaemia. The current study
demonstrated that reductions in O2 delivery (via blood
flow occlusion) exacerbated the magnitude of fatigue

-100

-150

-200

-250

-300

-350

-400

-20

-60

-40

r = -0.92
p = 0.009

r = -0.83
p = 0.04

r = -0.22

M
ea

n 
ΔV

A
 (

%
)

M
ea

n 
ΔQ

tw
 (

N
)

M
ea

n 
ΔM

V
C

 (
N

)

p = 0.68

-80

-100

-120

-140

500 600
Mean W’ (J)

Mean W’ (J)

700 800

800

900

500 600 700 900

-5

-10

-15

-20

-25

-30

-35

Figure 7. Relationship between W′ and the change in
neuromuscular function variables
Maximal voluntary contraction (MVC), potentiated doublet force
(Qtw) and voluntary activation (%VA) determined from
neuromuscular function testing.

C© 2015 The Authors. The Journal of Physiology C© 2015 The Physiological Society



J Physiol 593.17 Influence of occlusion on peripheral and central fatigue 4051

development through both peripheral and central origins
for small muscle mass handgrip exercise. Moreover, the
current study demonstrated a greater magnitude of peri-
pheral fatigue was incurred during occlusion exercise.
In the paradigm of Amann et al. (2013) the ‘sensory
tolerance limit’ is attained via increases in afferent feed-
back from the active muscle and central motor drive. The
current findings may be interpreted to suggest that the
‘sensory tolerance limit’ for small muscle mass exercise
is sensitive to alterations in O2 delivery, as more peri-
pheral fatigue was accrued during occlusion exercise
than control exercise. These results may also be inter-
preted to suggest that a ‘sensory tolerance limit’ does
not exist, which may provide support for other potential
mechanisms determining exercise tolerance (Clark et al.
2000; Nybo & Nielsen, 2001; Todd et al. 2005; Meeusen
et al. 2006; Amann et al. 2007). Consistent with this, the
magnitude of the severe intensity domain has been post-
ulated to determine exercise tolerance (Burnley & Jones,
2007; Vanhatalo et al. 2010) and it may be the breadth
of this domain that constrains the magnitude of fatigue
development during severe intensity exercise. Nonetheless,
the consistency in the magnitude of fatigue accrued during
exercise is different between large and small muscle mass
exercise.

It was demonstrated in the current study that recovery
of peripheral and central fatigue is prevented (and may
be worsened) if blood flow occlusion is maintained
post-exercise. It is well documented that the accumulation
of intramuscular metabolites during exercise increases the
firing frequency of group III/IV afferents (Kaufman &
Rybicki, 1987; Adreani et al. 1997), which, in turn, have
been implicated as determinants of the magnitude of
fatigue developed during exercise (Amann, 2011; Kennedy
et al. 2015). Recently, Kennedy et al. (2015) demonstrated
that an ischaemic period after a fatiguing knee-extension
protocol decreased VA, presumably due to activity of
group III/IV muscle afferents. Consistent with this, it
was demonstrated in the current study that post-exercise
blood flow occlusion resulted in the persistence (or further
development) of not only central fatigue, but also peri-
pheral fatigue.

Moreover, blood flow occluded exercise resulted in
greater levels of peripheral and central fatigue. Inter-
estingly, peripheral fatigue appears to be more sensitive to
the reduction in O2 delivery than central fatigue. Central
fatigue has been demonstrated to be influenced by cerebral
O2 delivery, as it was demonstrated that central fatigue
is exacerbated during exercise with blood flow occlusion
when cerebral O2 delivery is reduced via hypoxia (Millet
et al. 2009, 2012). Thus, central fatigue may have been less
sensitive to the effects of occlusion exercise, as cerebral
oxygenation was likely not challenged during the current
study. Cumulatively, these findings support the notion
that the concentration of intramuscular metabolites may

contribute to the magnitude of fatigue developed within
the muscle, by affecting the firing frequency of group III/IV
muscle afferents.

Despite an apparent difference in fatigue regulation
between large and small muscle mass exercise,
cycling, knee-extension and handgrip exercise have all
been demonstrated to hold true to the hyperbolic
power–duration relationship, even with alterations in O2

delivery (Moritani et al. 1981; Poole et al. 1988; Burnley,
2009; Vanhatalo et al. 2010; Broxterman et al. 2014, 2015).
This implies that the determinants of exercise tolerance
are constant within each muscle mass and O2 delivery
condition, but may vary across muscle mass and O2

delivery conditions. However, some commonality in the
mechanisms determining exercise tolerance must non-
etheless exist, as there appears to be no deviation from
the hyperbolic power–duration relationship.

Relationship between fatigue and W ′

The findings of the current study demonstrate that the
magnitude of fatigue accrued during handgrip exercise
is related to the magnitude of W ′. W ′ has repeatedly
been associated with a finite amount of work that can
be performed above CP for a given exercise condition
(Monod & Scherrer, 1965; Moritani et al. 1981; Poole
et al. 1988). The relationship between W ′ and fatigue
suggests that the mechanisms determining when task
failure occurs constrain the amount of work that can be
performed above CP. Thus, the greater amount of fatigue
that is accrued, the greater the amount work that can
be performed above CP. For example, Broxterman et al.
(2015) demonstrated a greater W ′ for exercise with blood
flow occlusion than for control exercise. The findings of the
current study suggest that the greater W ′ with blood flow
occlusion exercise may be due to the greater magnitude of
fatigue accrued. It has also been demonstrated that W ′ is
associated with the attainment of consistent intramuscular
metabolite concentrations at end-exercise (Poole et al.
1988; Vanhatalo et al. 2010). The magnitude of fatigue
accrued during exercise would constrain the amount of
intramuscular metabolic perturbation. This may explain
the consistent levels measured within given exercise
conditions. However, it does not appear that intra-
muscular metabolic perturbations at end-exercise vary
with O2 delivery conditions (Hogan et al. 1999; Vanhatalo
et al. 2010). Thus, it appears that different magnitudes of
fatigue and amounts of work can be performed for given
intramuscular metabolic perturbations. This may arise
from differences in efficiency and energy yield as a result
of O2 delivery to the muscle (Krustrup et al. 2003; Lanza
et al. 2006; Stellingweff et al. 2006; Vanhatalo et al. 2010).
Consistent with this, W ′ (determined as the amount of
work performed above CP) was decreased in hyperoxia,
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while no change in the end-exercise intramuscular
metabolic perturbations was measured (Vanhatalo et al.
2010). Importantly, the attainment of these consistent
end-exercise intramuscular metabolite concentrations
may not be a direct determining mechanism of W ′, as
these concentrations may be attained and maintained
for several minutes before the limit of exercise tolerance
(see Fig. 2 in ref. (Vanhatalo et al. 2010)). Moreover,
it appears that specific exercise training protocols alter
peripheral and central fatigue characteristics (Zghal et al.
2015), which may potentially explain alterations in W ′
with exercise training (Jenkins & Quigley, 1991; Sawyer
et al. 2014). However, as CP and W ′ were not measured
in the study by Zgahal et al. (2015) it cannot be known
if the reported changes in peripheral and central fatigue
were related with alterations in the magnitude of W ′.
The findings of the current study suggest the amount of
fatigue accrued during exercise may determine W ′ and
therefore exercise tolerance above CP.

Limitations

It has previously been demonstrated that compression
block influences afferent activity (Garland, 1991). Thus,
the vascular cuffing used in the current study potentially
could have altered afferent feedback due to nerve
compression. However, compression block is typically
performed by occluding blood flow for �20 min. In the
current study, blood flow occlusion was not initiated until
the onset of exercise and the total occlusion duration
never exceeded 20 min. There were no measurements
of intramuscular metabolite concentrations or afferent
firing in the current study. Therefore, inferences were
made from previous studies demonstrating no effect of
inspired O2 concentration on end-exercise intramuscular
metabolite concentrations (Hogan et al. 1999; Vanhatalo
et al. 2010), and that group III/IV afferent firing increases
with metabolite accumulation (Kaufman & Rybicki, 1987;
Adreani et al. 1997). Lastly, no comparisons were made
between fatigue measurements from the post-exercise
blood flow occlusion data and fatigue measurements
obtained immediately post-exercise. This was purposeful
in order to prevent attributing the difference in fatigue
between these conditions to occlusion, as it is not known
what the fatigue measurements would be 5 min after the
cessation of exercise.

Conclusion

This study provides further evidence that the magnitude
of fatigue development is not constant for small muscle
mass exercise across O2 delivery conditions. Moreover,
the current study demonstrated that post-exercise blood

flow occlusion prevented the recovery of both peripheral
and central fatigue. In combination, it appears that the
consistency in the magnitude of fatigue accrued is different
between large and small muscle mass exercise. The current
study is the first to provide evidence of a relationship
between the magnitude of fatigue development during
exercise and the magnitude of W ′. This evidence suggests
that W ′ may be determined by the magnitude of
fatigue accrued during exercise, which may constrain the
amount of work that can be performed and the intra-
muscular metabolic perturbations for severe-intensity
exercise.
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