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Abstract figure legend We investigated how 6 weeks of dynamic knee-extensor interval training with blood
flow restriction (BFR-leg) and without (CTRL-leg) impacts performance and its mechanisms using non-invasive
methods. Specifically, we used gold-standard methods to assess neuromuscular function, vascular function using
Doppler ultrasound, and near-infrared spectroscopy (NIRS)-derived post-exercise recovery kinetics of muscle oxygen
consumption as a surrogate for mitochondrial respiratory capacity and indices of the muscle metaboreflex, before and
after training in each leg.We found that performance, assessed via incremental peak power output, increased in both legs;
however, the increase in the BFR-legwas greater than in theCTRL-leg (A). The exercise-induced reduction in potentiated
twitch force evoked by single electrical stimulation (QTsingle) of the femoral nerve from before to 20 s after exercise was
significantly lower following training in the BFR-leg, but not in the CTRL-leg (B). Findings further showed enhanced
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microvascular function with no increase in mitochondrial respiratory capacity with BFR training. Our results thus
indicate that BFR training enhances performance by limiting the development of exercise-induced peripheral fatigue
through integrated neuromuscular, vascular and metabolic adaptations.

Abstract We investigated how blood flow restriction (BFR) training enhances performance
and neuromuscular function during dynamic exercise through adaptations in vascular function,
mitochondrial respiratory capacity and metaboreflex-related haemodynamic responses. Eleven
healthy active participants completed 6 weeks of interval training with one leg under BFR
(BFR-leg; cuff pressure:165 ± 36 mmHg) and the other without (CTRL-leg). Before and after
training, participants performed single-leg knee-extensor incremental tests to determine peak power
output (Wmax) and constant workload trials at 90% pre-training Wmax to assess neuromuscular
fatigue [maximal voluntary contraction (MVC) and evoked contractile force (QT)]. Blood flow
responsiveness was evaluated using Doppler ultrasound during reactive hyperaemia (RH), passive
legmovement (PLM) and rapid-onset vasodilatation (ROV).Mitochondrial respiratory capacity was
estimated indirectly from post-exercise recovery kinetics of muscle oxygen consumption (mV̇O2).
Mean arterial pressure (MAP) and heart rate (HR) responses to metaboreflex activation during
exercise and post-exercise circulatory occlusion (PECO) were measured. After training, Wmax
increased∼17%more in the BFR-leg than in the CTRL-leg (P< 0.001). Exercise-induced reductions
in MVC (P < 0.001) and QT forces (P = 0.001) were less in the BFR-trained leg than CTRL-leg,
indicating less fatigue development. Femoral blood flow was higher in the BFR-leg during RH and
ROV (P < 0.001), but not PLM. MAP (P = 0.001) and HR (P < 0.001) responses were lower in the
BFR-leg during exercise with muscle metaboreflex activation, without training or leg differences
during PECO (P > 0.230). The kinetics of mV̇O2 improved similarly in both legs (P < 0.007).
Compared to the control, BFR interval training elicited greater improvements in performance
and less fatigue for equivalent exercise through integrated neuromuscular, vascular and metabolic
adaptations.

(Received 5 August 2025; accepted after revision 18 November 2025; first published online 11 December 2025)
Corresponding author G. M. Blain: Campus STAPS – Sciences du Sport, Université Côte d’Azur, 261 boulevard du
Mercantour, Nice Cedex 03, France, 06205. Email: gregory.blain@univ-cotedazur.fr

Key points
� Interval training with blood flow restriction (BFR) improves exercise performance by enhancing
oxygen delivery and muscle homeostasis in contracting muscles, but its effects on neuromuscular
fatigue and the underlying mechanisms are not fully understood.

� In a within-subject, unilateral design, participants trained one leg with BFR for 6 weeks while the
contralateral leg served as a control. Before and after training, we assessed neuromuscular fatigue,
vascular function, near-infrared spectroscopy (NIRS)-derived post-exercise recovery kinetics
of muscle oxygen consumption (mV̇O2 , a surrogate for mitochondrial respiratory capacity) and
muscle metaboreflex activation.

� BFR interval training attenuated neuromuscular fatigue development during high-intensity
dynamic knee-extensor exercise, mainly by reducing impairments in peripheral (i.e. muscle)
fatigue.

� After BFR training, leg blood flow was greater during vascular function tests compared to the
control, suggesting enhanced haemodynamic function.

� Less fatigue for equivalent exercise occurred independently of changes inNIRS-derivedmV̇O2 and
appears to be largely driven by peripheral neuromuscular and vascular adaptations.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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Introduction

Blood flow restriction (BFR) training has become a
well-recognized training modality shown to increase
skeletal muscle strength and hypertrophy (Lixandrão
et al., 2018; Loenneke et al., 2012; Slysz & Burr, 2018),
as well as improve endurance capacity (Abe et al., 2010;
Corvino et al., 2014; Paton et al., 2017) and maximal
oxygen uptake (V̇O2max) (Mitchell et al., 2019; Taylor
et al., 2016). BFR is typically accomplished by inflating
a pneumatic cuff around the most proximal region of
the exercising limb(s) to reduce arterial blood flow and
occlude venous outflow (Scott et al., 2015). Compression
of the underlying vasculature during exercise can reduce
skeletal muscle blood flow by ∼20–50% (Christiansen
et al., 2019; Sundberg & Kaijser, 1992), leading to a trans-
ient lack of oxygen supply to the muscle (Corvino et al.,
2017; Larkin et al., 2012; Manini & Clark, 2009). Cuff
deflation in a subsequent resting phase results in a rapid
rise in blood flow, approximately three times greater than
during exercise without BFR and reperfusion-induced
shear stress (Christiansen et al., 2019).

Compared to the same exercise performed without
BFR, a single session of BFR exercise has notably
been linked to greater perturbations in metabolic (e.g.
H+, Pi), ion (e.g. K+) and redox muscle homeostasis
(Christiansen et al., 2021), recruitment of type II muscle
fibres (Fatela et al., 2016), discharge of mechanical and
metabolic group III and IV muscle afferents (Nobrega
et al., 2014), and activation of biochemical pathway
responses such as AMPK and PGC1-α and production
of reactive oxygen species (ROS) (Christiansen et al.,
2018; Ferguson et al., 2021). Although such acute
BFR-associated stimuli can transiently exacerbate neuro-
muscular fatigue development (Husmann et al., 2018;
Lavigne et al., 2024), theymay enhance long-term training
adaptations (Burtin et al., 2012) and ultimately slow the
rate of fatigue development for a given performance task.

In a series of recent studies, Christiansen et al.
(2019–2021) described several beneficial effects of
training with BFR compared to a training control. In
these studies, performing interval cycling with BFR
three times per week for 6 weeks increased arterial
blood flow (Christiansen et al., 2019) and oxygen
delivery (Christiansen et al., 2020), and lowered lactate

0 Colin Lavigne is currently a PhD student in the Faculty of Human Movement Sciences at the Université Côte d’Azur under
the supervision of Dr Grégory Blain. His PhD focuses on the influence of blood flow restriction exercise on neuromuscular,
cardiovascular and metabolic responses, and investigates this topic using a physiologically integrated approach. His research
interests include physical training adaptations in the integration of physiological systems to acute and chronic exercise, and the
applications of these alterations for both health and performance.

production during dynamic exercise (Christiansen et al.,
2021). It has also been documented that BFR-induced
mechanisms elicit several other adaptations, including
vascular remodelling (Hunt et al., 2013) and improved
muscle perfusion (Kacin & Strazar, 2011). Production
of ROS has been suggested to be related to repeated
ischaemic episodes with interval BFR training, which
in turn enhances gene expression associated with
mitochondrial adaptations (Christiansen et al., 2018;
Ferguson et al., 2021). This upregulated mitochondrial
gene expression may enhance mitochondrial respiratory
capacity, promote greater reliance on aerobic metabolic
pathways for ATP resynthesis and support improved
oxygen uptake.Moreover, repeated exposure tometabolite
accumulation via localized hypoxic periods induced by
BFR exercise may attenuate the exercise pressor reflex
(Crisafulli et al., 2018; Sundblad et al., 2018), a key
regulator of haemodynamic responses during exercise
(Rowell & O’Leary, 1990; Seals et al., 1988), through
the desensitization of group III and IV muscle afferents
(Wang et al., 2012) and/or reduced metabolite production
at a given work rate.
Collectively, these adaptations, mediated by increased

convective O2 delivery (Christiansen et al., 2020)
and better maintenance of muscle ion homeostasis
(Christiansen et al., 2021) via improved oxidative
pathways (Christiansen et al., 2018; Pignanelli et al.,
2021), suggest that BFR training may enhance
exercise performance by delaying the development
of exercise-induced neuromuscular fatigue. Neuro-
muscular fatigue manifests as a transient reduction
in the ability of the contracting muscles to maintain
force or power, resulting from impairments at both
central and peripheral levels of the neuromuscular
system (Bigland-Ritchie & Woods, 1984). Central fatigue
refers to an exercise-induced decline in the ability to
voluntarily activate muscles, whereas peripheral fatigue
implies a reduction in the ability of the muscle fibres to
generate force in response to neural input. In our previous
study (Lavigne et al., 2024), we showed that a single
session of BFR interval cycling evoked significantly larger
decrements in exercise-induced neuromuscular fatigue
compared to an intensity-matched control condition,
due primarily to peripheral factors. However, the chronic
effects of BFR training on the underlying peripheral and

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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4 C. Lavigne and others J Physiol 0.0

central components of neuromuscular fatigue during
dynamic exercise remain unknown. This gap is important
to address as neuromuscular fatigue plays a key role in
determining exercise performance.
Accordingly, the present study aimed to investigate

how neuromuscular, vascular and metabolic adaptations
induced by BFR training contribute to improved exercise
performance during dynamic knee-extensor exercise
in healthy young adults. We used a comprehensive set
of non-invasive assessments to examine adaptations
in neuromuscular function, vascular responsiveness,
near-infrared spectroscopy (NIRS)-derived post-exercise
muscle oxygen consumption (mV̇O2) as a surrogate for
skeletal muscle mitochondrial respiratory capacity, and
the exercise pressor reflex. It was hypothesized that:
(1) BFR training would lead to greater improvements
in exercise performance (reflected by time to task
failure), and (2) for work- and duration-matched exercise,
markers of neuromuscular fatigue (maximal voluntary
contraction force, evoked forces and surface EMG) would
be less impaired following BFR training compared to a
volume-matched control. From a mechanistic standpoint,
we further hypothesized that BFR training would improve
vascular function and NIRS-derived post-exercise
recovery kinetics of mV̇O2 from knee-extensor exercise
and attenuate the exercise pressor reflex during muscle
metaboreflex activation, thereby contributing to less
fatigue development for equivalent exercise, compared to
a volume-matched control.

Methods

Ethical approval

This study was approved by the regional ethics committee
(reference number: 2022-A01627-36) and was conducted
in accordance with the standards set by the latest revision
of the Declaration of Helsinki, except for registration in
a database. Participants were informed of the study’s
requirements, benefits and potential risks both orally and
inwriting before providing theirwritten informed consent
to participate.

Participants

Two female and nine male healthy, physically active
individuals (mean ± SD: age: 23 ± 3 years; height:
176 ± 10 cm; body mass: 71.0 ± 15.3 kg) completed
the study. All participants passed a general medical
assessment to ensure they could safely complete the
exercise required in this study. Participants were:
(1) free from diagnosed cardiovascular, neurological
or musculoskeletal disorders; (2) self-identified
non-smokers; (3) not taking any medications; and (4)

normally physically active (range: recreational activity
to competitive amateur sport) university students. Using
power analysis software (G∗Power version 3.1), the
minimal sample size required for an 80% statistical power
and an alpha error probability of 5% (two-tailed; effect size
F = 0.40; non-sphericity correction = 1; ANOVA with
repeated measures within factors) was 10 participants.
This sample size is comparable to those of previous studies
using a within-participant design to investigate training
adaptations to BFR exercise between limbs (Christiansen
et al., 2019, 2020; Sundblad et al., 2018).

Experimental design

Participants visited the laboratory for four experimental
sessions prior to and five experimental sessions following
the training intervention. All exercise was performed
on a custom-built dynamic knee-extensor ergometer
designed to isolate quadriceps muscle work in a ‘kicking’
motion (Andersen & Saltin, 1985). Each participant
completed two familiarization sessions. During the first
familiarization session, anthropometric measurements
were collected, and participants completed two graded
incremental single-leg exercise tests to task failure (initial
workload: 3W; workload increment: 3Wmin−1; cadence:
60 rpm), separated by a 30 min rest period. The power
output attained during the last completed stage was
determined as the estimated peak power output (Wmax).
During the second familiarization session, participants
performed practice submaximal and maximal bouts of
dynamic knee-extensor exercise with each leg. During
the submaximal period, participants performed three,
3 min bouts of knee-extension exercise continuously.
The intensities of each exercise bout were 20, 30 and
40% of Wmax, respectively. Next, following 5 min of rest,
participants performed a maximal exercise bout at 90%
Wmax to task failure. Participants were instructed to: (1)
always exercise at 60 rpm to ensure a constant work rate,
(2) completely relax during knee flexion and (3) keep
hips as still as possible during the protocol. Participants
also practised the neuromuscular function assessment
protocol (described below) before and after the practice
exercise tests.
A study overview is presented in Fig. 1. During the first

experimental session, quadriceps muscle mitochondrial
respiratory capacity was estimated non-invasively in
each leg by measuring NIRS-derived post-exercise
mV̇O2 recovery kinetics, followed by an incremental
knee-extensor exercise test to task failure to determine
peak power output and whole-body peak oxygen
uptake (V̇O2peak). V̇O2peak was determined during every
incremental knee-extensor exercise test to task failure,
defined as the highest 30 s average of recorded oxygen
uptake values. In the second experimental session,

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 BFR training limits exercise-induced fatigue 5

single-leg knee-extension exercise was performed to
task failure at 90% of Wmax to examine the development
of neuromuscular fatigue following exercise. In these
experiments, central and peripheral fatigue were
quantified via pre-/post-exercise decreases in super-
imposed and potentiated single and doublet electrical
femoral nerve stimulations. In the third experimental
session, cardiovascular and cardiorespiratory responses

were measured during single-leg knee-extensor exercise
with concomitant muscle metaboreflex stimulation via
graded muscle occlusion and post-exercise circulatory
occlusion (PECO) to evaluate whether BFR training
would reduce the sensitivity of the exercise pressor
reflex. During the fourth experimental session, multiple
assessments of vascular function specific to the leg,
determined by reactive hyperaemia (RH), flow-mediated

Figure 1. Schematic representation of the study timeline and testing protocols for each experimental
visit
A diagram illustrating the study timeline, including the familiarization, pre-training testing, training period and
post-training testing periods is shown along the top of the figure. Session 1: protocol used to estimate NIRS-derived
post-exercise recovery kinetics ofmV̇O2 (a surrogate for mitochondrial respiratory capacity) and determine single-leg
knee-extensor peak power output (Wmax) and peak oxygen uptake (V̇O2peak). Session 2: protocol used to quantify
neuromuscular fatigue development. Session 3: protocol used to estimate leg metaboreflex activation. Session 4:
protocol used to estimate leg vascular function using tests of reactive hyperaemia (RH), passive leg movement
(PLM) and rapid-onset vasodilatation (ROV). Participants performed each test with one leg then the other
(randomized order) and this order was kept the same for each participant before and after the training period.
Abbreviations: AOP, arterial occlusion pressure; BFR, blood flow restriction; FAM, familiarization; FF, free-flow
exercise; iso-time, the exercise task maintained until the duration completed before training was matched;
mV̇O2 , muscle oxygen consumption; MVC, maximal voluntary contraction; NIRS, near-infrared spectroscopy;
PECO, post-exercise circulatory occlusion; PLM, passive leg movement; RH, reactive hyperaemia; TTE, time to
exhaustion; QT10, potentiated quadriceps twitch evoked with supramaximal electrical 10 Hz paired stimulation;
QT100, potentiated quadriceps twitch evoked with supramaximal electrical 100 Hz paired stimulation; QTsingle,
potentiated twitch peak force evoked by single electrical stimulation of the femoral nerve.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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6 C. Lavigne and others J Physiol 0.0

dilatation (FMD), passive leg movement (PLM) and
rapid onset vasodilatation (ROV), were performed using
Doppler ultrasound to determine whether vascular
adaptations occur in the femoral artery because of
knee-extensor BFR training. On each occasion, both
limbs underwent experimental testing separately, first
with one leg and after a minimum of 30 min of rest
with the other leg. The order of legs was randomized
prior to the first experiment and kept consistent for each
participant before and after the training period.
After the pre-training experimental sessions, the legs of

participants were randomly assigned to a 6 week training
intervention consisting of dynamic interval knee-extensor
exercise with BFR for one leg (BFR-leg) and with free
flow for the other leg (CTRL-leg). Randomization was
performed using an open-source, web-based mini-
mization program (Saghaei & Saghaei, 2011) and
considered sex (i.e. male/female) and the dominant limb
(i.e. right/left). During training, the legs were trained
simultaneously, and their force output and cadence were
matched every training session. Before training, each
participant’s arterial occlusion pressure was measured
while sat upright on the knee-extensor ergometer. A
13 cm pneumatic cuff (Hokanson Inc., Bellevue, WA,
USA) was applied proximally around the thigh and
inflated with a rapid inflation system (Hokanson E20
cuff inflator; Hokanson). Cuff pressure was increased
gradually until femoral arterial blood flow was no longer
detectable by Doppler ultrasound using a linear trans-
ducer (see ‘Ultrasound data analysis’ for details). The
pressure recorded as full occlusion was the cuff pressure
that resulted in cessation of femoral artery blood flow
distal to the cuff.Arterial occlusion pressurewasmeasured
three times per leg, with ≥2 min between measurements,
and the mean value was used for subsequent BFR pre-
scriptions. During the training intervention, BFR was
applied at 80% of the pressure required for full arterial
occlusion.
After training, each experimental session was

replicated. All exercise intensities werematched according
to the participants’ pre-training levels. The intense
exercise bout of the second experimental session (i.e.
90% of pre-trainingWmax) was terminated after the same
duration at which task failure was reached before training.
Participants returned for a fifth visit to perform exercise
to task failure at 90% pre-training Wmax. Post-training
assessments began a minimum of 72 h (and maximum
of 168 h) after the training period to allow for sufficient
recovery from the final training session.
All experimental procedures and training inter-

ventions were performed under standard environmental
conditions (temperature ∼20°C; relative humidity
∼40%). All experimental sessions were separated by
≥48 h to allow full recovery from exhaustive exercise
(Carroll et al., 2017). All experimental measurements

were performed at a similar time of day (±2 h) to mini-
mize diurnal variations in maximal muscle performance
(Tamm et al., 2009). Participants were instructed to
abstain from fatiguing/high-intensity exercise and alcohol
consumption for 24 h and caffeine for 12 h before each
experimental session.

NIRS-derived mV̇O2 measurements

Quadriceps mitochondrial respiratory capacity was
estimated non-invasively via NIRS as the recovery rate
of post-exercise muscle oxygen consumption (mV̇O2)
following the method previously proposed (Ryan et al.,
2014). The NIRS probe was placed over the vastus
lateralis and the BFR cuff was secured proximally
around the leg to transiently occlude blood flow after
exercise. The protocol began with two measurements
of resting mV̇O2 by inflating the blood pressure cuff
(∼250–300 mmHg) for 30 s. Following the resting
measurements, participants performed 6 min of constant
work rate submaximal exercise at 40% Wmax (adapted
fromZuccarelli et al., 2020), chosen to achieve steady state
inmV̇O2 . Immediately upon relaxation, a series of repeated
supramaximal arterial occlusions were performed with
the following timings: five occlusions lasting 5 s each,
separated by 5 s with free flow; five occlusions lasting 7 s
each, separated by 7 s with free flow; and 10 occlusions
lasting 10 s each, separated by 10 s with free flow. Each
NIRS datapoint was corrected for small changes in
blood volume (Ryan et al., 2012). Resting baseline and
post-exercise mV̇O2 were calculated as the rate of change
(i.e. slope) of the deoxygenated haemoglobin (HHb)
signal using simple linear regression over the first 3 s
(150 data points) of each individual occlusion. This
short window was chosen because the deoxyhaemoglobin
response is approximately linear during the initial seconds
of an occlusion, improving signal-to-noise ratio. The two
values from the resting measurements were averaged
to obtain a resting baseline mV̇O2 value. The repeated
post-exercise mV̇O2 measurements were fit to a mono-
exponential curve (Ryan et al., 2014), and the fitting rate
constant k and the corresponding time constant tau (τ )
were calculated. The k-constant and τ values correlate
with the maximal rate of skeletal muscle respiration
determined via high-resolution respirometry (Ryan et al.,
2014) and phosphocreatine (PCr) recovery kinetics via
31P magnetic resonance spectroscopy (MRS) (Ryan et al.,
2013), respectively. Following the incremental test, an
ischaemic calibration of the NIRS signal was performed
by inflating a pneumatic cuff (∼300 mmHg) for 5 min,
or until the deoxygenated haemoglobin signal plateaued
for 30 s, while participants remained seated upright in the
ergometer with their feet off the ground. This procedure
was used to obtain complete deoxygenated NIRS values

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 BFR training limits exercise-induced fatigue 7

and normalize the [HHb] signal to each participant’s
maximal physiological value.

Assessment of exercise pressor reflex

After a 3 min baseline period, participants commenced
12 min of single-leg dynamic knee-extensor exercise
corresponding to 30% of their pre-trainingWmax. Exercise
began with 3 min of unrestricted flow. Thereafter, the
thigh cuff was inflated to induce graded muscle ischaemia
via occlusion at 20, 40 and 60%of the pressure required for
full arterial occlusion. Each of these intensities comprised
a 3min exercise period. At the end of the exercise portion,
the thigh cuff was inflated to a pressure of ∼300 mmHg
to ensure full blood flow occlusion (i.e. PECO) for 3 min,
followedby a 3min recovery/reperfusion period.A 30min
rest period separated the metaboreflex activation trials of
the first and second leg.

Assessments of vascular function

For all testing procedures, superficial femoral
artery diameter, blood velocity and fingertip photo-
plethysmogram signals were recorded continuously
at baseline and throughout the entire procedure.
During a pre-training reproducibility assessment,
across 11 participants (two visits, three repeats/day),
the between-day coefficient of variation at baseline
was 1.98 ± 1.79% for femoral artery diameter and
13.7 ± 10.2% for femoral artery velocity. The three tests
described below were conducted on the same day.

Reactive hyperaemia and flow-mediated dilatation.
The hyperaemic response following arterial occlusion
release, referred to as RH, provides valuable insight into
microvascular function (Philpott & Anderson, 2007).
Additionally, endothelial function can be indirectly
evaluated by measuring the vasodilatory response after
a short period of cuff occlusion, known as FMD (Harris
et al., 2010). Participants were positioned supine on a
treatment table at rest for 20 min before the start of data
collection and remained in this position for the remainder
of the test. A pneumatic cuff measuring 9 cm in width
(Hokanson) was positioned on the upper leg just proximal
to the knee cap. Doppler ultrasound measurements were
recorded with the probe placed ∼10 cm proximal to the
cuff. After resting baseline, the pneumatic cuff was rapidly
inflated to a supra-systolic pressure of ∼250 mmHg for
5 min. Haemodynamic measurements were performed
for a minimum of 30 s prior to the release of the cuff and
for 2min immediately following pneumatic cuff deflation.

Passive leg movement. Several studies have
demonstrated that the hyperaemic response to passive

leg movement (PLM) is dependent on nitric oxide
(NO) bioavailability (Gifford & Richardson, 2017;
Hanson et al., 2020; Mortensen et al., 2012), making
PLM a useful paradigm for assessing vascular function.
Accordingly, PLM was performed as previously described
(Hanson et al., 2020). Briefly, participants were placed
seated upright at rest and remained in this position for
the remainder of the test. Following baseline super-
ficial femoral artery and peripheral haemodynamic
measurements, PLMwas performed for 60 s at a frequency
of 1 Hz (i.e. 60 passive knee extensions per minute) using
a metronome. PLM was achieved by a member of the
research team manually moving the participant’s lower
leg through a range of motion from 90° to 180° at the
knee joint. Participants were instructed to remain relaxed
throughout the test and to not resist or assist with the
movement. This procedure was replicated three times
each leg with a ∼10 min rest period between each trial.

Rapid-onset vasodilatation. ROV, an index of the
vascular responsiveness to a singlemuscle contraction, has
also been shown to be dependent on NO bioavailability
(Casey et al., 2013). ROVwas assessed having participants
perform single 1 s isometric quadriceps contractions at
20% and 40% of their pre-training maximal voluntary
contraction (MVC) in the isometric dynamometer.
Participants received commands to contract and relax,
and real-time force feedback was displayed to a computer
monitor placed in front of the subject. Each contraction
was monitored to ensure proper contraction intensity
and duration. Three contractions were performed at
each intensity with rest intervals of ≥90 s given between
contractions to allow haemodynamics to return to base-
line, and≥5min between intensity blocks (Crecelius et al.,
2013). Haemodynamic measurements were performed
prior, during and for 45 s following contraction.

Training intervention

Supervised training consisted of 18 sessions over 6 weeks,
performed three times per week on non-consecutive days,
with an adherence rate of 100%. Each training session
consisted of a 5 min warm-up at 30% Wmax, followed by
three sets of 3 × 2 min intervals. Passive recovery was
given for 1 min between intervals and for 5 min between
sets. The intensities were set at 60% (32 ± 7 W), 70%
(37± 9W) and 80%Wmax (42± 10W) for the first, second
and third sets, respectively. Unlike the previous studies
by Christiansen et al. (2019, 2020), the external workload
was increased throughout the training period by up to an
additional ∼10–15% of Wmax per set, since some of our
participants were highly fit (i.e. competitive amateur track
& field, volleyball or mixed martial arts athletes). The
legs were trained concurrently, and the force generated

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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8 C. Lavigne and others J Physiol 0.0

by each leg was matched using s-beam force transducers
(LC101-500 Omegadyne, Sunbury, OH, USA). Force and
cadence of each leg were displayed on a computermonitor
placed in front of the participant to provide real-time
visual feedback.
Blood flow to the working muscles of the BFR-leg was

intentionally restricted during each interval by inflating
the BFR cuff, placed around the most proximal part of
the leg, to 80% of the pressure required for full arterial
occlusion (165± 36mmHg). A previous study on leg BFR
training using a similar cuff pressure reported an ∼50%
reduction in blood flow during exercise (Christiansen
et al., 2019). The cuff was immediately inflated at the start
of each interval and deflated at the end to facilitate local
muscle ischaemia during exercise bouts and reperfusion
during recovery periods. Previous studies have shown
that this type of protocol is ideal for optimizing training
adaptations, as it imposes optimal metabolic, ionic and
redox stress on peripheral tissues (Christiansen et al.,
2018, 2021).

Data collection and analyses

Neuromuscular assessment of quadriceps function. The
set-up for the neuromuscular assessment of quadriceps
function and force acquisition in our laboratory has
been described previously (Lavigne et al., 2024). Briefly,
subjects were seated upright on a custom-made isometric
dynamometer with both the trunk–thigh angle and knee
joint angle at ∼90°. A non-compliant strap attached to a
calibrated load cell (model LC101, Omega Engineering
Inc, Norwalk, CT, USA) was fixed to the subject’s ankle,
just superior to the malleoli. Wireless surface EMG
sensors (Trigno Wireless EMG system, Delsys, Boston,
MA, USA) were placed at the muscle belly of the vastus
lateralis (VL), vastus medialis (VM), rectus femoris
(RF) and biceps femoris (BF) (Hermens et al., 2000).
The EMG signals were digitized at a sampling rate of
2000 Hz using a data acquisition system (PowerLab 16/35,
ADInstruments, Australia), recorded using commercially
available software (Labchart v8.1.25, ADInstruments)
and stored for further off-line analysis. Percutaneous
electrical stimulation was delivered to the femoral
nerve via a cathode electrode (30 × 30 mm, Ag-AgCl,
Mini-KR; Contrôle Graphique, Brie-Comte-Robert,
France) secured in the inguinal triangle with gauze and
tape. The anode, a 50 × 90 mm electrode (Durastick
Plus; DJO Global, Vista, CA, USA) was placed on the
gluteal fold. A constant current stimulator (DS7A;
Digitimer, Welwyn Garden City, UK) was used to deliver
a square-wave stimulus of 1 ms in duration. Optimum
stimulus intensity was determined as the current that did
not elicit an increase in quadriceps resting twitch and
compound muscle action potentials (Mmax) following

two successive 10 mA increments at rest. To ensure
maximal spatial recruitment of motor units during
the neuromuscular tests, this intensity was multiplied by
130%. Themean± SD stimulus intensity was not different
between legs (70 ± 19 vs. 68 ± 20 mA, P = 0.407) for all
visits.
Neuromuscular assessments were conducted before

and immediately after every exercise protocol using a
standardized set of contractions. In each set, participants
performed a 3 s MVC during which superimposed paired
stimuli at 100 Hz (QT100 superimposed) were delivered
at the peak force of the MVC to determine voluntary
activation (VA) of the quadriceps (Merton, 1954). Then,
potentiated quadriceps twitch forces evoked by paired
100 Hz (QT100), paired 10 Hz (QT10) and single (QTsingle)
electrical stimulations of the femoral nerve were elicited
2, 4 and 6 s after each MVC, respectively. At base-
line (i.e. before single-leg knee-extensor exercise), three
standardized sets of contractions, separated by 1 min,
were performed following a brief quadriceps warm-up
routine. After exercise, to capture the rapid recovery from
fatigue that occurs within the first minutes after exercise
termination, the same standardized sets of contractions
were performed at exactly 20 s and 1, 2, 4, 8 and 15 min
after exercise.
Peak force was determined for all MVC, QT100 and

QT10 measurements. For all QTsingle measurements, peak
force, contraction time to peak force (CT), maximal rate
of force development (MRFD, maximal value of the first
derivative of the force signal) and half-relaxation time
(HRT, time to obtain half the decline in maximal force)
were determined. The QT10:100 ratio (i.e. QT10/QT100)
was calculated and interpreted as an index of prolonged
low-frequency force depression (Martin et al., 2004).
Quadriceps VA during MVCs was calculated as follows
(Merton, 1954).

VA (%) =
(
1 − QT100 superimposed

QT100

)
× 100

The greatest baseline MVC, QTsingle, QT10, QT100,
QT10:100, VA and MRFD values and the lowest baseline
CT and HRT values from the pre-exercise standardized
sets of contractions were used for analysis (Ducrocq &
Blain, 2022). Pre- to post-exercise differences in MVC,
VA, QTsingle, QT10, QT100 and QT10:100 (expressed as a
percentage change from pre-exercise) were calculated to
quantify and characterize the origin of exercise-induced
neuromuscular fatigue.
Evoked Mmax responses of VL, VM and RF muscles

were analysed from the QTsingle stimulation for
peak-to-peak amplitude. The root mean square of the
EMG signal recorded during each MVC (RMSMVC) was
analysed as the highest 500 ms average produced during
voluntary effort. During exercise, each EMG burst from

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 BFR training limits exercise-induced fatigue 9

the VL, VM and RF was identified using a custom-written
MATLAB script (MathWorks Inc., Natick, MA, USA).
The RMS of each EMG burst was calculated during
exercise. RMS values were then normalized to the highest
RMS value of the pre-exercise MVC (RMS%MVC) and 30 s
bin averaged.

Central haemodynamics. Beat-by-beat heart rate (HR)
and blood pressure variables (systolic blood pressure, SBP;
diastolic blood pressure, DBP; mean arterial pressure,
MAP) were recorded continuously via a non-invasive
dual finger photoplethysmography unit (Human NIBP
Nano System, ADInstruments). The left hand was held
on a custom-made support at the level of the heart and
photoplethysmography cuffs were placed on the third
and fourth fingers. A software extension (Non-Invasive
Cardiac Output, ADInstruments) was added to the
LabChart 8 software to estimate stroke volume from the
blood pressure waveform and subsequently cardiac output
(stroke volume × HR) with the ModelFlow algorithm
(Windkessel model, ADInstruments).

Ultrasound data analysis. Blood velocity and vessel
diameter of the superficial femoral artery were measured
using a Doppler ultrasound system (ArtUs EXT-1H,
Telemed Medical Systems, Vilnius, Lithuania) equipped
with a linear array transducer (L12-5N40-A4, Telemed
Medical Systems) operating in duplex mode at a B-mode
imaging frequency of 12 MHz and Doppler frequency
of 4 MHz. Data were acquired using commercially
available software (EchoWave II, v.3.4.4, TelemedMedical
Systems). Blood velocity measurements were obtained
with the transducer positioned to maintain an insonation
angle ≤60°, with the sample volume maximized and
centred according to vessel size. Femoral artery B-mode
images and pulsed-wave Doppler waveforms were
recorded as video files, stored digitally and analysed
off-line with custom-written MATLAB scripts (Meste
et al., 2024). Frame-by-frame analysis was conducted
for vessel diameter using automated edge detection
at a perpendicular angle along the central axis of the
artery and for blood velocity based on pixel intensities
modelled as a probability density function. Diameter and
velocity data were then synchronized, which enabled the
calculation of blood flow and shear rate. Femoral blood
flow was calculated using the equation:

bloodflow
(
ml · min−1)

= {(
mean blood velocity

(
cm · s−1))

× [
π × (vessel radius (cm))2

] × 60
}

and shear rate (SR) was calculated as:

SR
(
s−1) = 4 × mean blood velocity

(
cm · s−1)

diameter (cm)
For RH and PLM, blood flow data were subsequently

bin-averaged into 1 s bins corresponding to 1 s averaged
velocities and diameters and smoothed. For ROV, blood
flow data were bin-averaged into one-cardiac cycle bins
corresponding to one-cardiac cycle averaged velocities
and diameters. Resting diameter (cm) was averaged over
30 s. The dilatory response (i.e. FMD) during RH was
established as the percentage change frombaseline to peak
arterial diameter (3 s average value) and calculated with
the equation:

FMD (%) = peak diameter − baseline diameter
baseline diameter

× 100

while peak flow during the protocols was identified as the
highest 1 s average, and area under the curve (AUC) was
calculated for blood flow and shear rate. Limb vascular
conductance (LVC) was calculated as:

LVC
(
ml · min−1 · mmHg−1) = bloodflow

(
ml · min−1) /

MAP
(
mmHg

)

Cardiorespiratory andmetabolic variables. Gas exchange
and ventilatory variables were collected using a calibrated
breath-by-breath portable gas analyser (Cortex MetaMax
3B, Cortex GmbH, Leipzig, Germany). HR was recorded
using a chest strap heart rate monitor (Polar H7,
Polar Electro Oy, Kempele, Finland). Oxygen uptake
(V̇O2), carbon dioxide output (V̇CO2), V̇CO2/V̇O2 , minute
ventilation (V̇E), V̇E/V̇O2 , V̇E/V̇CO2 , breathing frequency
( fB), tidal volume (VT) and HR were recorded during
all experimental exercise sessions. Data were cleaned
and interpolated to 1 s intervals with MATLAB
custom-written scripts before bin analysis. Except for
HR, which was computed as a 5 s average, all cardio-
respiratory variables were computed using the last 30 s of
each exercise phase.
Finger prick blood samples (5 μl) were collected at

3 min after exercise and analysed by a portable lactate
meter (LactatePro2, Arkray, Kyoto, Japan) to determine
blood lactate concentration ([La]b).

Near-infrared spectroscopy. Concentrations of
oxygenated haemoglobin [O2Hb], deoxygenated
haemoglobin [HHb] and total haemoglobin
([tHb] = [O2Hb] + [HHb]) were measured using a
continuous wave NIRS device (OxyMon; Artinis Medical
Systems, Elst, The Netherlands) as previously described
(Van Beekvelt et al., 2001). Wavelengths of 765 and
855 nm were emitted from photodiodes secured in
optode holders, fixed longitudinally over the vastus

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

 14697793, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP289806 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [17/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



10 C. Lavigne and others J Physiol 0.0

lateralis, approximately two-thirds between the greater
trochanter and superior border of the patella, which
allowed for multiple optode distances between 25 and
55 mm. Adhesive tape secured the optode holders to the
skin, and an optically dense black cloth and an elastic
tensor bandage were used to limit any extraneous light
or movement from interfering with the device. The
skin underneath the probes was shaved and cleansed
with an isopropyl alcohol swab. Skinfold thickness was
measured using a Harpenden Skinfold Caliper (Baty
International, UK) to ensure that the depth of light
penetration was sufficient to effectively interrogate the
underlying muscle at a depth more than twice the
skinfold thickness beneath the optode holder (Barstow,
2019). Data were recorded continuously at 50 Hz via an
online data acquisition system OxySoft (Artinis Medical
Systems). Given that NIRS signals measure absolute
changes from a set baseline, haemoglobin signals were set
to zero following collection, and values were calculated
as micromolar changes from rest. The raw signals were
filtered with a moving Gaussian smoothing algorithm and
data were extracted in .xlsx format and processed using
custom-written scripts in MATLAB.

Statistical analysis

Data are presented as mean ± SD unless otherwise
stated. Normality of dependent variables were assessed
using the Shapiro-Wilks test. A random-intercepts linear
mixed-effects model (LMM) was conducted to assess the
main effects of condition and time, and condition × time
interaction effects on all dependent variables data. This
modelling framework incorporates all sampled data rather
than just the mean values from each participant, thereby
preserving variability both within and across participants.
For variables that were assessed repeatedly and/or bin
averaged over time, analyses were performed separately
for the condition main effects of training (pre-training
vs. post-training) and differences with training between
legs (CTRL-leg vs. BFR-leg) and time (repeated samples)
as fixed factors. For variables assessed at a single time
point before and after the training period, a two-way
(2 × 2) repeated-measures ANOVA was performed
to evaluate differences between training (pre-training
vs. post-training) and leg (CTRL-leg vs. BFR-leg). An
alpha-level of P < 0.05 was used to indicate statistical
significance. F values are reported for main and inter-
action effects (Cohen, 1988). Post hoc analyses were
performed using Tukey’s HSD test to examine differences
from baseline for each condition and for differences
between conditions within the same timepoint. Effect size
for ANOVA (partial eta squared, pη

2) was interpreted
based on Cohen’s conventions, where <0.06, 0.06–0.14

and >0.14 were considered as a small, medium and large
effect, respectively (Cohen, 1988). Effect size for post hoc
analysis (Cohen’s d) was interpreted as trivial (<0.2),
small (0.2–0.5), moderate (>0.5–0.8) and large (>0.8)
(Cohen, 1988). All statistical tests were performed using
RStudio (version 2024.12.0+467).

Results

Adverse effects of BFR training

Twelve participants were initially recruited in this study.
However, one was withdrawn during the training phase
due to the development of an encapsulated, isolated and
non-vascularized haematoma in the medial saphenous
compartment, attributed to cuff-related trauma. The
remaining 11 participants completed the full protocol
without reporting any adverse effects.

Performance, metabolic and cardiorespiratory
responses to exercise

Wmax increased in both legs (CTRL-leg: P = 0.005,
d = 1.58; BFR-leg: P < 0.001, d = 2.90), with 17 ± 11%
greater improvements in the BFR-leg (P = 0.003,
d = 1.62). Time to task failure at 90% pre-training
Wmax increased by 118 ± 78% in the CTRL-leg (pre:
298 ± 86 s, post: 665 ± 375 s; P = 0.010, d = 1.76)
and 234 ± 83% in the BFR-leg (pre: 293 ± 74 s,
post: 997 ± 420 s; P < 0.001, d = 3.37), with the
BFR-leg outperforming the CTRL-leg by 65% (P = 0.022,
d = 1.59). Performance changes were not correlated
between legs (both r ≤ 0.33, P > 0.321), suggesting
that the improvement in performance observed in the
CTRL-leg was independent of those in the BFR-leg.
Metabolic and cardiorespiratory adaptations (see Table
1A, Supplementary Appendix) occurred only in the
BFR-leg. During the incremental test, V̇O2peak (P = 0.004,
d = 1.59), V̇E (P = 0.002, d = 1.73), HR (P = 0.004,
d = 1.61), and post-exercise blood lactate (5.6 ± 2.0 to
7.7± 2.2 mm; P= 0.031, d= 1.63) increased, whereas the
CTRL-leg showed no changes (all P > 0.514).

Neuromuscular responses

Work- and duration-matched exercise. In both legs,
training had no effect on baseline MVC, potentiated
twitch parameters,Mmax,VAandRMSMVC (F= 0.02–3.69,
all P > 0.089, all pη

2 < 0.09). In both legs, training
attenuated exercise-induced fatigue from work rate- and
duration-matched exercise at 90% pre-training Wmax,
as evidenced by a lesser reduction in MVC (BFR-leg:
F= 204.52, P= < 0.001; CTRL-leg: F= 61.58, P< 0.001),

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 BFR training limits exercise-induced fatigue 11

QTsingle (BFR-leg: F = 416.08, P < 0.001; CTRL-leg:
F = 98.68, P < 0.001), QT10 (BFR-leg: F = 315.18,
P < 0.001; CTRL-leg: F = 102.2, P < 0.001), QT100
(BFR-leg: F = 138.17, P < 0.001; CTRL-leg: F = 62.94,
P < 0.001) and QT10:100 (BFR-leg: F = 188.12, P < 0.001;
CTRL-leg: F = 46.25, P < 0.001) throughout recovery
(Fig. 2). Training also attenuated the exercise-induced
decline inMRFD (BFR-leg:�27%, F= 257.02, P< 0.001;
CTRL-leg: �16%, F = 65.06, P < 0.001) and the extent
to which exercise impaired CT throughout the recovery
period (BFR-leg:�–12%, F= 39.83, P< 0.001; CTRL-leg:
�–5%, F = 38.30, P < 0.001). These improvements
were greater in the BFR-leg than CTRL-leg for MVC
(∼6%, F = 34.16, P < 0.001), QTsingle (∼8%, F = 29.48,
P = 0.001), QT10 (∼6%, F = 102.2, P = 0.001), QT100
(∼7%, F = 30.67, P = 0.001), QT10:100 (∼6%, F = 23.95,
P = 0.001) and MRFD (∼15%, F = 65.06, P < 0.001).
There was no exercise-induced reduction in VA in either
leg, before or after training (P > 0.279).

Training decreased RMS%MVC in all muscles during the
work- and duration-matched exercise in both the BFR-leg
(VL: ∼15%, F = 11.12, P = 0.001; VM: ∼35%, F = 32.74,
P < 0.001; RF: ∼49%, F = 48.17, P < 0.001) and the
CTRL-leg (VL: ∼12%, F = 13.17, P = 0.001; VM: ∼17%,
F = 22.67, P < 0.001; RF: ∼49%, F = 33.64, P < 0.001),
with no difference between legs (Fig. 3).

Constant work rate time to task failure exercise. Despite
the large increases in performance after training, when
exercise was performed to exhaustion, reductions in
QTsingle, QT10 and QT100 and recovery from fatigue
remained unchanged compared to pre-training in both
legs (BFR-leg: F = 0.44–0.78, all P > 0.380; CTRL-leg:
F = 0.10–3.61, all P > 0.061). In the BFR-leg, the
exercise-induced decrease in MVC force decreased less
at post- compared to pre-training times during recovery
(∼4%, F = 4.47, P = 0.038). In the CTRL-leg, QT10:100
declined more after training than before training during
recovery (∼–4%, F = 14.01, P < 0.001). After training,
the pre- to post-exercise reductions in HRT and CT were
attenuated throughout the recovery period compared to
pre-training (i.e. improved) in both the BFR-leg (HRT:
∼21%, F = 20.41, P < 0.001; CT: ∼7%, F = 8.38,
P = 0.005) and CTRL-leg (HRT: ∼16%, F = 51.50,
P < 0.001; CT: ∼16%, F = 17.94, P < 0.001), without
any difference between legs (both P > 0.112). Training
did not change MRFD in either leg (both P > 0.862).
Before training, neither leg showed an exercise-induced
reduction in VA (P > 0.541). After training, VA declined
in both legs (CTRL-leg: 95 ± 4 to 89 ± 7%, P = 0.010,
d = 1.01; BFR-leg: 98 ± 2 to 84 ± 14%, P = 0.030,
d = 1.33), with no between-leg differences (P > 0.444).
In contrast, training did not significantly affect VL, VM or
RF RMSMVC across the recovery period (all P > 0.056).

Vascular function

Reactive hyperaemia. Therewere no differences for base-
line arterial blood flow, diameter and shear rate between
legs either before or after training (all P> 0.473), nor were
they affected by training in the legs (both P > 0.064). On
average, RH femoral blood flow increased in the BFR-leg
(∼26%, F = 236.12, P < 0.001) and decreased in the
CTRL-leg from pre- to post-training (∼–11%, F = 56.88,
P< 0.001). Accordingly, after training, the RH blood flow
response was greater in the BFR-leg than in the CTRL-leg
(∼32%, F = 453.50, P < 0.001) (Fig. 4A and B). Likewise,
training increased mean RH LVC in the BFR-leg from
9.3 ± 7.4 to 11.3 ± 10.2 ml min−1 mmHg−1 (F = 100.87,
P < 0.001), but was lower from pre- to post-training in
the CTRL-leg (pre: 10.6 ± 8.0 ml min−1 mmHg−1, post:
7.4 ± 6.9 ml min−1 mmHg−1; F = 180.33, P < 0.001).
After training, mean RH LVC was higher in the BFR-leg
than in the CTRL-leg (F = 484.05, P < 0.001).
During the RH response, peak blood flow increased

by ∼27% with training in the BFR-leg, but not in the
CTRL-leg (Fig. 4C). After training, peak RH blood flow
was higher in the BFR-leg than in the CTRL-leg by∼30%.
An interaction effect (F = 11.99, P = 0.002) revealed that
peak LVCwas higher in the BFR-leg than in the CTRL-leg
(∼28%, P = 0.041, d = 1.25). Training did not change the
overall time to peak flow in the legs (13± 3 s; range: 6–18 s;
F = 0.09, P = 0.771) or FMD (F = 0.043, P = 0.838). The
peak shear rate, blood flow AUC and shear rate AUCwere
not different with training or between legs (Fig. 4D–F).

Passive leg movement. Time course changes in femoral
blood flow during PLM are shown in Fig. 5. Mean
blood flow increased from pre- to post-training in
both legs (CTRL-leg: ∼8%, F = 11.84, P < 0.001;
BFR-leg: ∼6%, F = 5.14, P = 0.024). LVC during
PLM slightly increased from pre- to post-training in
the CTRL-leg (pre: 1.6 ± 1.1 ml min−1 mmHg−1, post:
1.7 ± 1.2 ml min−1 mmHg−1; F = 13.42, P < 0.001),
but did not change in the BFR-leg (pre: 1.9 ± 1.3
l min−1 mmHg−1, post: 1.9 ± 1.2 l min−1 mmHg−1;
F = 0.05, P = 0.818). PLM peak blood flow, peak shear
rate, blood flow AUC and shear rate AUC were not
different with training and were also not different between
legs (Fig. 5C–F).

Rapid onset vasodilatation. Figure 6A–D illustrates the
time course changes in absolute femoral blood flow
responses following single-leg contraction at 20% and
40% MVC. The mean hyperaemic response was not
different between legs at pre-training for either intensity
(F = 0.10–2.38, P > 0.123). At the 40% MVC trial, blood
flow increased from pre- to post-training in the BFR-leg
(∼9%, F = 9.82, P = 0.002), but not in the CTRL-leg
(F= 2.36,P= 0.125). After training,mean blood flowwas,

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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12 C. Lavigne and others J Physiol 0.0

Figure 2. Effect of training on quadriceps neuromuscular fatigue and recovery following high-intensity
exercise at the same workload and for the same duration
Line and scatter plots displaying the transient reduction and subsequent 15 min recovery period of quadriceps
neuromuscular fatigue indices by comparing the measurements performed after to before dynamic knee-extensor

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 BFR training limits exercise-induced fatigue 13

exercise in the control leg (CTRL-leg, left panels) and the leg that trained with BFR (BFR-leg, right panels). Before
training (Pre, blue symbols), exhaustion was reached after ∼3–8 min of exercise at 90% Wmax. After training
(Post, red symbols), exercise at 90% of the pre-training Wmax was terminated after the same time at which
exhaustion was reached Pre. Symbols (circles: CTRL-leg; squares: BFR-leg) and error bars represent the mean ± SD
and lines indicate individual participants. Abbreviations: MVC, maximal voluntary contraction; QT10, potentiated
quadriceps twitch evoked with supramaximal electrical 10 Hz paired stimulation; QT100, potentiated quadriceps
twitch evoked with supramaximal electrical 100 Hz paired stimulation; QT10:100, low-frequency fatigue ratio
(QT10/QT100); QTsingle, potentiated twitch peak force evoked by single electrical stimulation of the femoral nerve.
Differences between time points that were statistically significant are shown for outcomes based on post hoc
testing. ∗P < 0.05, different from 20 s post-exercise for the condition and at the time point indicated; §P < 0.05,
Post different from Pre; #P < 0.05, different from CRTL-leg at Post.

on average, higher in the BFR-leg than in the CTRL-leg for
both trials (20% MVC: ∼10% F = 7.02, P = 0.008; 40%
MVC:∼13%, F= 16.68, P< 0.001). In both legs, training
did not change peak blood flow at 20% MVC (Fig. 6E);
however, a peak hyperaemic training effect was observed
at 40% MVC (Fig. 6F). The blood flow AUC at 20% and
40%MVCwere not different with training or between legs
(Fig. 6G and H).

Muscle mitochondrial respiratory capacity

Group mean mV̇O2 recovery kinetics curves, k values
and τ values are shown in Fig. 7A and B. From pre- to
post-training, individual k values increased and τ values
decreased in both legs, indicating that the NIRS recovery
rate and time constants improved with training, without
differences between legs (Fig. 7C and D).

Leg metaboreflex activation

As illustrated in Fig. 8, training did not affect central
cardiovascular responses during free flow exercise with
both legs (all P> 0.057), without differences between legs
(all P > 0.155). Over graded BFR exercise, HR for the
BFR-leg and CTRL-leg were respectively ∼13% and ∼5%
less at post- compared to pre-training (both P < 0.001).
In the BFR-leg only, SBP (F = 25.56, P < 0.001), DBP
(F = 15.06, P < 0.001) and MAP (F = 17.10, P < 0.001)
decreased from pre- to post-training. After training, these
variables were lower during exercise with the BFR-leg
compared to the CTRL-leg (SBP: F = 15.47, P < 0.001;
DBP: F = 17.92, P < 0.001; MAP: F = 17.99, P < 0.001;
HR: F = 7.66, P = 0.008). Cardiovascular responses
during PECO were unchanged after training in both legs
(all P > 0.230), with no difference between legs (all
P > 0.234).

Discussion

The aim of this study was to examine the extent to which
BFR interval training influences exercise performance and
fatigue development in response to dynamic exercise, and
to identify the physiologicalmechanisms underlying these

effects. We found that training with BFR led to greater
improvements in single-leg exercise performance and
less exercise-induced neuromuscular fatigue than training
without BFR. This enhancement was evidenced by less
of a decrement in maximum force-generating capacity
following training with BFR compared to the CTRL-leg
after constant workload exercise performed at the same
intensity (90% of the pre-training Wmax) and duration
as before training. After training, contractile function,
assessed via the amplitude of evoked twitches, also
improved more in the BFR-leg, indicating less peripheral
fatigue throughout the 15 min post-exercise recovery
period compared to the control. Relative to control, BFR
interval training enhanced vascular function, as shown by
increased blood flow responsiveness during tests of RH,
PLM and ROV. Lastly, mV̇O2 recovery kinetics improved
similarly in both legs frombefore to after training.Overall,
these integrative data suggest that BFR training attenuates
fatigue during intense exercise, in part via improved
neuromuscular and vascular adaptations, rather than
changes in estimated mitochondrial respiratory capacity.

Effects of BFR training on exercise performance

This study showed that training with a reduction in blood
flow to exercising muscles led to substantially greater
improvements in exercise capacity compared to training
without BFR, despite both legs performing the same
amount ofwork during the training period. In comparison
to the control, BFR training elicited a nearly twofold
larger increase in peak power output during incremental
single-leg dynamic knee-extension exercise to task failure
(Table 1A, Supplementary Appendix). We also showed
a twofold larger increase in time to task failure during
constant work rate single-leg dynamic knee-extension
exercise at 90% pre-trainingWmax. In agreement with our
results, bilateral interval cycling (3 × 3 × 2 min with
each set performed at 60, 70 and 80% of maximal aerobic
power) with blood flow to exercising muscles of one leg
reduced by ∼50% (cuff pressure: ∼180 mmHg) three
times per week for 6 weeks resulted in a twofold greater
increase in single-leg incremental peak power output than
the training control (Christiansen et al., 2019). Similarly,
bilateral cycling (15 min at 40% V̇O2max) with reduced

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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14 C. Lavigne and others J Physiol 0.0

blood flow to both legs (pressure: 160–220 mmHg),
performed three times per week for 8 weeks, resulted in
a 15% improvement in cycling time to exhaustion during
an incremental test, whereas, by contrast, no performance
change was observed in the non-BFR training control
despite a two-thirds higher training volume (Abe et al.,

2010). Our findings further support that BFR training
at light and moderate to vigorous exercise intensities,
applied over a short period (6–8 weeks), elicits sub-
stantially greater improvements in exercise performance
than training at the same exercise intensity without BFR.
This is particularly relevant in situationswhere individuals

Figure 3. Effect of training on quadriceps muscle activation during high-intensity exercise at the same
workload and for the same duration
Line and scatter plots displaying root-mean-square EMG normalized to the RMS recorded during pre-exercise MVC
(RMS%MVC) for the vastus lateralis (VL) (A and B), vastus medialis (VM) (C and D) and rectus femoris (RF) (E and F)
in the control leg (CTRL-leg, left panels) and the leg that trained with BFR (BFR-leg, right panels). Before training
(Pre, blue symbols), exhaustion was reached after ∼3–8 min of exercise at 90% Wmax. After training (Post, red
symbols), exercise at 90% of the pre-training Wmax was terminated after the same time at which exhaustion
was reached Pre. Each data point represents the average over the preceding quarter section of the exercise bout.
Symbols (circles: CTRL-leg; squares: BFR-leg) and error bars represent the mean ± SD and lines indicate individual
participants. †Significant main effect of training; §P < 0.05, Post different from Pre.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 BFR training limits exercise-induced fatigue 15

are unable to tolerate higher mechanical loads, such as
in the case of injury, joint pain or rehabilitation, yet
still require an effective training stimulus to improve
functional capacity.

Effects of BFR training on exercise-induced fatigue

After training, the BFR-trained leg exhibited less
neuromuscular fatigue during recovery after being
exercise-matched for work rate and duration compared
to both its pre-training condition and the control leg
after training (Fig. 2). Also, during recovery from
high-intensity exercise performed to exhaustion, neuro-
muscular fatigue in the BFR-trained leg was comparable
to both legs before training and to the control after
training, despite the BFR-trained leg performing sub-
stantially more work after training. Together, these data

provide strong evidence that BFR training delayed/limited
the rate of fatigue development to a greater extent than the
training control, suggesting that the BFR-leg was more
resistant to fatigue. Regarding the latter observation,
these findings appear consistent with previous studies
showing that exercise performance is tightly regulated
by the development of peripheral fatigue, which is
constrained to a critical level associated with a certain
level of intramuscular metabolic perturbation (Amann
& Dempsey, 2008; Amann et al., 2006). Most neuro-
muscular adaptations were of peripheral origin, as
evidenced by the attenuated exercise-induced decline
in evoked twitch forces (QTsingle, QT10 and QT100) for
the same amount of work performed after vs. before
training. The absence of a training effect on Mmax
indicates that the enhanced preservation of force in
the BFR-trained leg was not attributable to improved

Figure 4. Effect of training on reactive hyperaemia leg blood flow and wall shear rate responses
Resting baseline and post-ischaemic blood flow during ∼120 s of reactive hyperaemia is shown in the leg that
trainedwithout BFR (CTRL-leg) (A) andwith BFR (BFR-leg) (B). C andD, absolute peak post-ischaemic blood flow and
wall shear rate, respectively. E and F, area-under-the-curve (AUC) for post-ischaemic blood flow and wall shear rate,
respectively. For A and B, symbols and error bars represent the mean± SD and the horizontal dashed lines represent
average peak blood flow values for each condition. For C–F, coloured bars are the mean, error bars are ±SD and
each open dot indicates individual participants. Pre-training (Pre) data are plotted in blue and post-training (Post)
data in red. F-values, P-values and pη

2 for the main effects of training, leg and the training × leg interaction, as
determined with a two-way 2 × 2 repeated-measures ANOVA, are shown above each panel. Significant (P < 0.05)
main effects and interaction effects are shown in bold, black text. †Significant main effect of training on averaged
blood flow; ∗P < 0.05, different from rest.
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16 C. Lavigne and others J Physiol 0.0

membrane excitability (Fuglevand et al., 1993). In
contrast, the smaller exercise-induced reduction for
QT10:100 in the BFR-trained leg compared to the control
suggests that BFR training elicits peripheral adaptations
that help preserve excitation–contraction coupling and
muscle Ca2+ handling/sensitivity during exercise (Martin
et al., 2004), potentially by mitigating ROS-mediated
impairments (Bruton et al., 2008). In our previous
study (Lavigne et al., 2024), we demonstrated that
exercise-induced peripheral fatigue was twofold greater
with BFR compared to exercising with free flow during
low-intensity cycling exercise at 40% Wmax. We hypo-
thesize that the reduced peripheral fatigue observed in the
BFR-trained leg compared to the control is attributable
to adaptations induced by repeated exposure to higher
levels of exercise-induced fatigue and intramuscular
metabolite accumulation during training sessions.
These adaptations may involve substantial increases in
oxidative enzymes, such as citrate synthase, cytochrome c

oxidase and 3-hydroxyacyl-CoA dehydrogenase, as pre-
viously reported following repeated 30 s sprint training
(Burgomaster et al., 2005, 2006, 2008).
Central contributions to the attenuated neuromuscular

fatigue after BFR training appear negligible. In time- and
work-matched exercise, VAdid not decline in either leg. In
constant-workload trials to task failure before training, VA
was likewise maintained, indicating no exercise-induced
central fatigue. Following training, VA was significantly
reduced at task failure, but the reductionwas similar in the
control and BFR legs, indicating no BFR-specific central
adaptation. We interpret the lower VA at task failure after
training as a consequence of the longer time to exhaustion,
which are from ∼5 min before training to ∼11 min
and 16.6 min in the control and BFR leg, respectively.
This is consistent with previous findings showing that
central fatigue is more pronounced after exercise of
longer compared to shorter durations (Ducrocq & Blain,
2022; Thomas et al., 2015). Specifically, results from our

Figure 5. Effect of training on passive leg movement blood flow and wall shear rate responses
Resting baseline and single passive leg movement (PLM) blood flow over 60 s is shown in the leg that trained
without BFR (CTRL-leg) (A) and with BFR (BFR-leg) (B). C and D, absolute peak PLM blood flow and wall shear rate,
respectively. E and F, area-under-the-curve (AUC) for PLM blood flow and wall shear rate, respectively. For A and
B, symbols and error bars represent the mean ± SD. For C–F, coloured bars are the mean, error bars are ±SD and
each open dot indicates individual participants. Pre-training (Pre) data are plotted in blue and post-training (Post)
data in red. F-values, P-values and pη

2 for the main effects of training, leg and the training × leg interaction, as
determined with a two-way 2 × 2 repeated-measures ANOVA, are shown above each panel. Significant (P < 0.05)
main effects and interaction effects are shown in bold, black text. †Significant main effect of training on averaged
blood flow; ∗P < 0.05, different from rest.
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J Physiol 0.0 BFR training limits exercise-induced fatigue 17

Figure 6. Effect of training on blood flow following single-leg isometric knee-extensor contractions
Resting baseline and the femoral blood flow response over 30 cardiac cycles following single-leg isometric
knee-extension contractions at 20% (A and B) and 40% (C andD) of the pre-trainingmaximal voluntary contraction

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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18 C. Lavigne and others J Physiol 0.0

(MVC) are shown for the leg that trained without BFR (CTRL-leg) and with BFR (BFR-leg). E and F, 20% and 40%
MVC absolute peak blood flow. G and H, area-under-the-curve (AUC) of the 20% and 40% MVC. For A–D,
symbols and error bars represent the mean ± SD. For E–H, coloured bars are the mean, error bars are ±SD and
each open dot indicates individual participants. Pre-training (Pre) data are plotted in blue and post-training (Post)
data in red. F-values, P-values and pη

2 for the main effects of training, leg and the training × leg interaction, as
determined with a two-way 2 × 2 repeated-measures ANOVA, are shown above each panel. Significant (P< 0.05)
main effects and interaction effects are shown in bold, black text. †Significant main effect of training on averaged
blood flow; ∗P < 0.05, different from rest.

lab have shown no significant central fatigue (i.e. VA
unchanged from before to after exercise) for 3–10 min
exercise bouts, but a significant VA reduction at 15 min
(�VA ≈ −12%) (Ducrocq & Blain, 2022). Furthermore,
after the training period, quadriceps RMS%MVC decreased
by ∼12–49% during exercise matched for time and work
rate, with slightly greater reductions in the BFR-trained
leg, suggesting that the same amount of external work
was achieved with a lower relative neural drive and
is consistent with improved neuromuscular efficiency.
The more pronounced reduction of RMS%MVC in the

BFR-trained leg may be explained by improved oxidative
pathways leading to a reduction in the accumulation of
fatigue-inducing metabolites and/or a greater capacity
to buffer these metabolites during sustained exercise
(Christiansen et al., 2021).
Together, these findings indicate that improvements in

muscle contractile function were driven by mechanisms
that helped preserve muscle homeostasis and delay
neuromuscular fatigue primarily by attenuating the
development of peripheral fatigue (e.g. enhanced
excitation–contraction coupling or myofibrillar Ca2+

Figure 7. Effect of training on mV̇O2 recovery kinetics by NIRS following exercise at 40% Wmax
Group mean muscle V̇O2 (mV̇O2 ) recovery kinetics of the vastus lateralis following 6 min of constant workload
exercise at 40%Wmax are shown in the leg that trained without BFR (CTRL-leg; circles) (A) and with BFR (BFR-leg;
squares) (B). Means ± SD and individual values of the k constant (C) and time constant (D) are shown for mV̇O2
recovery kinetics. Datameasured during each post-exercise arterial occlusion episodewere fit to amonoexponential
function to calculate the k constant and tau (indexes of mitochondrial respiratory capacity). For A and B, the dotted
horizontal lines indicate the resting mV̇O2 baseline values. For C and D, coloured bars are the mean, error bars
are ±SD and each open dot indicates individual participants. For all data, pre-training (Pre) data are plotted in
blue and post-training (Post) data in red. F-values, P-values and pη

2 for the main effects of training, leg and the
training × leg interaction, as determined with a two-way 2 × 2 repeated-measures ANOVA, are shown above
each panel. Significant (P < 0.05) main effects and interaction effects are shown in bold, black text. Abbreviations:
k, velocity constant; τ , time constant.
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J Physiol 0.0 BFR training limits exercise-induced fatigue 19

Figure 8. Effect of training on cardiovascular responses during dynamic knee-extensor metaboreflex
activation
Line and scatter plots displaying:A and B, mean arterial pressure (MAP); C andD, systolic blood pressure (SBP); E and
F, diastolic blood pressure (DBP); and G and H, heart rate in the leg that trained without BFR (CTRL-leg, left panels)

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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20 C. Lavigne and others J Physiol 0.0

and with BFR (BFR-leg, right panels). Pre-training (Pre) data are plotted in blue and post-training (Post) data in red.
Symbols (circles: CTRL-leg; squares: BFR-leg) and error bars represent the mean ± SD and lines indicate individual
participants. †Significant main effect of training; #significant main effect of leg at post-training; §P < 0.05, Post
different from Pre.

sensitivity) (Messonnier et al., 2007; Sostaric et al., 2006)
but also by improving drive tomotor units during exercise
(Sidhu et al., 2017).

Vascular function

In the present study, we examined the effect of BFR
interval training on leg vascular function, assessed
by RH, PLM, ROV and FMD, to explore how the
different underlying mechanisms of these tests may
contribute to limiting fatigue development. No training-
or leg-related differences were found when considering
FMD data, which is considered a reliable tool for the
non-invasive evaluation of conduit artery endothelial
function (McCully, 2012). By contrast, an increase in
femoral blood flow responsivenesswas observed following
BFR training for RH, PLM and ROV, indicating improved
vascular function. Specifically, both the absolute and
peak RH response was greater in the BFR-trained leg
compared to the training control (Fig. 4), which primarily
reflects skeletal muscle blood flow capacity and is mini-
mally mediated by NO (Limberg et al., 2020). We also
found that LVC increased by ∼21% during the same test,
with no change in the control, suggesting that vascular
resistancewas reduced in the BFR-trained leg. ROV,which
measures the contraction-induced rapid hyperaemic and
vasodilatory response via endothelial (Crecelius et al.,
2013), mechanical (Kirby et al., 2007) and adrenergic
signals (Casey & Joyner, 2012), also demonstrated a
greater absolute blood flow response during the 40%MVC
trials after training with BFR compared to the control.
By contrast, PLM, which predominately assesses end-
othelial NO function (Mortensen et al., 2012), revealed
modest but significant training increases in absolute
blood flow in both legs, without differences between
legs. The leg-specific improvements in flow during RH
and ROV of the BFR-trained leg suggests that vascular
adaptations were driven primarily by improved peripheral
microvascular function (Hanson et al., 2020; Philpott
& Anderson, 2007; Rosenberry & Nelson, 2020) and
metabolic vasodilation (Casey et al., 2013; Crecelius et
al., 2013), rather than by NO-dependent endothelial
function (Mortensen et al., 2012). These adaptations are
consistent with physiological angiogenesis (i.e. structural
remodelling occurring at the distal end of the vasculature
tree) (Hunt et al., 2013). Angiogenic remodelling in
response to BFR training appears to bemediated primarily
by peripheral stimuli, including repeated bouts of tissue
hypoxia and shear stress, both of which are known to
promote skeletal muscle capillary growth (Hudlicka &

Brown, 2009; Lundby et al., 2009). Together, these vascular
adaptations may reflect enhanced tissue perfusion and
O2 delivery during exercise, thereby contributing to less
fatigue development in the BFR-trained leg.

NIRS-derived post-exercise mV̇O2

Following the training period, the rate constant (k)
was significantly higher and the time constant (τ ) was
significantly lower in both legs compared to pre-training
(Fig. 7), suggesting that, on average, the recovery rate
of post-exercise mV̇O2 improved. Because post-exercise
mV̇O2 recovery kinetics, as estimated here, tracks PCr
recovery kinetics measured by in vivo 31P-MRS (Ryan
et al., 2013) and in situ mitochondrial respiratory
capacity measured by high-resolution respirometry (Ryan
et al., 2014), we interpret the observed training-induced
acceleration in mV̇O2 recovery as evidence of improved
skeletal muscle mitochondrial function.We also observed
no significant differences in k or τ between legs, indicating
that improvements in mitochondrial respiratory capacity
occurred to a similar extent in both the BFR-trained
leg and control leg. Our finding that BFR training
did not elicit a superior effect on estimated muscle
mitochondrial respiratory capacity aligns with previous
studies showing no changes in mitochondrial enzyme
protein content, such as OXPHOS, following interval
knee-extensor exercise training with BFR in recreationally
trained men (Christiansen et al., 2020). Despite the
absence of greater improvement in mV̇O2 following BFR
compared to CTRL training, V̇O2peak during incremental
exercise to volitional exhaustion was ∼13% higher in the
BFR-trained leg compared to the control leg. Together, our
mV̇O2 , V̇O2 and bloodflow results suggest that improved leg
aerobic power following BFR training is driven primarily
by enhanced O2 utilization via increased convective O2
transport, rather than mitochondrial adaptations, per se.
This is consistent with previous findings showing that
BFR interval training augments convective O2 delivery
and attenuates lactate release, thereby improving the
fraction of V̇O2max that can be sustained during exercise
(Christiansen et al., 2020).

Leg metaboreflex activation responses to BFR training

We also investigated whether BFR interval training
modulates the exercise pressor reflex via graded
metaboreflex activation during dynamic single-leg
knee-extensor exercise to explore if potential adaptations

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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J Physiol 0.0 BFR training limits exercise-induced fatigue 21

in cardiovascular haemodynamic regulation, in
conjunction with vascular improvements, could
contribute to the improvements in exercise performance
and in limiting fatigue development. We observed that
blood pressure and HR responses were reduced during
submaximal dynamic knee-extensor exercise-matched
absolute workloads and levels of arterial occlusion
following BFR training (Fig. 8). In contrast, no significant
training effect was observed during post-exercise
circulatory occlusion, a manoeuvre used to activate
afferent signals of group IV metabosensitive neurons in
isolation from central command and group III mechano-
reflex afferents (Crisafulli et al., 2011).

The findings of the present study appear consistent
with previous studies showing that training with
BFR reduces the cardiovascular responses to exercise
(Crisafulli et al., 2018; Sundblad et al., 2018), without
changing metaboreflex sensitivity (Crisafulli et al.,
2018). Specifically, Sundblad et al. (2018) observed a
reduction in MAP and HR during a sustained isometric
knee-extension contraction following BFR training,
particularly in the later stages of the contraction when the
highest concentration of intramuscularmetabolites would
be expected. Similarly, Crisafulli et al. (2018) showed that
BFR training reduced MAP during rhythmic handgrip
exercise yet did not provoke loweredmetaboreflex activity
during post-exercise circulatory occlusion.

We interpret the attenuated cardiovascular responses
during exercise to reflect peripheral adaptations that
reduce accumulation of metabolites following BFR
training, probably attributable to both enhanced oxidative
capacity and muscle perfusion, thereby reducing the
metabolic strain for a given workload. This latter result
suggests that the sensitivity of the metaboreflex was not
different following BFR training. These results may have
important clinical relevance for the potential application
of BFR training in populations with exaggerated
sympathetic nerve activity and impaired vascular
function, such as individuals with hypertension, heart
failure or peripheral artery disease, because of its ability
to improve haemodynamic function. This, however, must
be interpreted with caution as the BFR-induced transient
augmentation of the exercise pressor reflex could increase
the risk of potential deleterious cardiovascular events
(Cristina-Oliveira et al., 2020; Spranger et al., 2015).

Translational perspective

This study demonstrates that training with BFR over
6weeks, in comparisonwith an exercise control, improved
exercise performance in our experimental model, which
is consistent with previous work showing improvements
in incremental peak power and time to exhaustion across
different BFR training modalities and intensities (Abe

et al., 2010; Christiansen et al., 2019, 2020, 2021). We
also observed an increase in vascular responsiveness,
consistent with prior work despite differences in exercise
modality and conduit artery examined (Hunt et al.,
2013). Another novel result was that training with
BFR resulted in blunted cardiovascular responses during
constant workload exercise with graded occlusion, which
corroborates knee-extensor and handgrip findings of
reduced pressor responses without altered metaboreflex
sensitivity (Crisafulli et al., 2018; Sundblad et al., 2018).
Our original data show that these adaptations trans-
late into a more robust neuromuscular response and a
delay in fatigue development during exercise. Collectively,
these findings support BFR as a potent stimulus for
improving exercise performance primarily via peripheral
adaptations. Given that one of the main benefits of BFR
training is acquiring adaptations at lower mechanical
loads than conventional high-intensity training, BFR
may be particularly relevant when higher loads are not
tolerated (e.g. injury, joint pain, rehabilitation). In parallel,
concerns that BFR can transiently augment the exercise
pressor reflex warrant caution, especially in populations
with overactive sympathetic activity (Cristina-Oliveira
et al., 2020; Spranger et al., 2015). In this sense, an adapted
single-leg knee-extensor BFR protocol reduces cardio-
respiratory burden and, as training lowers metabolic
stress, further attenuates the exercise pressor reflex, as
evidenced in our study, which can benefit individuals with
limited cardiorespiratory reserve.

Limitations

The current investigation provides important information
regarding physiological adaptations to BFR interval
training. Nevertheless, study limitations are worth noting.
First, this study used a within-participant design by
which one leg trained with BFR and the other without.
This raises the possibility of a BFR training cross-
over effect (Bowman et al., 2019, 2020; Wong et al.,
2024), either through systemic influences, which are
thought to occur via upregulation of various cellular
signalling pathways and hormonal responses to both
ischaemic/hypoxic environments and periods of shear
stress (Ferguson et al., 2021;Madarame et al., 2008; Reeves
et al., 2006), or by neural mechanisms involving the
activation of motor pathways that project to the contra-
lateral limb from unilateral training (Carroll et al., 2006).
However, several outcomemeasuresmitigate this concern.
Notably, V̇O2peak improved only after training in the
BFR-leg, without training-induced changes in the training
control leg. Moreover, in comparison to the control, the
BFR-trained leg demonstrated greater improvements in
performance, including higher peak power output during
maximal incremental exercise and a longer time to task

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.
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failure during high-intensity constant work rate exercise.
These improvements, which were accompanied by less
neuromuscular fatigue, were not correlated between legs,
suggesting that any adaptations occurring in the control
leg were, at least in part, independent of those induced
by BFR interval training. Any residual cross-leg influence
would probably have enhanced the control leg, leading to
a conservative (underestimated) estimate of the BFR effect
in between-leg comparisons.
As a second consideration, our study was not designed

to include the measurement of blood flow during
high-intensity exercise. While such data would have
strengthened the mechanistic interpretation of our
findings, the observed improvements in vascular function
support, at least in part, an improvement in muscle
perfusion and in oxygen delivery capacities.
Finally, we were unable to directly assess mitochondrial

respiratory capacity via high-resolution respirometry
from muscle biopsies (Perry et al., 2013). While this
approach is considered the gold-standard for evaluating
mitochondrial function in situ, we utilized a validated
NIRS protocol involving repeated arterial occlusions
to non-invasively estimate mitochondrial respiratory
capacity frommV̇O2 recovery kinetics. This NIRS-derived
test has been shown to correlate well with high-resolution
respirometry as well as PCr recovery kinetics measured
by in vivo 31P-MRS, a reliable index for skeletal muscle
oxidative capacity (Ryan et al., 2013), supporting its
use as a functionally relevant alternative for measuring
mitochondrial function in humans.
To extend our findings, studies integrating

our functional and mechanistic measures with
complementary molecular- and cellular-level markers
of neuromuscular (E–C coupling/Ca2+ handling),
vascular (NO signalling/microvascular remodelling)
and mitochondrial (biogenesis) pathways are warranted.

Conclusion

Our findings provide strong evidence that BFR inter-
val training is a highly effective strategy for enhancing
exercise performance and limiting fatigue development
beyond what is achieved with conventional training
during equivalent exercise tasks. These benefits appear to
arise mainly from preserved muscle contractile capacity
and improved microvascular function, rather than
by greater mitochondrial respiratory improvements.
Collectively, these physiological adaptations support BFR
interval training as a powerful modality for enhancing
functional capacity, particularly in contexts where high
mechanical loading is not feasible, such as in rehabilitation
settings or in individuals with joint or musculoskeletal
limitations.

References

Abe, T., Fujita, S., Nakajima, T., Sakamaki, M., Ozak, I. H.,
Ogasawara, R., Sugaya, M., Kudo, M., Kurano, M., Yasuda,
T., Sato, Y., Ohshima, H., Mukai, C., & Ishii, N. (2010).
Effects of low-intensity cycle training with restricted leg
blood flow on thigh muscle volume and VO2max in young
men. Journal of Sports Science and Medicine, 9(3), 452–458.

Amann, M., & Dempsey, J. A. (2008). Locomotor muscle
fatigue modifies central motor drive in healthy humans and
imposes a limitation to exercise performance. The Journal of
Physiology, 586(1), 161–173.

Amann, M., Eldridge, M. W., Lovering, A. T., Stickland,
M. K., Pegelow, D. F., & Dempsey, J. A. (2006). Arterial
oxygenation influences central motor output and exercise
performance via effects on peripheral locomotor muscle
fatigue in humans. The Journal of Physiology, 575(3),
937–952.

Andersen, P., & Saltin, B. (1985). Maximal perfusion of
skeletal muscle in man. The Journal of Physiology, 366(1),
233–249.

Barstow, T. J. (2019). Understanding near infrared
spectroscopy and its application to skeletal muscle research.
Journal of Applied Physiology, 126(5), 1360–1376.

Bigland-Ritchie, B., & Woods, J. J. (1984). Changes in muscle
contractile properties and neural control during human
muscular fatigue. Muscle & Nerve, 7(9), 691–699.

Bowman, E. N., Elshaar, R., Milligan, H., Jue, G., Mohr, K.,
Brown, P., Watanabe, D. M., & Limpisvasti, O. (2019).
Proximal, distal, and contralateral effects of blood flow
restriction training on the lower extremities: A randomized
controlled trial. Sports Health, 11(2), 149–156.

Bowman, E. N., Elshaar, R., Milligan, H., Jue, G., Mohr, K.,
Brown, P., Watanabe, D. M., & Limpisvasti, O. (2020).
Upper-extremity blood flow restriction: The proximal,
distal, and contralateral effects—A randomized controlled
trial. Journal of Shoulder and Elbow Surgery, 29(6),
1267–1274.

Bruton, J. D., Place, N., Yamada, T., Silva, J. P., Andrade, F.
H., Dahlstedt, A. J., Zhang, S. J., Katz, A., Larsson, N. G.,
& Westerblad, H. (2008). Reactive oxygen species and
fatigue-induced prolonged low-frequency force depression
in skeletal muscle fibres of rats, mice and SOD2 over-
expressing mice. The Journal of Physiology, 586(1), 175–184.

Burgomaster, K. A., Heigenhauser, G. J. F., & Gibala, M. J.
(2006). Effect of short-term sprint interval training on
human skeletal muscle carbohydrate metabolism during
exercise and time-trial performance. Journal of Applied
Physiology, 100(6), 2041–2047.

Burgomaster, K. A., Howarth, K. R., Phillips, S. M.,
Rakobowchuk, M., Macdonald, M. J., Mcgee, S. L., &
Gibala, M. J. (2008). Similar metabolic adaptations during
exercise after low volume sprint interval and traditional
endurance training in humans. The Journal of Physiology,
586(1), 151–160.

Burgomaster, K. A., Hughes, S. C., Heigenhauser, G. J. F.,
Bradwell, S. N., & Gibala, M. J. (2005). Six sessions of sprint
interval training increases muscle oxidative potential and
cycle endurance capacity in humans. Journal of Applied
Physiology, 98(6), 1985–1990.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

 14697793, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP289806 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [17/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



J Physiol 0.0 BFR training limits exercise-induced fatigue 23

Burtin, C., Saey, D., Saglam, M., Langer, D., Gosselink, R.,
Janssens, W., Decramer, M., Maltais, F., & Troosters, T.
(2012). Effectiveness of exercise training in patients with
COPD: The role of muscle fatigue. European Respiratory
Journal, 40(2), 338–344.

Carroll, T. J., Herbert, R. D., Munn, J., Lee, M., & Gandevia,
S. C. (2006). Contralateral effects of unilateral strength
training: Evidence and possible mechanisms. Journal of
Applied Physiology, 101(5), 1514–1522.

Carroll, T. J., Taylor, J. L., & Gandevia, S. C. (2017). Recovery
of central and peripheral neuromuscular fatigue after
exercise. Journal of Applied Physiology, 122(5), 1068–
1076.

Casey, D. P., & Joyner, M. J. (2012). Influence of-adrenergic
vasoconstriction on the blunted skeletal muscle
contraction-induced rapid vasodilation with aging. Journal
of Applied Physiology, 113(8), 1201–1212.

Casey, D. P., Walker, B. G., Ranadive, S. M., Taylor, J. L., &
Joyner, M. J. (2013). Contribution of nitric oxide in the
contraction-induced rapid vasodilation in young and
older adults. Journal of Applied Physiology, 115(4), 446–
455.

Christiansen, D., Eibye, K. H., Rasmussen, V., Voldbye, H.
M., Thomassen, M., Nyberg, M., Gunnarsson, T. G. P.,
Skovgaard, C., Lindskrog, M. S., Bishop, D. J., Hostrup, M.,
& Bangsbo, J. (2019). Cycling with blood flow restriction
improves performance and muscle K+ regulation and alters
the effect of anti-oxidant infusion in humans. The Journal of
Physiology, 597(9), 2421–2444.

Christiansen, D., Eibye, K., Hostrup, M., & Bangsbo, J.
(2020). Training with blood flow restriction increases
femoral artery diameter and thigh oxygen delivery during
knee-extensor exercise in recreationally trained men. The
Journal of Physiology, 598(12), 2337–2353.

Christiansen, D., Eibye, K., Hostrup, M., & Bangsbo, J. (2021).
The effect of blood-flow-restricted interval training on
lactate and H+ dynamics during dynamic exercise in man.
Acta Physiologica, 231(3), e13580.

Christiansen, D., Murphy, R. M., Bangsbo, J., Stathis, C. G.,
& Bishop, D. J. (2018). Increased FXYD1 and PGC-1α
mRNA after blood flow-restricted running is related to
fibre type-specific AMPK signalling and oxidative stress in
human muscle. Acta Physiologica, 223(2), e13045.

Cohen, J. (1988). Statistical power analysis for the behavioral
sciences. Lawrence Erlbaum Associates.

Corvino, R. B., Oliveira, M. F. M. D., Santos, R. P. D.,
Denadai, B. S., & Caputo, F. (2014). Four weeks of blood
flow restricted training increases time to exhaustion
at severe intensity cycling exercise. Revista Brasileira
de Cineantropometria & Desempenho Humano, 16(5),
570.

Corvino, R. B., Rossiter, H. B., Loch, T., Martins, J. C., &
Caputo, F. (2017). Physiological responses to interval end-
urance exercise at different levels of blood flow restriction.
European Journal of Applied Physiology, 117(1), 39–52.

Crecelius, A. R., Kirby, B. S., Luckasen, G. J., Larson, D.
G., & Dinenno, F. A. (2013). Mechanisms of rapid vaso-
dilation after a brief contraction in human skeletal muscle.
American Journal of Physiology-Heart and Circulatory
Physiology, 305(1), H29–H40.

Crisafulli, A., De Farias, R. R., Farinatti, P., Lopes, K. G.,
Milia, R., Sainas, G., Pinna, V., Palazzolo, G., Doneddu,
A., Magnani, S., Mulliri, G., Roberto, S., & Oliveira, R.
B. (2018). Blood flow restriction training reduces blood
pressure during exercise without affecting metaboreflex
activity. Frontiers in Physiology, 9, 1736.

Crisafulli, A., Piras, F., Filippi, M., Piredda, C., Chiappori,
P., Melis, F., Milia, R., Tocco, F., & Concu, A. (2011).
Role of heart rate and stroke volume during muscle
metaboreflex-induced cardiac output increase: Differences
between activation during and after exercise. The Journal of
Physiological Sciences, 61(5), 385–394.

Cristina-Oliveira, M., Meireles, K., Spranger, M. D., O’Leary,
D. S., Roschel, H., & Peçanha, T. (2020). Clinical safety
of blood flow-restricted training? A comprehensive
review of altered muscle metaboreflex in cardiovascular
disease during ischemic exercise. American Journal of
Physiology-Heart and Circulatory Physiology, 318(1),
H90–H109.

Ducrocq, G. P., & Blain, G. M. (2022). Relationship between
neuromuscular fatigue, muscle activation and the work
done above the critical power during severe-intensity
exercise. Experimental Physiology, 107(4), 312–325

Fatela, P., Reis, J. F., Mendonca, G. V., Avela, J., & Mil-Homens,
P. (2016). Acute effects of exercise under different levels of
blood-flow restriction on muscle activation and fatigue.
European Journal of Applied Physiology, 116(5), 985–995.

Ferguson, R. A., Mitchell, E. A., Taylor, C. W., Bishop,
D. J., & Christiansen, D. (2021). Blood-flow-restricted
exercise: Strategies for enhancing muscle adaptation and
performance in the endurance-trained athlete. Experimental
Physiology, 106(4), 837–860.

Fuglevand, A. J., Zackowski, K. M., Huey, K. A., & Enoka,
R. M. (1993). Impairment of neuromuscular propagation
during human fatiguing contractions at submaximal forces.
The Journal of Physiology, 460(1), 549–572.

Gifford, J. R., & Richardson, R. S. (2017). CORP: Ultrasound
assessment of vascular function with the passive leg
movement technique. Journal of Applied Physiology, 123(6),
1708–1720.

Hanson, B. E., Proffit, M., & Gifford, J. R. (2020). Vascular
function is related to blood flow during high-intensity,
but not low-intensity, knee extension exercise. Journal of
Applied Physiology, 128(3), 698–708.

Harris, R. A., Nishiyama, S. K., Wray, D. W., & Richardson, R.
S. (2010). Ultrasound assessment of flow-mediated dilation.
Hypertension, 55(5), 1075–1085.

Hermens, H. J., Freriks, B., Disselhorst-Klug, C., & Rau, G.
(2000). Development of recommendations for SEMG
sensors and sensor placement procedures. Journal of
Electromyography and Kinesiology, 10(5), 361–374.

Hudlicka, O., & Brown, M. D. (2009). Adaptation of skeletal
muscle microvasculature to increased or decreased blood
flow: Role of shear stress, nitric oxide and vascular end-
othelial growth factor. Journal of Vascular Research, 46(5),
504–512.

Hunt, J. E. A., Galea, D., Tufft, G., Bunce, D., & Ferguson, R.
A. (2013). Time course of regional vascular adaptations to
low load resistance training with blood flow restriction.
Journal of Applied Physiology, 115(3), 403–411.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

 14697793, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP289806 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [17/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



24 C. Lavigne and others J Physiol 0.0

Husmann, F., Mittlmeier, T., Bruhn, S., Zschorlich, V., &
Behrens, M. (2008). Impact of blood flow restriction
exercise on muscle fatigue development and recovery.
Medicine and Science in Sports and Exercise, 50(3), 436–446.

Kacin, A., & Strazar, K. (2011). Frequent low-load ischemic
resistance exercise to failure enhances muscle oxygen
delivery and endurance capacity. Scandinavian Journal of
Medicine & Science in Sports, 21(6), e231–e241.

Kirby, B. S., Carlson, R. E., Markwald, R. R., Voyles, W.
F., & Dinenno, F. A. (2007). Mechanical influences on
skeletal muscle vascular tone in humans: Insight into
contraction-induced rapid vasodilatation. The Journal of
Physiology, 583(3), 861–874.

Larkin, K. A., MacNeil, R. G., Dirain, M., Sandesara,
B., Manini, T. M., & Buford, T. W. (2012). Blood flow
restriction enhances post-resistance exercise angiogenic
gene expression. Medicine & Science in Sports & Exercise,
44(11), 2077–2083.

Lavigne, C., Mons, V., Grange, M., & Blain, G. M. (2024).
Acute neuromuscular, cardiovascular, and muscle
oxygenation responses to low-intensity aerobic interval
exercises with blood flow restriction. Experimental Physio-
logy, 109(8), 1353–1369.

Limberg, J. K., Casey, D. P., Trinity, J. D., Nicholson, W. T.,
Wray, D. W., Tschakovsky, M. E., Green, D. J., Hellsten, Y.,
Fadel, P. J., Joyner, M. J., & Padilla, J. (2020). Assessment
of resistance vessel function in human skeletal muscle:
Guidelines for experimental design, Doppler ultrasound,
and pharmacology. American Journal of Physiology-Heart
and Circulatory Physiology, 318(2), H301–H325.

Lixandrão, M. E., Ugrinowitsch, C., Berton, R., Vechin, F. C.,
Conceição, M. S., Damas, F., Libardi, C. A., & Roschel, H.
(2018). Magnitude of muscle strength and mass adaptations
between high-load resistance training versus low-load
resistance training associated with blood-flow restriction:
A systematic review and meta-analysis. Journal of Sports
Medicine, 48(2), 361–378.

Loenneke, J. P., Wilson, J. M., Marín, P. J., Zourdos, M. C., &
Bemben, M. G. (2012). Low intensity blood flow restriction
training: A meta-analysis. European Journal of Applied
Physiology, 112(5), 1849–1859.

Lundby, C., Calbet, J. A. L., & Robach, P. (2009). The response
of human skeletal muscle tissue to hypoxia. Cellular and
Molecular Life Sciences, 66(22), 3615–3623.

Madarame, H., Neya, M., Ochi, E., Nakazato, K., Sato, Y., &
Ishii, N. (2008). Cross-transfer effects of resistance training
with blood flow restriction. Medicine & Science in Sports &
Exercise, 40(2), 258–263.

Manini, T. M., & Clark, B. C. (2009). Blood flow restricted
exercise and skeletal muscle health. Exercise and Sport
Sciences Reviews, 37(2), 78–85.

Martin, V., Millet, G. Y., Martin, A., Deley, G., & Lattier, G.
(2004). Assessment of low-frequency fatigue with two
methods of electrical stimulation. Journal of Applied Physio-
logy, 97(5), 1923–1929.

McCully, K. K. (2012). Flow-mediated dilation and cardio-
vascular disease. Journal of Applied Physiology, 112(12),
1957–1958.

Merton, P. A. (1954). Voluntary strength and fatigue. The
Journal of Physiology, 123(3), 553–564.

Messonnier, L., Kristensen, M., Juel, C., & Denis, C. (2007).
Importance of pH regulation and lactate/H transport
capacity for work production during supramaximal
exercise in humans. Journal of Applied Physiology, 102(5),
1936–1944.

Meste, O., Lavigne, C., Syam, F., & Blain, G. M. (2024). A
pipeline for processing ultrasound image and doppler
videos: Application to dynamic arterial flowmetry and
diameter measurement. International Conference Computing
in Cardiology (CinC). Karlsruhe, Germany.

Mitchell, E. A., Martin, N. R. W., Turner, M. C., Taylor, C. W.,
& Ferguson, R. A. (2019). The combined effect of sprint
interval training and postexercise blood flow restriction on
critical power, capillary growth, and mitochondrial proteins
in trained cyclists. Journal of Applied Physiology, 126(1),
51–59.

Mortensen, S. P., Askew, C. D., Walker, M., Nyberg, M., &
Hellsten, Y. (2012). The hyperaemic response to passive
leg movement is dependent on nitric oxide: A new tool to
evaluate endothelial nitric oxide function. The Journal of
Physiology, 590(17), 4391–4400.

Nobrega, A. C. L., O’Leary, D., Silva, B. M., Marongiu, E.,
Piepoli, M. F., & Crisafulli, A. (2014). Neural regulation
of cardiovascular response to exercise: Role of central
command and peripheral afferents. BioMed Research Inter-
national, 2014, 1–20.

Paton, C. D., Addis, S. M., & Taylor, L. A. (2017). The effects
of muscle blood flow restriction during running training on
measures of aerobic capacity and run time to exhaustion.
European Journal of Applied Physiology, 117(12), 2579–
2585.

Perry, C. G. R., Kane, D. A., Lanza, I. R., & Neufer, P. D.
(2013). Methods for assessing mitochondrial function in
diabetes. Diabetes, 62(4), 1041–1053.

Philpott, A., & Anderson, T. J. (2007). Reactive hyperemia
and cardiovascular risk. Arteriosclerosis, Thrombosis, and
Vascualr Biology, 27(10), 2065–2067.

Pignanelli, C., Christiansen, D., & Burr, J. F. (2021). Blood
flow restriction training and the high-performance athlete:
Science to application. Journal of Applied Physiology, 130(4),
1163–1170.

Reeves, G. V., Kraemer, R. R., Hollander, D. B., Clavier, J.,
Thomas, C., Francois, M., & Castracane, V. D. (2006).
Comparison of hormone responses following light
resistance exercise with partial vascular occlusion
and moderately difficult resistance exercise without
occlusion. Journal of Applied Physiology, 101(6), 1616–
1622.

Rosenberry, R., & Nelson, M. D. (2020). Reactive hyperemia:
A review of methods, mechanisms, and considerations.
American Journal of Physiology-Integrative and Comparative
Physiology, 318(3), R605–R618.

Rowell, L. B., & O’Leary, D. S. (1990). Reflex control of
the circulation during exercise: Chemoreflexes and
mechanoreflexes. Journal of Applied Physiology, 69(2), 407–
418.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

 14697793, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP289806 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [17/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



J Physiol 0.0 BFR training limits exercise-induced fatigue 25

Ryan, T. E., Brophy, P., Lin, C. T., Hickner, R. C., &
Neufer, P. D. (2014). Assessment of in vivo skeletal
muscle mitochondrial respiratory capacity in humans
by near-infrared spectroscopy: A comparison with in
situ measurements. The Journal of Physiology, 592(15),
3231–3241.

Ryan, T. E., Erickson, M. L., Brizendine, J. T., Young, H.
J., & McCully, K. K. (2012). Noninvasive evaluation of
skeletal muscle mitochondrial capacity with near-infrared
spectroscopy: Correcting for blood volume changes. Journal
of Applied Physiology, 113(2), 175–183.

Ryan, T. E., Southern, W. M., Reynolds, M. A., & McCully, K.
K. (2013). A cross-validation of near-infrared spectroscopy
measurements of skeletal muscle oxidative capacity with
phosphorus magnetic resonance spectroscopy. Journal of
Applied Physiology, 115(12), 1757–1766.

Saghaei, M., & Saghaei, S. (2011). Implementation of an
open-source customizable minimization program for
allocation of patients to parallel groups in clinical trials.
Journal of Biomedical Science and Engineering, 04(11),
734–739.

Scott, B. R., Loenneke, J. P., Slattery, K. M., & Dascombe,
B. J. (2015). Exercise with blood flow restriction: An
updated evidence-based approach for enhanced muscular
development. Journal of Sports Medicine, 45(3), 313–325.

Seals, D. R., Chase, P. B., & Taylor, J. A. (1988). Autonomic
mediation of the pressor responses to isometric exercise in
humans. Journal of Applied Physiology, 64(5), 2190–2196.

Sidhu, S. K., Weavil, J. C., Mangum, T. S., Jessop, J. E.,
Richardson, R. S., Morgan, D. E., & Amann, M. (2017).
Group III/IV locomotor muscle afferents alter motor
cortical and corticospinal excitability and promote central
fatigue during cycling exercise. Clinical Neurophysiology,
128(1), 44–55.

Slysz, J. T., & Burr, J. F. (2018). The effects of blood flow
restricted electrostimulation on strength and hypertrophy.
Journal of Sport Rehabilitation, 27(3), 257–262.

Sostaric, S. M., Skinner, S. L., Brown, M. J., Sangkabutra, T.,
Medved, I., Medley, T., Selig, S. E., Fairweather, I., Rutar,
D., & McKenna, M. J. (2006). Alkalosis increases muscle K+
release, but lowers plasma [K+] and delays fatigue during
dynamic forearm exercise. The Journal of Physiology, 570(1),
185–205.

Spranger, M. D., Krishnan, A. C., Levy, P. D., O’Leary, D. S.,
& Smith, S. A. (2015). Blood flow restriction training and
the exercise pressor reflex: A call for concern. American
Journal of Physiology-Heart and Circulatory Physiology,
309(9), H1440–H1452.

Sundberg, C. J., & Kaijser, L. (1992). Effects of graded
restriction of perfusion on circulation and metabolism
in the working leg; quantification of a human
ischaemia-model. Acta Physiologica Scandinavica, 146(1),
1–9.

Sundblad, P., Kölegård, R., Rullman, E., & Gustafsson, T.
(2018). Effects of training with flow restriction on the
exercise pressor reflex. European Journal of Applied Physio-
logy, 118(9), 1903–1909.

Tamm, A. S., Lagerquist, O., Ley, A. L., & Collins, D. F. (2009).
Chronotype influences diurnal variations in the excitability

of the human motor cortex and the ability to generate
torque during a maximum voluntary contraction. Journal
of Biological Rhythms, 24(3), 211–224.

Taylor, C. W., Ingham, S. A., & Ferguson, R. A. (2016). Acute
and chronic effect of sprint interval training combined with
postexercise blood-flow restriction in trained individuals.
Experimental Physiology, 101(1), 143–154.

Thomas, K., Goodall, S., Stone, M., Howatson, G., Gibson,
A., & Ansley, L. (2015). Central and peripheral fatigue in
male cyclists after 4-, 20-, and 40-km time trials. Medicine
& Science in Sports and Exercise, 47(3), 537–546.

Van Beekvelt, M. C. P., Colier, W. N. J. M., Wevers, R. A., &
Van Engelen, B. G. M. (2001). Performance of near-infrared
spectroscopy in measuring local O2 consumption and
blood flow in skeletal muscle. Journal of Applied Physiology,
90(2), 511–519.

Wang, H. J., Li, Y. L., Zucker, I. H., & Wang, W. (2012).
Exercise training prevents skeletal muscle afferent
sensitization in rats with chronic heart failure. American
Journal of Physiology-Integrative and Comparative Physio-
logy, 302(11), R1260–R1270.

Wong, V., Spitz, R. W., Song, J. S., Yamada, Y., Kataoka,
R., Hammert, W. B., Kang, A., Seffrin, A., Bell, Z. W., &
Loenneke, J. P. (2024). Blood flow restriction augments
the cross-education effect of isometric handgrip training.
European Journal of Applied Physiology, 124(5), 1575–1585.

Zuccarelli, L., do Nascimento Salvador, P. C., Del Torto, A.,
Fiorentino, R., & Grassi, B. (2020). Skeletal muscle VO2
kinetics by the NIRS repeated occlusions method during the
recovery from cycle ergometer exercise. Journal of Applied
Physiology, 128(3), 534–544.

Additional information

Data availability statement

The data are available upon reasonable request from the
corresponding author.

Competing interests

The authors declare no conflict of interest.

Author contributions

All authors contributed to the conception and design of the
study and the acquisition, analysis and/or interpretation of the
data. C.L. wrote the first draft of the manuscript, and all other
authors critically revised themanuscript for intellectual content.
All authors approved the final version of the manuscript and
agreed to be accountable for all aspects of the work in ensuring
that questions related to the accuracy and integrity of any part of
thework are appropriately investigated and resolved. All persons
listed as authors qualify for authorship, and all those who qualify
for authorship are listed.

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

 14697793, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP289806 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [17/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



26 C. Lavigne and others J Physiol 0.0

Funding

This work has been supported by the French government,
through the UCAJEDI Investments in the Future project
managed by the National Research Agency (ANR) with the
reference number ANR-15-IDEX-01.

Acknowledgements

We are grateful to the participants for their time, Dr Samantha
Amrani of Nice University Hospital (CHU Nice) for her
assistance with the medical screenings and members of the
LAMHESS for their assistance with data collection.

Keywords

blood pressure, central fatigue, exercise pressor reflex,
ischaemia, metaboreflex, mitochondria, peripheral fatigue,
reactive hyperaemia

Supporting information

Additional supporting information can be found online in the
Supporting Information section at the end of the HTML view of
the article. Supporting information files available:

Peer Review History
Table 1A

© 2025 The Author(s). The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society.

 14697793, 0, D
ow

nloaded from
 https://physoc.onlinelibrary.w

iley.com
/doi/10.1113/JP289806 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [17/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	Physiological mechanisms underlying enhanced performance with blood flow restriction training: neuromuscular, vascular and metabolic adaptations
	Introduction
	Methods
	Ethical approval
	Participants
	Experimental design
	NIRS-derived measurements
	Assessment of exercise pressor reflex
	Assessments of vascular function
	Training intervention
	Data collection and analyses
	Statistical analysis

	Results
	Adverse effects of BFR training
	Performance, metabolic and cardiorespiratory responses to exercise
	Neuromuscular responses
	Vascular function
	Muscle mitochondrial respiratory capacity
	Leg metaboreflex activation

	Discussion
	Effects of BFR training on exercise performance
	Effects of BFR training on exercise-induced fatigue
	Vascular function
	NIRS-derived post-exercise 
	Leg metaboreflex activation responses to BFR training
	Translational perspective
	Limitations
	Conclusion

	References
	Additional information
	Data availability statement
	Competing interests
	Author contributions
	Funding
	Acknowledgements

	Supporting information


