Training with blood flow restriction increases femoral artery diameter and thigh oxygen
delivery during knee-extensor exercise in recreationally trained men
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Key points


Endurance-type training with blood flow restriction (BFR) increases maximum oxygen
uptake (V̇O2max) and exercise endurance of humans. However, the physiological
mechanisms behind this phenomenon remain uncertain.



Here, we show that BFR-interval training reduces the peripheral resistance to oxygen
transport during dynamic, submaximal exercise in recreationally-trained men, mainly
by increasing convective oxygen delivery to contracting muscles.



Accordingly, BFR-training increased oxygen uptake by, and concomitantly reduced
net lactate release from, the contracting muscles during relative-intensity-matched
exercise, while invoking a similar increase in diffusional oxygen conductance
compared to the training control.



Only BFR-training increased resting femoral artery diameter, whereas increases in
oxygen transport and uptake were dissociated from changes in the skeletal muscle
content of mitochondrial electron-transport proteins.



Thus, physically trained men benefit from BFR-interval training by increasing leg
convective oxygen transport and reducing lactate release, thereby improving the
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potential for increasing the percentage of V̇O2max that can be sustained throughout
exercise.

Abstract
In this study, we investigated the effect of training with blood flow restriction (BFR) on thigh
oxygen transport and uptake, and lactate release, during exercise. Ten recreationally-trained
men (50 ± 5 mL·kg-1·min-1) completed six weeks of interval cycling with one leg under BFR
(BFR-leg; pressure: ∼180 mmHg) and the other leg without BFR (CON-leg). Before and after
the training intervention (INT), thigh oxygen delivery, extraction, uptake, diffusion capacity,
and lactate release, were determined during knee-extensor exercise at 25% iPPO (Ex1),
followed by exercise to exhaustion at 90% pre-training iPPO (Ex2), by measurement of
femoral-artery blood flow and femoral-arterial and -venous blood sampling. A muscle biopsy
was obtained from legs before and after INT to determine mitochondrial electron-transport
protein content. Femoral-artery diameter was also measured. In BFR-leg, after INT, oxygen
delivery and uptake were higher, and net lactate release was lower, during Ex1 (vs. CONleg; p<0.05), with an 11% larger increase in workload (vs. CON-leg; p<0.05). During Ex2,
after INT, oxygen delivery was higher, and oxygen extraction was lower, in BFR-leg than
CON-leg (p<0.05), resulting in an unaltered oxygen uptake (vs. CON-leg; p>0.05). In CONleg, at both intensities, oxygen delivery, extraction, uptake, and lactate release, remained
unchanged (p>0.05). Resting femoral artery diameter increased with INT only in BFR-leg
(~4%; p<0.05). Oxygen diffusion capacity was similarly raised in legs (p<0.05). Mitochondrial
protein content remained unchanged in legs (p>0.05). Thus, BFR-interval training enhances
oxygen utilization by, and lowers lactate release from, submaximally-exercising muscles of
recreationally-trained men mainly by increasing leg convective oxygen transport.
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Introduction
The ability to perform prolonged exercise is essential for the endurance-trained athlete. This
ability is principally limited by three physical factors: maximum oxygen uptake (V̇O2max), the
percentage of V̇O2max that can be sustained throughout the event, and exercise economy
(i.e. the rate of energy turnover in relation to exercise intensity) (Bassett & Howley, 2000).
For this reason, much research has focused on the development and optimization of
exercise strategies to maximise improvements in these factors.
One strategy that has recently received both scientific and public attention for its beneficial
effect on endurance performance is training with restricted blood flow (BFR). In a number of
recent studies, this training method was found to augment improvements in both exercise
time to exhaustion (lasting 3-11 min) (Abe et al., 2010; Corvino et al., 2014; Paton et al.,
2017; Ursprung W.M., 2017; Christiansen et al., 2019a; Christiansen et al., 2019b) and
V̇O2max (4-12%) (Abe et al., 2010; de Oliveira et al., 2016; Ursprung W.M., 2017; Mitchell et
al., 2019), compared to work-matched training without BFR. BFR is typically performed by
inflating a pressure cuff around the thighs, thereby reducing blood flow to muscles, during
exercise (Christiansen et al., 2019b). Upon the release of the cuff in the subsequent
recovery period(s), blood perfusing the muscles increases to a level much higher than that
seen during exercise and recovery without BFR (Christiansen et al., 2019b). These
fluctuations in flow promote shear stress (Christiansen et al., 2019b), resulting in capillary
growth (Sundberg et al., 1993), and markedly perturb both redox, ion, and metabolic
homeostasis (Christiansen, 2018; Christiansen et al., 2018b), leading to activation of
AMPK/PGC-1α, among other factors (Christiansen et al., 2018b). Such adaptations form the
basis for enhancement of skeletal muscle oxygen (O2) transport and utilization (Saltin, 1985;
Wu et al., 1999). Despite these observations, it remains unknown how training with BFR
affects convective and diffusional O2 conductance in exercising muscles of humans.
During whole-body (upright) exercise, V̇O2max is primarily limited by the O2 supply to active
muscles (Saltin et al., 1976), having both a centrally (cardiac output/stroke volume) and a
peripherally (local O2 supply) limiting component (Richardson et al., 1995; Wagner, 1996). In
the trained state, the limitation in V̇O2max caused by restrictions in local O2 supply increases
(Klausen et al., 1982), making the peripheral component an essential target for improving
V̇O2max particularly in trained individuals. In this regard, training with reduced blood flow,
invoked by increasing local atmospheric pressure, raised the number of muscle capillaries
(i.e., capillary-to-fibre ratio), the proportion of slow-twitch fibres, and citrate synthase activity,
a marker of mitochondria volume, in skeletal muscle (Esbjornsson et al., 1993). These
adaptations would allow for both a better convective and diffusional O2 transport within
This article is protected by copyright. All rights reserved.
Page 3 of 31

exercising muscles, for example by increasing the perfusion area and/or pressure gradient
driving O2 from the red blood cells into the mitochondria (Richardson et al., 1995; Wagner,
1996). Thus, there are several indications pointing to a possible beneficial effect of BFRtraining on muscle O2 transport and utilization during exercise in humans.
Thus, this study tested the hypothesis that training with BFR elicits greater increases in
convective and diffusional transport and uptake of O2 by contracting muscles during dynamic
knee-extensor exercise in humans than training without BFR (control). Because increases in
muscle O2 transport and uptake are in favor of oxidative metabolism, we further
hypothesized that BFR-training would lead to a concomitant decrease in lactate release from
the exercising muscles, in contrast to the control.
Methods
Subjects and ethical approval
Thirteen healthy men were initially recruited for the study. They were physically active two to
three times per week (soccer, swimming, and/or resistance training) and their age, height,
body mass, and V̇O2max was (mean ± SD) 25 ± 4 years, 183 ± 6 cm, 84 ± 14 kg, and 50 ± 5
mL∙min-1∙kg-1, respectively. Participants were instructed to maintain their training routine
during the study. Three participants withdrew from the study due to the invasive nature of
experiments (n=2) or lack of motivation (n=1). Therefore, ten participants completed the
study. They did not suffer from any injuries and were free of medication and non-smokers.
The participants’ training schedule has been described previously (Christiansen et al.,
2019a). Benefits and potential risks of the study were described orally and in writing to the
participants before they gave written informed consent to participate. The study was
conducted in line with the guidelines of the local ethics committee of the Capital Region of
Denmark (#H-16000377) and the Declaration of Helsinki, except for registration in a
database. Data included in this paper were collected as part of a larger project on the effects
of BFR-training on performance and skeletal muscle adaptation. Other data from this study
have been published elsewhere (Christiansen et al., 2019a; Christiansen et al., 2019b).
Initial testing and familiarisation
Prior to the first experimental day, participants visited the laboratory to become familiar with
the one-leg, knee-extensor exercise model (Andersen & Saltin, 1985). On one occasion,
they performed an incremental exercise test in the model to volitional exhaustion with either
leg separated by 45 min to determine thigh incremental peak power output (iPPO). On
another occasion, they performed an incremental bicycle ergometer exercise test, in which
pulmonary V̇O2max and maximal aerobic power output were determined (Oxycon Pro, Jaeger,
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Germany) according to the procedure previously described (Christiansen et al., 2019b). This
was followed by four weeks of training biweekly without BFR, following the same interval
protocol as that used during the intervention (INT), so that the participants became familiar
with the training protocol and the equipment. Another purpose of this period was to make the
group of participants more homogeneous prior to INT. The incremental tests were then
repeated before and after INT. The incremental bicycle test was performed after three weeks
of INT to re-adjust training intensity according to the latest maximal aerobic power output.
Study design
A within-subject study design was used to test our hypotheses. The participants’ thighs were
randomly assigned to interval cycling either without (CON-leg) or with blood flow restriction
(BFR-leg) three times per week for six weeks. Randomisation was performed using a
random-number generator in Excel (MS Office 2013, Microsoft, Washington, USA) and took
into account the preferred kicking thigh. Thighs were concurrently trained on an ergometer
bike (Tomahawk IC7, Indoor Cycling Group, Nürnberg, Germany) at a local gym (fitnessdk,
Copenhagen, Denmark). By the use of force-sensor insoles and real-time visual feedback,
the work produced by thighs was matched in every training session according to the
procedure described previously (Christiansen et al., 2019b). To minimise a placebo effect,
participants were not informed about the study hypotheses.
Experimental day
Experiments were performed at the August Krogh Building, Department of Nutrition,
Exercise and Sports (University of Copenhagen, Denmark) under standard laboratory
conditions (23° Celsius; 33% humidity). Participants refrained from caffeine, alcohol, and
strenuous exercise for 24 h prior to the experimental day, which was performed before and
at least 72 h after INT. Participants arrived in the morning at 8 am after a standardised
breakfast. After local anaesthesia (20 mg·mL-1 lidocaine), catheters were placed in the
femoral artery and vein of both thighs and a biopsy sample was collected from the vastus
lateralis muscle of both thighs using the Bergström needle biopsy technique with suction
(Bergstrom, 1975). Approximately 45 min after insertion of catheters, a saline solution (20
mg·mL-1) was infused into the femoral vein of the non-exercising thigh at a constant rate of
10 mL·h-1. After 20 min of constant infusion, participants performed two bouts of one-legged,
knee-extensor exercise: One at 25% iPPO lasting 10 min (Ex1) and another at 90% iPPO to
exhaustion (Ex2) separated by 25 min of rest, first with one thigh and after 45 min of rest
with the other thigh. The first bout was matched on relative intensity according to the
participants’ latest iPPO, whereas the other more intense bout was matched on pre-training
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iPPO. Before INT, participants maintained a cadence of 60 rpm during exercise until near
exhaustion, where exercise was terminated if the cadence fell below 50 rpm. After INT, the
intense exercise bout was terminated after the same duration at which exhaustion was
reached pre-training. Blood was drawn from the artery and vein of the exercising thigh at rest
before and after infusions, and after 20 s, 1 min, 3 min, and 8 min of the first bout, after 20 s,
1 min, and 3 min of the second bout, and after 20 s, 1 min, 2 min, and 3 min of recovery from
both bouts. Blood sampling took into account the mean transit time from the arterial to
venous site by sampling of venous blood 5 s after the arterial sample (Bangsbo et al., 2000).
Femoral artery blood flow was measured continuously from 5 s prior to the arterial sample to
the collection of the venous sample.
Measurements
Femoral artery blood flow and resting common femoral artery diameter were measured
using ultrasound Doppler (Logic E9, Software version 113, GE Healthcare, Pittsburg, PA,
USA), as previously described (Nyberg et al., 2014). The system was equipped with a linear
probe that operates at an image and Doppler frequency of 9 and 3.1 MHz, respectively. By
the use of an insonation angle of < 60°, blood velocity and vessel diameter were measured
above the bifurcation into the superficial and profound arterial branches and distal to the
inguinal ligament. Sample volume was recorded as the vessel lumen without walls. A lowvelocity filter (4.9-21.9 cm·s-1) was used to reduce signal noise from turbulence in proximity
to the walls. Doppler tracings and B-mode images were recorded over ~15 s at the time of
blood sampling. Vessel diameter was determined from B-mode images and measured
perpendicular to the vessel wall during systole at rest. A mean of three measurements was
used to determine vessel diameter. Blood flow (Q̇ in mL∙min-1) in the common femoral artery
was calculated by the Logic E9 Doppler software (version 113) by the use of the formula: Q̇
= π * r2 * TAmean, where r is radius and TAmean is the time-averaged mean velocity (i.e.,
weighted average of the antegrade and retrogade flow) in the common femoral artery. Blood
flow calculation and measurements of arterial diameter were performed independently by
two researchers blinded for the INT of each leg. The use of the single-leg, knee-extensor
model (rather than whole-body exercise) provided optimal conditions for the assessment of
blood flow, as it increases the stability of the Doppler probe position, leg, and artery, thereby
minimising motion artifacts and insonation angle variability (Limberg et al., 2020).
Blood was sampled in portions of 2 mL using heparinised syringes. Samples were
immediately stored on ice until analysis of gas pressures and haemoglobin mass on a bloodgas analysing system (ABL 800 Flex, Radiometer, Copenhagen, Denmark). Before sampling
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of blood, 2 mL of blood was discarded (and later reinfused into the circulation) to ensure
circulating blood was collected.
Training intervention and blood flow restriction
Participants trained two times per week during the four-week familiarisation and three times
per week during INT, which lasted six weeks. Each training session consisted of a 5-min
warm-up at 30% maximal aerobic power output, followed by three sets of three 2-min bouts
with 1 and 5 min of active recovery (i.e., pedaling freely without workload) between bouts
and sets, respectively. The intensity was 61 ± 3% in the first, 72 ± 4% in the second, and 81
± 10% of maximal aerobic power output in the third set. Cadence was self-chosen and
ranged between 75 to 85 rpm. Verbal encouragement was provided by instructors during
training sessions. Blood flow to exercising muscles of one thigh (BFR-leg) was reduced by
approximately 50% during exercise (Christiansen et al., 2019b) by inflating a 13-cm wide
tourniquet to ~180 mmHg (Riester, Germany) at the proximal portion of the thigh. The
workload was matched between legs (p>0.05) in all training sessions, as previously reported
(Christiansen et al., 2019b).
Immunoblotting
A piece of each muscle sample (~15 mg w.w.) was freeze-dried (48 h) and dissected free of
fat, blood, and connective tissue under a microscope using jewelers’ forceps in an
environmentally stable chamber (22ºC, ~25% humidity). Each dissected sample was
homogenised (2 x 30 s at 28.5 Hz) using a TissueLyser (Qiagen TissueLyser II, Retsch
GmbH, Haan, Germany) in a freshly made homogenising buffer (10% glycerol, 20 mM Na +pyrophosphate, 150 mM NaCl, 50 mM HEPES, pH 7.5, 1% NP-40, 20 mM βglycerophosphate, 2 mM Na3VO4, 10 mM NaF, 2 mM PMSF, 1 mM EDTA pH 8, 1 mM
EGTA, pH 8, 10 μg ·mL-1 Aprotinin, 10 μg·mL-1 Leupeptin and 3 mM Benzamidine). Protein
concentration of homogenised samples was analysed using a standard BSA protein assay
kit (Thermo Scientific, USA). Samples were diluted to a concentration of 2 µg·µL-1 by adding
denaturing buffer (7 mL 0.5 M Tris-base, 3 mL glycerol, 0.93 g DTT, 1 g SDS, and 1.2 mg
bromophenol blue) prior to being stored at –80°C until western blotting.
Five microliter of each sample, corresponding to 10 µg of protein, was loaded onto each of
two 12% Criterion TGX stain-free gels (Bio-Rad, Hercules, CA), together with a 4-point
standard curve of crude muscle homogenate with a protein concentration of 2 µg·µL-1 and
two protein-size markers (Precision Plus Protein All Blue, #1610373, Bio-Rad). Pre- and
post-training samples from five participants were loaded on each gel. Electrophoresis was
run at 200V for 55 min, after which stain-free gels were UV-activated using the highest
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sensitivity (5 min) on a ChemiDoc Image Station (Bio-Rad). Transfer was performed at 14V
for 45 min onto a 0.45-µm PVDF-membrane (Immobilon P, Merck Millipore, USA) using a
semi-dry transfer station (Amersham TE 70, GE Healthcare) and a transfer buffer solution
(25 mM Tris-base, 190 mM glycine, 0.015% SDS, and 20% ethanol). Membranes were
blocked in 5% skimmilk for 1 h at room temperature using gentle rocking, after which they
were incubated overnight with primary antibody (1:500 in 3% BSA in 0.025% TBST; Total
OXPHOS, #ab110411, lot #M5406, Abcam) at 4°C using gentle rocking. Next, membranes
were washed four times in TBST and incubated in HRP-conjugated secondary antibody
(1:5.000 in 5% skimmilk; goat anti-mouse IgG) for 1 h at room temperature. Proteins were
visualised using chemiluminescence (Forte Western HRP Substrate, #WBLUF0500, Merck
Millipore, USA) on a ChemiDoc MP Imaging Station (Bio-Rad) and quantified using Image
Lab 5.2.1 (Bio-Rad). The density of protein bands of samples were normalized to that of the
slope of the calibration curve and total protein from the stain-free image. Linearity of curves
was high (r2= ≥0.98). Western blotting of samples was performed in duplicate (separate
runs) and the mean of duplicate runs used as the final result.
Calculations
Arterial and venous O2 content (CaO2 and CvO2; mL·L-1) was calculated as: Ca/vO2 = SO2 x
1.34[Hb] + 0.03 x PO2, where SO2 is O2 saturation (%), [Hb] is haemoglobin concentration
(g·L-1), and PO2 is O2 pressure (mmHg). Arteriovenous O2 difference (a–vO2diff; mL·L-1) was
calculated as: a–vO2diff = CaO2 – CvO2. O2 delivery (mL·min-1) was calculated as: O2 delivery
= Q̇ x CaO2, where Q̇ is thigh blood flow (mL·min-1). Thigh net O2 uptake (thigh V̇O2) was
calculated using Fick’s principle: Thigh V̇O2 = Q̇ x a-vO2diff. Thigh O2 diffusion capacity
(DO2) was calculated as: DO2 = Thigh net V̇O2/PO2vein, where PO2vein is the O2 partial
pressure in the femoral vein, which represents the mean O2 partial pressure at the capillary
level (Stein et al., 1993). Thigh lactate release was calculated as the product of Q̇ and the
arteriovenous lactate difference. To assess effects of BFR-training on absolute changes in
thigh convective O2 transport relative to those of thigh V̇O2, the difference between thigh O2
delivery and uptake was also determined.
Statistics
Data are expressed as the mean ± 95% confidence intervals, unless otherwise stated. An
alpha-level of p≤0.05 was used to indicate statistical significance. Data were assessed for
normality using the Shapiro Wilks test. A linear mixed model was used to assess effects of
training and differences with training between legs at each intensity for thigh O2 delivery, O2
extraction, V̇O2, the difference between O2 delivery and uptake, O2 diffusion capacity, and
lactate release using leg, time, and sample, as fixed factors and a random intercept for
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subjects. Analyses were separately performed for rest, exercise, and recovery. For proteins,
power output, and femoral artery diameter, the model used leg and time as fixed factors.
Significant main and interaction effects for thigh O2 delivery, O2 extraction, V̇O2, the
difference between O2 delivery and uptake, O2 diffusion capacity, and lactate release, were
followed up by two-way ANOVAs with repeated measures (RM), with time and sample as
factors to assess effects of training, and with leg and sample as factors to test leg
differences. For protein and power output data, significant main and interaction effects were
followed up by two-way RM ANOVAs using leg and time as factors. Tukey’s test was used
for Post-hoc analyses. F-values are reported for main and interaction effects (Cohen, 1988).
Statistics were performed in SPSS version 17 and Sigma Plot version 11. Figures were
illustrated with GraphPad Prism version 7.
Results
Power output during knee-extensor exercise
The power output during single-leg, knee-extensor exercise at 25% iPPO increased by 3.3 ±
2.2 W in BFR-leg (20%; p<0.001) and by 1.5 ± 2.0 W in CON-leg (9%; p=0.006). Power
output at 25% iPPO was 11% greater for BFR-leg than CON-leg after training (p=0.017)
without any difference between legs before training (p=0.27). Before training, the absolute
value for power output at 25% iPPO was 17 ± 4 W and 16 ± 4 W for CON-leg and BFR-leg,
respectively. The corresponding values at 90% iPPO were 60 ± 13 W and 58 ± 13 W, as
previously reported (Christiansen et al., 2019b).
Thigh blood flow
Results for femoral artery blood flow are reported elsewhere (Christiansen et al., 2019b). To
improve the reader’s understanding of the present data, blood flow results are reiterated
here:
In BFR-leg, training increased blood flow during Ex1 by 0.46 ± 0.35 L·min-1 (~20%; p<0.01).
In CON-leg, training did not change blood flow during Ex1 (~3%; -0.03 ± 0.66 L·min-1;
p=0.64). The increase in blood flow for BFR-leg was 0.38 ± 0.30 L·min-1 higher than CONleg (p=0.011). In BFR-leg, training increased blood flow during Ex2 by up to 0.77 ± 0.47
L·min-1 at 1 min (~16%; p=0.013). By contrast, in CON-leg, training did not change blood
flow during Ex2 (~-1%; p>0.05). Twenty seconds into recovery from Ex2, blood flow was
higher after than before training in CON-leg (0.80 ± 1.01 L·min-1; p=0.004). Blood flow during
Ex2 was not different between legs (p>0.05).
Thigh O2 delivery (Fig. 1)
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In both legs, training did not change thigh O2 delivery at rest before Ex1 (F=0.3, p=0.58) and
Ex2 (F=0.8, p=0.39) and no difference in O2 delivery was found between legs at rest before
Ex1 (F=0.4, p=0.52) and Ex2 (F=0.1, p=0.71).
In BFR-leg, training increased thigh O2 delivery during both Ex1 (~23%; F=55.4, p<0.001;
20s, 1min, 3min, and 8min: p≤0.003) and Ex2 (~13%; F=12.4, p=0.001; 20s and 1min,
p≤0.041). By contrast, in CON-leg, training did not affect thigh O2 delivery at either intensity
(Ex1: ~4%, F=2.6, p=0.11; Ex2: ~-1%, F=0.1, p=0.76). Before training, thigh O2 delivery was
not different between legs during either Ex1 (F=3.1, p=0.085) or Ex2 (F=0.8, p=0.39). After
training, O2 delivery was higher in BFR-leg than CON-leg during both Ex1 (F=9.2, p=0.004;
20s, p=0.036; 1min, p=0.062) and Ex2 (F=4.8, p=0.033).
In CON-leg, but not in BFR-leg (F=0.3, p=0.61), training decreased O2 delivery in recovery
from Ex1 (F=8.7, p=0.005; 20s, p=0.001). In both legs, training did not change O2 delivery in
recovery from Ex2 (CON-leg: F=1.2, p=0.27; BFR-leg: F=0.2, p=0.69). No difference in O2
delivery was found between legs in recovery from Ex1 (Pre: F=1.6, p=0.21; Post: F=1.5,
p=0.22) and Ex2 (Pre: F=0.6, p=0.61; Post: F=0.1, p=0.97).
Thigh arteriovenous O2 difference (Fig. 2)
In both legs, training did not change thigh a–vO2diff at rest before Ex1 (F=3.4, p=0.077) and
Ex2 (F=3.5, p=0.074) and no difference in a–vO2diff was found between legs at rest before
Ex1 (F=0.3, p=0.57) and Ex2 (F=3.5, p=0.071).
In BFR-leg, training did not affect thigh a–vO2diff during Ex1 (~-2%; F=1.0, p=0.33). During
Ex2, training decreased a–vO2diff in BFR-leg (~-6%; F=4.5, p=0.041). In CON-leg, training
did not affect thigh a–vO2diff at either intensity (Ex1: ~3%, F=2.1, p=0.15; Ex2: ~1%, F=0.3,
p=0.60). Thigh a–vO2diff during Ex1 was higher in BFR-leg than CON-leg before (F=4.1,
p=0.046; 8min, p=0.018), but not after training (F=0.9, p=0.34). Thigh a–vO2diff during Ex2
was not different between legs either before (F=0.7, p=0.42) or after training (F=3.6,
p=0.061).
In BFR-leg, training increased a–vO2diff in recovery from both Ex1 (F=8.4, p=0.005) and Ex2
(F=3.7, p=0.058; +3min, p=0.020). In CON-leg, training did not change a–vO2diff in recovery
from Ex1 (F=1.2, p=0.29), but in recovery from Ex2, a–vO2diff decreased in CON-leg (F=4.3,
p=0.043). No difference in a–vO2diff was found between legs in recovery from Ex1 before
(F=2.0, p=0.16) or after training (F=0.5, p=0.50). In recovery from Ex2, a–vO2diff was lower
in BFR-leg than CON-leg before training (F=6.3, p=0.015), but was not different between
legs after training (F=0.9, p=0.36).
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Thigh V̇O2 (Fig. 3)
In both legs, training did not change thigh V̇O2 at rest before Ex1 (F=1.5, p=0.24) and Ex2
(F=3.7, p=0.066) and no difference in thigh V̇O2 was found between legs at rest before Ex1
(F=0.3, p=0.62) and Ex2 (F=0.6, p=0.45).
In BFR-leg, training increased thigh V̇O2 during Ex1 (~18%; F=31.0, p<0.001; 20s: p=0.005;
1min: p=0.007; 3min: p=0.015; 8min: p=0.005), but not during Ex2 (~7%; F=0.9, p=0.36). In
CON-leg, training did not affect thigh V̇O2 at either intensity (Ex1: ~6%; F=3.4, p=0.070; Ex2:
~-1%; F=0.2, p=0.62). Thigh V̇O2 during Ex1 was not different between legs before training
(F=0.0, p=0.88), but was higher in BFR-leg than CON-leg after training (F=4.3, p=0.043).
Thigh V̇O2 during Ex2 was not different between legs either before (F=0.7, p=0.40) or after
training (F=0.0, p=0.98).
In BFR-leg, training increased V̇O2 in recovery from Ex1 (F=5.3, p=0.025; +20s, p=0.025),
but not from Ex2 (F=0.8, p=0.37). In CON-leg, training did not change V̇O2 in recovery from
Ex1 (F=2.4, p=0.13) and Ex2 (F=0.1, p=0.82). Before training, V̇O2 was lower in BFR-leg
than CON-leg in recovery from both Ex1 (F=4.4, p=0.040; 20s, p=0.006) and Ex2 (F=4.2,
p=0.045). After training, V̇O2 was not different between legs in recovery from Ex1 (F=0.9,
p=0.36) and Ex2 (F=0.47, p=0.50).
Difference between thigh O2 delivery and V̇O2 (Fig. 4)
In both legs, training did not change the difference between thigh O2 delivery and V̇O2 at rest
before Ex1 (F=2.2, p=0.15) and Ex2 (F=2.8, p=0.11) and no difference in the variable was
found between legs at rest before Ex1 (F=0.1, p=0.72) and Ex2 (F=1.8, p=0.18).
In BFR-leg, training increased the difference between thigh O2 delivery and V̇O2 during both
Ex1 (~30%; F=62.3, p<0.001; 20s: p<0.001; 1min: p<0.001; 3min: p=0.003; 8min: p<0.001)
and Ex2 (~30%; F=26.0, p<0.001; 20s: p=0.007; 1min: p<0.001; 3min: p=0.029). By
contrast, in CON-leg, training did not affect the difference between thigh O2 delivery and V̇O2
at either intensity (Ex1: ~1%; F=0.1, p=0.73; Ex2: ~5%; F=1.2, p=0.28). Before training, the
difference between thigh O2 delivery and V̇O2 was lower in BFR-leg than CON-leg during
Ex1 (F=8.2, p=0.006; 8min: p=0.034), but not during Ex2 (F=1.7, p=0.20). After training, the
variable was higher in BFR-leg than in CON-leg during both Ex1 (F=17.1, p<0.001; 20s:
p=0.008; 1min: p=0.024) and Ex2 (F=8.5, p=0.006).
In BFR-leg, training did not change the difference between thigh O2 delivery and V̇O2 in
recovery from Ex1 (F=0.9, p=0.34) and Ex2 (F=0.1, p=0.72). By contrast, in CON-leg,
training decreased the variable in recovery from Ex1 (F=10.8, p=0.002; +20s: p=0.001), but
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not from Ex2 (F=3.4, p=0.070). Before training, the difference between thigh O2 delivery and
V̇O2 was not different between legs in recovery from Ex1 (F=1.1, p=0.29) and Ex2 (F=0.1,
p=0.77). After training, the variable was also not different between legs during Ex1 (F=0.7,
p=0.40), but was lower in BFR-leg than CON-leg in recovery from Ex2 (F=5.3, p=0.024).
Thigh O2 diffusion capacity (Fig. 5)
In both legs, training did not change thigh O2 diffusion capacity at rest before Ex1 (F=0.1,
p=0.91) and Ex2 (F=1.4, p=0.25) and no difference in thigh O2 diffusion capacity was found
between legs at rest before Ex1 (F=0.3, p=0.58) and Ex2 (F=1.1, p=0.31).
In BFR-leg, training increased thigh O2 diffusion capacity during Ex1 (~25%; F=15.4,
p<0.001; 8min: p=0.002), but not during Ex2 (~12%; F=2.6, p=0.11). Likewise, in CON-leg,
training increased thigh O2 diffusion capacity during Ex1 (~9%; F=4.9, p=0.031), but not
during Ex2 (~0%; F=0.1, p=0.79). Thigh O2 diffusion capacity was not different between legs
at either intensity before (Ex1: F=1.6, p=0.20; Ex2: F=0.8, p=0.38) and after training (Ex1:
F=1.2, p=0.28; Ex2: F=0.7, p=0.41).
In BFR-leg, training increased thigh O2 diffusion capacity in recovery from Ex1 (F=11.5,
p=0.001; +20s, p=0.005), but not from Ex2 (F=1.3, p=0.25). In CON-leg, training did not
change thigh O2 diffusion capacity in recovery from either Ex1 (F=0.3, p=0.56) or Ex2
(F=0.3, p=0.59). Before training, thigh O2 diffusion capacity was not different between legs in
recovery from Ex1 (F=2.3, p=0.14) and Ex2 (F=2.7, p=0.11). Likewise, after training, thigh
O2 diffusion capacity was not different between legs during Ex1 (F=0.4, p=0.51) and Ex2
(F=0.0, p=0.95).
Muscle mitochondrial complexes (Fig. 6)
Training did not affect muscle OXPHOS content in either leg (F=1.7, p=0.20), with no
differences between legs (F=0.1, p=0.79).
Thigh net lactate release (Fig. 7)
In both legs, training did not change net lactate release at rest before Ex1 (F=1.2, p=0.26)
and Ex2 (F=1.1, p=0.31) and no difference in net lactate release was found between legs at
rest before Ex1 (F=0.6, p=0.44) and Ex2 (F=0.5, p=0.47).
In BFR-leg, training reduced net lactate release during both Ex1 (~34%; F=5.6, p=0.021;
3min, p=0.010; 8min, p=0.014) and Ex2 (~16%; F=7.1, p=0.011; 3min: p=0.001). By
contrast, in CON-leg, training did not affect net lactate release during Ex1 (~-18%; F=1.2,
p=0.29) and Ex2 (~-17%; F=3.7, p=0.062). Before training, net lactate release was not
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different between legs during either Ex1 (F=0.5, p=0.47) or Ex2 (F=0.0, p=0.97). After
training, net lactate release was lower in BFR-leg than CON-leg during Ex1 (F=4.0,
p=0.052), but not during Ex2 (F=0.1, p=0.73).
In BFR-leg, training reduced net lactate release in recovery from both Ex1 (F=4.9, p=0.030)
and Ex2 (F=8.8, p=0.004; +1min: p=0.052). By contrast, in CON-leg, training did not change
net lactate release in recovery from Ex1 (F=0.1, p=0.76) and Ex2 (F=0.2, p=0.70). Before
training, net lactate release was not different between legs in recovery from either Ex1
(F=0.8, p=0.38) or Ex2 (F=0.1, p=0.82). After training, net lactate release was also not
different between legs in recovery from Ex1 (F=3.6, p=0.063), but was lower in BFR-leg than
CON-leg in recovery from Ex2 (F=13.3, p=0.001; +20s: p=0.031; +1min: p=0.027).
Resting femoral artery diameter
In BFR-leg, the resting femoral artery diameter increased by ~4% from 9.0 ± 0.5 mm to 9.4 ±
0.6 mm (F=9.1, p=0.014), whereas in CON-leg, it was not significantly changed (~3%,
p=0.11; Pre: 9.0 ± 0.6 mm; Post: 9.3 ± 0.6 mm). The artery diameter was not different
between legs (F=0.4; p=0.535).
Discussion
The novel observations of this study were that six weeks with BFR-interval cycling, in
contrast to the training control, increased thigh V̇O2 and lowered thigh net lactate release
during exercise at the same relative intensity (25% iPPO). The increase in V̇O2 was
attributable to a higher leg convective rather than diffusional O2 conductance, as evidenced
by a higher thigh O2 delivery in BFR-leg than CON-leg and a similar increase in O2
diffusional capacity in the legs. At the high exercise intensity (90% pre-training iPPO),
training with BFR elevated thigh O2 delivery and decreased thigh O2 extraction, resulting in
an unaltered thigh V̇O2 in comparison with the control. Furthermore, at the high intensity,
BFR-training lowered thigh net lactate release during and in the recovery from exercise. In
addition, only training with BFR enlarged the femoral artery diameter at rest. Irrespective of
the use of BFR, the skeletal muscle’s content of mitochondrial electron-transport (OXPHOS)
proteins remained unaffected by the training period. Given the within-subject study design,
the adaptations to BFR-training were elicited by peripheral mechanisms unrelated to the
absolute mechanical load imposed on muscles while training.
BFR-interval training enhances muscle O2 utilization during submaximal exercise
At the low exercise intensity (25% iPPO), thigh V̇O2 increased more in the BFR-trained leg
compared to the control (Fig. 3). At the same intensity, cycling with BFR reduced the net
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lactate release from exercising muscles (Fig. 7), despite an 11% greater increase in power
output than the training control. Thus, a period with BFR-interval training increases O2
utilization by skeletal muscles during submaximal exercise performed at the same relative
intensity. This finding was probably caused by enhancement of leg convective O2 transport
(Fig. 1), which provided better conditions for O2 utilization by recruited fibres (Fig. 3). In turn,
this may have lowered the amount of pyruvate-to-lactate conversion, indicated by the
reduced net lactate release from the BFR-trained leg during exercise (vs. CON-leg; Fig. 7B).
By contrast, O2 diffusion capacity increased similarly in the legs at the low intensity (Fig. 5),
suggesting changes in diffusional O2 conductance was not the main factor driving the
increase in V̇O2 in the BFR-trained leg at this intensity. Because a greater leg convective O2
transport and O2 utilization by contracting muscles at a given relative, submaximal intensity
helps preserve muscle ion homeostasis and delay fatigue, these adaptations may have
contributed to the improvement in exercise performance of our study participants after
training with BFR (Christiansen et al., 2019b). For the same reason, the present results may
help explain the ergogenic effect of BFR-training seen in other human studies (Corvino et al.,
2014; Ursprung W.M., 2017), where a high physical endurance was essential for the
performance.
At both exercise intensities, BFR-training lowered the net lactate release from exercising
muscles, with a lower release than control during exercise at the low intensity and in the
recovery from exercise at the high intensity after the training period (Fig. 7). These results
indicate that the onset of blood lactate accumulation during leg exercise may be postponed
by BFR-interval training for six weeks. In comparison, the onset of blood lactate
accumulation (3.5 mM) tended to be lower (p=0.072) during whole-body exercise in healthy
humans following a period with interval cycling with BFR (4 weeks, intensity ~30% iPPO)
(de Oliveira et al., 2016). However, in the latter study, the intensity and/or the duration of
training may have been too low to invoke a statistically significant effect. The present
findings point to a reducing effect of BFR-training on lactate production by contracting
muscles during submaximal exercise in recreationally trained men, which has the potential to
benefit endurance exercise performance (see Translational Perspective).
BFR-interval training increases leg convective O2 transport
The present study demonstrates that training with a substantial reduction (~50%) in blood
flow to exercising muscles (Christiansen et al., 2019b) increases leg convective O2 transport
during both low- (23%) and high-intensity (13%), submaximal exercise in recreationally
trained men (V̇O2max = 50 mL·kg-1·min-1; Fig. 1). At the low intensity, a part of the increase in
blood flow (20%) and convective O2 supply in the BFR-trained leg was undoubtedly caused
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by a rise in workload (11% higher than control) (Joyner & Casey, 2015). In agreement with
the present observations, Sundberg et al. (1993) reported a stimulating effect of one-legged
training with reduced blood flow, invoked by raising atmospheric pressure, on leg peak V̇O2
in recreationally active humans. During exercise at the high intensity, BFR-training increased
the difference between O2 delivery and uptake, compared to the control (Fig. 4). This
occurred as a result of a higher O2 delivery (Fig. 1), because V̇O2 remained unchanged due,
in part, to the concomitant decrease in O2 extraction (Fig. 2 and 3). Thus, BFR-interval
training expanded the functional reserve of convective O2 supply at the high intensity, while
reducing net lactate release from muscles (Fig. 7). This excessive O2 supply by convection
may explain why a rise in diffusional O2 conductance was not required (and therefore not
observed) at the high exercise intensity to meet the O2 demand of the contracting muscles
(Fig. 5). Recruitment of a higher convective O2 supply reserve as the exercise intensity
further increases would delay the intracellular metabolic perturbation that precipitate
exercise-induced fatigue (Christiansen, 2018; Poole et al., 2020) and potentially minimise
glycogen use (Idstrom et al., 1986), thus improving the basis for enhancing endurance
performance.

Increase in femoral artery diameter with BFR-interval training
Another novel result was the selective enlargement (4%) of the main conduit artery diameter
in the BFR-trained leg. Mathematically, artery diameter (or radius) is important in the
calculation of blood flow: Q̇ = π * r2 * TAmean, where r is radius and TAmean the time-averaged
mean velocity (i.e., weighted average of the antegrade and retrogade flow) in the artery. A
rather small (~4-5%) increase in vessel radius is required to invoke the observed increase
(~16-20%) in arterial blood flow in the BFR-trained leg (Christiansen et al., 2019b; Poole et
al., 2020). Thus, enlargement of the artery may have contributed to the increase in blood
flow (Christiansen et al., 2019b) and thereby convective O2 transport (Fig. 1) after BFRtraining (arterial O2 content was not changed). Nevertheless, blood flow to exercising
muscles is largely dictated by the downstream resistance of the microvasculature (i.e.,
arterioles and resistance microvessels), which is tightly regulated by neurohumoral, as well
as vasodilatory factors, such as nitric oxide (NO) and prostacyclin (Gutterman et al., 2016).
This fact deemphasizes the importance of the enlarged resting artery diameter per se for the
rise in leg convective O2 transport with BFR-interval training. In line with this view, while
resting artery diameter increased only in the BFR-trained leg, no difference in artery
diameter was detected between legs after the training period.
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In addition to the increase in femoral artery blood flow (Christiansen et al., 2019b), other
adaptations downstream on the vascular tree may have been functionally important for the
rise in convective O2 transport in response to BFR-training (as indicated above). One
example is a more pronounced functional sympatholysis due to a higher availability of
vasodilatory substances such as NO. In support, training with reduced blood flow has been
shown to elevate circulating plasma nitrate level (Sundberg, 1994) and muscle nNOS
content (Christiansen et al., 2019a), both indications of an increased potential to raise NO
bioavailability. Moreover, BFR-interval training increases the skeletal muscle ROSscavenging capacity (Christiansen et al., 2019a; Christiansen et al., 2019b), which is known
to increase NO availability by decreasing the amount of superoxide that reacts with NO to
form the highly reactive derivate species, peroxynitrite (Powers & Jackson, 2008). In this
regard, potential changes in levels of opposing vasoregulatory factors (e.g., humoral and
vasodilator), which were not measured, and redundancy in the functional impact of different
vasodilators (e.g., NO and prostacyclin) on blood flow regulation during exercise should be
acknowledged (Hellsten et al., 2012). Regardless of the underlying mechanism(s), the
increase in leg convective O2 conductance after training with BFR in the present study
appears to be of a significant magnitude to improve the peripherally-limiting component of
V̇O2max (Wagner, 1996). On this basis, we propose that an increase in leg convective O2
transport is an important underlying adaptation for increases in pulmonary V̇O2max in
response to endurance-type BFR-training in recreationally active (Abe et al., 2010; de
Oliveira et al., 2016) and well-trained individuals (Ursprung W.M., 2017). In line with this
proposal, only BFR-training increased the femoral artery diameter, which has been shown to
positively correlate with pulmonary V̇O2max (r = 0.91; p< 0.002) in healthy, recreationally
active men (Radegran & Saltin, 2000). As the peripheral resistance to O2 transport plays a
greater role in limiting V̇O2max in the trained vs. untrained state (Klausen et al., 1982), the
present observations may be particularly relevant for the trained population.
Dissociation of adaptations in muscle O2 utilization and mitochondrial protein content
Despite a higher V̇O2 in the BFR-trained leg during exercise at 25% iPPO compared to the
control, training with BFR did not significantly affect skeletal muscle OXPHOS content (Fig.
6). Given the mean increase of 10% in this variable and the large effect size (1.7), we cannot
exclude a type-II error due to a lack of statistical power for this measurement (Fig. 6). In line,
a large variability in the western blotting method has been reported (~10 to 30%)
(Christiansen et al., 2018a). We reduced this risk by performing duplicate western blots for
each protein analysed. The absence of an effect of BFR-training on muscle OXPHOS
protein content is consistent with another study, in which muscle OXPHOS protein content
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remained unaltered after a period of sprint-interval training with post-exercise BFR in trained
subjects (Mitchell et al., 2019). At first, the current observation may seem surprising
considering that a single session with an identical BFR-interval training protocol (9 x 2-min
runs separated by 1 min of rest) enhanced the molecular signaling response (e.g., greater
AMPK downstream signaling and PGC-1α mRNA) underlying mitochondrial biogenesis in
trained men, in comparison with exercise without BFR or with systemic hypoxia
(Christiansen et al., 2018b). However, increases in mitochondrial function (i.e., maximal ex
vivo respiration) with high-intensity training have been reported without a concurrent
upregulation of mitochondrial protein expression in human skeletal muscle (Granata et al.,
2018). Thus, the lack of an effect on muscle OXPHOS protein content does not exclude the
possibility that BFR-interval training affected mitochondrial function. In fact, the increase in
diffusional O2 conductance in the BFR-trained leg during the isolated knee-extensor
exercise, under which circumstances convective O2 delivery does not pose a limitation to
V̇O2 by muscles (Fig. 4), points in favor of an increased mitochondrial function. This is
because the O2 flux through mitochondria partly determines the driving pressure, and
thereby the diffusional conductance, of O2 from the red blood cells to the mitochondria
(Richardson et al., 1995). Consistent with this possibility are findings of an increased (38%)
coupled respiration supported by convergent electron flow from complex I and II in human
skeletal muscle after low-load resistance training with BFR (Groennebaek et al., 2018) and a
larger proportion of oxidative fibres (Esbjornsson et al., 1993) after training with reduced
blood flow (Kaijser et al., 1990). Other factors, such as a reduced heterogeneity of blood flow
distribution within contracting muscles, and a smaller diffusion distance for O2, as indicated
by larger increases in muscle blood flow (Christiansen et al., 2019b) and capillary-to-fibre
ratio (Esbjornsson et al., 1993) after training with than without reduced blood flow, may also
have been important for the present outcomes.
Summary
Compared to intensity-matched training without BFR, six weeks of interval cycling with BFR
invoked a superior increase in leg convective O2 transport, which raised V̇O2 by contracting
muscles during submaximal exercise matched on relative intensity. This was shown by
increases in thigh O2 delivery and uptake, with a simultaneous reduction in thigh net lactate
release, in comparison with the control. At the high absolute intensity, BFR-training
decreased thigh net lactate release and expanded the functional reserve of convective O2
supply such that an increase with training in diffusional O2 conductance was not required to
meet the O2 demand of the contracting muscles. The adaptations to BFR-interval training
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were elicited by peripheral mechanisms unrelated to the absolute mechanical load invoked
on the legs while training.
Translational Perspective
Limitations in O2 delivery to contracting muscles poses a significant resistance to V̇O2 during
exercise, an effect that increases in proportion to the trained state of skeletal muscle
(Klausen et al., 1982). The present study highlights that BFR-training counteracts the
peripheral resistance to O2 transport, mainly in terms of raising convective O2 conductance,
resulting in an improved O2 utilization by skeletal muscles during submaximal exercise in
recreationally-trained men (V̇O2max = 50 mL·kg-1·min-1). We propose that these effects would
benefit performance during prolonged exercise by increasing the exercise intensity at which
lactate begins to accumulate in the circulation, leading to an increased percentage of V̇O2max
that can be sustained throughout exercise (Bassett & Howley, 2000). On this basis, future
research should focus on the potential ergogenic value of BFR-training for the endurancetrained athlete, including the potential of this training method to improve whole-body exercise
performance. In addition, research into the effects of endurance-type BFR-interval training
on muscle mitochondria function is warranted.
Clinical Perspective
A key finding of this study was that BFR-interval training enhanced the ability to rapidly
adjust convective O2 supply to meet the O2 demand of the submaximally exercising leg
muscles (Fig. 1). A more rapid adjustment of muscle O2 supply supports the maintenance of
ion homeostasis in contracting muscles (Poole et al., 2020), resulting in attenuated firing of
metabolically-sensitive afferents (i.e., chemoreflex) that contribute, in concert with other
neural reflexes, to increase blood pressure in the transition from rest to exercise (Dampney,
2016). In this way, BFR-interval training may counteract an excessive blood pressure rise
with physical exertion (Cezar et al., 2016). For this reason, it could proof useful for people
suffering from a hyper-sensitive (or abnormal) chemoreflex, such as those with heart failure
(Amann et al., 2014) or those with hypertension in whom dysfunction of this reflex mainly
accounts for the augmented blood pressure response to exercise (Barbosa et al., 2016;
Sidhu et al., 2019). However, exercising with BFR challenges safety in hypertensive
populations due to BFR’s potentiating action on the exercise pressor reflex (Cristina-Oliveira
et al., 2020). The present study did not focus on the potential safety risks of BFR-exercise
and healthy, active participants were recruited. Consequently, we did not design our
experiment to include measurement of blood pressure neither intra-arterially in the leg nor
systemically, and so, vascular conductance was not assessed. These limitations clearly

This article is protected by copyright. All rights reserved.
Page 18 of 31

prevent us from evaluating BFR-interval training for clinical use. Further scientific exploration
of the safety risks and design of a safe (yet effectively hypotensive) BFR-training protocol is
required before this strategy may be considered in a clinical setting for reducing blood
pressure.
Acknowledgements
The authors would like to thank Michael Nyberg and Mads S. Lindskrog for measurements of
blood flow and Jens Jung Nielsen and Martin Thomassen for help with blood and muscle
collection. We also thank the participants and students that made the project possible and
successful.
Author contributions
DC and JB conceived the study. DC, MH, and JB designed experiments. DC, KE, and MH
collected data. DC and KE analysed blood flow data. DC performed the other data and
muscle analyses and drafted the manuscript. All authors contributed to data interpretation,
critically revised the manuscript for important intellectual content, and approved the final
version of the manuscript. All authors agree to be accountable for all aspects of the
manuscript in ensuring that questions related to the accuracy and integrity are appropriately
examined and resolved.
Funding
The study was supported by the Danish Ministry of Culture (#FPK.2015-0017). The
ultrasound Doppler system was funded by the Danish Toyota Foundation (#KJ/BG 8876F).
Conflicts of interest
The authors have no conflict of interests to declare.

This article is protected by copyright. All rights reserved.
Page 19 of 31

References
Abe T, Fujita S, Nakajima T, Sakamaki M, Ozaki H, Ogasawara R, Sugaya M, Kudo M,
Kurano M, Yasuda T, Sato Y, Ohshima H, Mukai C & Ishii N. (2010). Effects of LowIntensity Cycle Training with Restricted Leg Blood Flow on Thigh Muscle Volume and
VO2MAX in Young Men. J Sports Sci Med 9, 452-458.

Amann M, Venturelli M, Ives SJ, Morgan DE, Gmelch B, Witman MA, Jonathan Groot H,
Walter Wray D, Stehlik J & Richardson RS. (2014). Group III/IV muscle afferents
impair limb blood in patients with chronic heart failure. Int J Cardiol 174, 368-375.

Andersen P & Saltin B. (1985). Maximal perfusion of skeletal muscle in man. J Physiol 366,
233-249.

Bangsbo J, Krustrup P, Gonzalez-Alonso J, Boushel R & Saltin B. (2000). Muscle oxygen
kinetics at onset of intense dynamic exercise in humans. Am J Physiol Regul Integr
Comp Physiol 279, R899-906.

Barbosa TC, Vianna LC, Fernandes IA, Prodel E, Rocha HNM, Garcia VP, Rocha NG,
Secher NH & Nobrega ACL. (2016). Intrathecal fentanyl abolishes the exaggerated
blood pressure response to cycling in hypertensive men. J Physiol 594, 715-725.

Bassett DR, Jr. & Howley ET. (2000). Limiting factors for maximum oxygen uptake and
determinants of endurance performance. Med Sci Sports Exerc 32, 70-84.

Bergstrom J. (1975). Percutaneous needle biopsy of skeletal muscle in physiological and
clinical research. Scand J Clin Lab Invest 35, 609-616.

Cezar MA, De Sá CA, Corralo VdS, Copatti SL, Santos GAGd & Grigoletto MEdS. (2016).
Effects of exercise training with blood flow restriction on blood pressure in medicated
hypertensive patients. Motriz: Rev Edu Fís 22, 9-17.

Christiansen D. (2018). Molecular stressors underlying exercise training-induced
improvements in K(+) regulation during exercise and Na(+) ,K(+) -ATPase adaptation
in human skeletal muscle. Acta Physiol (Oxf), e13196.

Christiansen D, Bishop DJ, Broatch JR, Bangsbo J, McKenna MJ & Murphy RM. (2018a).
Cold-water immersion after training sessions: Effects on fiber type-specific

This article is protected by copyright. All rights reserved.
Page 20 of 31

adaptations in muscle K(+) transport proteins to sprint-interval training in men. J Appl
Physiol (1985).

Christiansen D, Eibye KH, Hostrup M & Bangsbo J. (2019a). Blood flow-restricted training
enhances thigh glucose uptake during exercise and muscle antioxidant function in
humans. Metab Clin Exp 98, 1-15.

Christiansen D, Eibye KH, Rasmussen V, Voldbye HM, Thomassen M, Nyberg M,
Gunnarsson TGP, Skovgaard C, Lindskrog MS, Bishop DJ, Hostrup M & Bangsbo J.
(2019b). Cycling with blood flow restriction improves performance and muscle K+
regulation and alters the effect of anti-oxidant infusion in humans. J Physiol 597,
2421-2444.

Christiansen D, Murphy RM, Bangsbo J, Stathis CG & Bishop DJ. (2018b). Increased
FXYD1 and PGC-1alpha mRNA after blood flow-restricted running is related to fibre
type-specific AMPK signalling and oxidative stress in human muscle. Acta Physiol
(Oxf).

Cohen J. (1988). Statistical Power Analysis for the behavioral Sciences. Lawrence Erlbaum
Associates, Hillsdale.

Corvino RB, Oliveira MFMd, Santos RPd, Denadai BS & Caputo F. (2014). Four weeks of
blood flow restricted training increases time to exhaustion at severe intensity cycling
exercise. Rev Brasil de Cin Des Hum 16, 570.

Cristina-Oliveira M, Meireles K, Spranger MD, O'Leary DS, Roschel H & Pecanha T. (2020).
Clinical safety of blood flow-restricted training? A comprehensive review of altered
muscle metaboreflex in cardiovascular disease during ischemic exercise. Am J
Physiol Heart Circ Physiol 318, H90-h109.

Dampney RA. (2016). Central neural control of the cardiovascular system: current
perspectives. Adv Physiol Educ 40, 283-296.

de Oliveira MF, Caputo F, Corvino RB & Denadai BS. (2016). Short-term low-intensity blood
flow restricted interval training improves both aerobic fitness and muscle strength.
Scand J Med Sci Sports 26, 1017-1025.

This article is protected by copyright. All rights reserved.
Page 21 of 31

Esbjornsson M, Jansson E, Sundberg CJ, Sylven C, Eiken O, Nygren A & Kaijser L. (1993).
Muscle fibre types and enzyme activities after training with local leg ischaemia in
man. Acta Physiol Scand 148, 233-241.

Granata C, Jamnick NA & Bishop DJ. (2018). Training-Induced Changes in Mitochondrial
Content and Respiratory Function in Human Skeletal Muscle. Sports Med 48, 18091828.

Groennebaek T, Jespersen NR, Jakobsgaard JE, Sieljacks P, Wang J, Rindom E, Musci RV,
Botker HE, Hamilton KL, Miller BF, de Paoli FV & Vissing K. (2018). Skeletal Muscle
Mitochondrial Protein Synthesis and Respiration Increase With Low-Load Blood Flow
Restricted as Well as High-Load Resistance Training. Front Physiol 9, 1796.

Gutterman DD, Chabowski DS, Kadlec AO, Durand MJ, Freed JK, Ait-Aissa K & Beyer AM.
(2016). The Human Microcirculation: Regulation of Flow and Beyond. Circ Res 118,
157-172.

Hellsten Y, Nyberg M, Jensen LG & Mortensen SP. (2012). Vasodilator interactions in
skeletal muscle blood flow regulation. J Physiol 590, 6297-6305.

Idstrom JP, Subramanian VH, Chance B, Schersten T & Bylund-Fellenius AC. (1986).
Energy metabolism in relation to oxygen supply in contracting rat skeletal muscle.
Fed Proc 45, 2937-2941.

Joyner MJ & Casey DP. (2015). Regulation of increased blood flow (hyperemia) to muscles
during exercise: a hierarchy of competing physiological needs. Physiol Rev 95, 549601.

Kaijser L, Sundberg CJ, Eiken O, Nygren A, Esbjornsson M, Sylven C & Jansson E. (1990).
Muscle oxidative capacity and work performance after training under local leg
ischemia. J Appl Physiol (1985) 69, 785-787.

Klausen K, Secher NH, Clausen JP, Hartling O & Trap-Jensen J. (1982). Central and
regional circulatory adaptations to one-leg training. J Appl Physiol Respir Environ
Exerc Physiol 52, 976-983.

Limberg JK, Casey DP, Trinity JD, Nicholson WT, Wray DW, Tschakovsky ME, Green DJ,
Hellsten Y, Fadel PJ, Joyner MJ & Padilla J. (2020). Assessment of resistance vessel

This article is protected by copyright. All rights reserved.
Page 22 of 31

function in human skeletal muscle: guidelines for experimental design, Doppler
ultrasound, and pharmacology. Am J Physiol Heart Circ Physiol 318, H301-H325.

Mitchell EA, Martin NRW, Turner MC, Taylor CW & Ferguson RA. (2019). The combined
effect of sprint interval training and postexercise blood flow restriction on critical
power, capillary growth, and mitochondrial proteins in trained cyclists. J Appl Physiol
(1985) 126, 51-59.

Nyberg M, Christensen PM, Mortensen SP, Hellsten Y & Bangsbo J. (2014). Infusion of ATP
increases leg oxygen delivery but not oxygen uptake in the initial phase of intense
knee-extensor exercise in humans. Exp Physiol 99, 1399-1408.

Paton CD, Addis SM & Taylor LA. (2017). The effects of muscle blood flow restriction during
running training on measures of aerobic capacity and run time to exhaustion. Eur J
Appl Physiol 117, 2579-2585.

Poole DC, Behnke BJ & Musch TI. (2020). The role of vascular function on exercise capacity
in health and disease. J Physiol.

Powers SK & Jackson MJ. (2008). Exercise-induced oxidative stress: cellular mechanisms
and impact on muscle force production. Physiol Rev 88, 1243-1276.

Radegran G & Saltin B. (2000). Human femoral artery diameter in relation to knee extensor
muscle mass, peak blood flow, and oxygen uptake. Am J Physiol Heart Circ Physiol
278, H162-167.

Richardson RS, Noyszewski EA, Kendrick KF, Leigh JS & Wagner PD. (1995). Myoglobin
O2 desaturation during exercise. Evidence of limited O2 transport. J Clin Invest 96,
1916-1926.

Saltin B. (1985). Hemodynamic adaptations to exercise. Am J Cardiol 55, 42d-47d.

Saltin B, Nazar K, Costill DL, Stein E, Jansson E, Essen B & Gollnick D. (1976). The nature
of the training response; peripheral and central adaptations of one-legged exercise.
Acta Physiol Scand 96, 289-305.

This article is protected by copyright. All rights reserved.
Page 23 of 31

Sidhu SK, Weavil JC, Rossman MJ, Jessop JE, Bledsoe AD, Buys MJ, Supiano MS,
Richardson RS & Amann M. (2019). Exercise Pressor Reflex Contributes to the
Cardiovascular Abnormalities Characterizing: Hypertensive Humans During Exercise.
Hypertension 74, 1468-1475.

Stein JC, Ellis CG & Ellsworth ML. (1993). Relationship between capillary and systemic
venous PO2 during nonhypoxic and hypoxic ventilation. Am J Physiol 265, H537542.

Sundberg CJ. (1994). Exercise and training during graded leg ischaemia in healthy man with
special reference to effects on skeletal muscle. Acta Physiol Scand Suppl 615, 1-50.

Sundberg CJ, Eiken O, Nygren A & Kaijser L. (1993). Effects of ischaemic training on local
aerobic muscle performance in man. Acta Physiol Scand 148, 13-19.

Ursprung W.M. SJD. (2017). The Effects of Blood Flow Restriction Training on VO2Maxand
1.5 Mile Run Performance. Int J Exer Sci: Conf Proceed 2.

Wagner PD. (1996). Determinants of maximal oxygen transport and utilization. Annu Rev
Physiol 58, 21-50.

Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, Troy A, Cinti S, Lowell
B, Scarpulla RC & Spiegelman BM. (1999). Mechanisms controlling mitochondrial
biogenesis and respiration through the thermogenic coactivator PGC-1. Cell 98, 115124.

This article is protected by copyright. All rights reserved.
Page 24 of 31

Figure 1. Effect of training with BFR on thigh O2 delivery at rest and during exercise.
O2 delivery for the control leg (CON-leg; n=10) and the leg trained with BFR (BFR-leg; n=10)
during exercise at 25% (A and B) and 90% of iPPO (C and D). Before training, exhaustion
(Exh) was reached after ~3-9 min of exercise at 90% iPPO. After training, exercise at 90%
iPPO was terminated after the same time at which exhaustion was reached pre-training. ∗P
< 0.05, Post different from Pre. #P < 0.05, higher than CON-leg at Post. (#)P = 0.062. Data
are expressed as the mean ± 95% CI.
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Figure 2. Effect of training with BFR on thigh a–vO2 difference (a–vO2diff) at rest and
during exercise. a–vO2diff for the control leg (CON-leg; n=10) and the leg trained with BFR
(BFR-leg; n=10) during exercise at 25% (A and B) and 90% of iPPO (C and D). Before
training, exhaustion (Exh) was reached after ~3-9 min of exercise at 90% iPPO. After
training, exercise at 90% iPPO was terminated after the same time at which exhaustion was
reached pre-training. ∗P < 0.05, Post different from Pre. §P < 0.05, different from CON-leg at
Pre. (#)P = 0.061, lower than CON-leg at Post. Data are expressed as the mean ± 95% CI.
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Figure 3. Effect of training with BFR on thigh O2 uptake (V̇O2) at rest and during
exercise. V̇O2 for the control leg (CON-leg; n=10) and the leg trained with BFR (BFR-leg;
n=10) during exercise at 25% (A and B) and 90% of iPPO (C and D). Before training,
exhaustion (Exh) was reached after ~3-9 min of exercise at 90% iPPO. After training,
exercise at 90% iPPO was terminated after the same time at which exhaustion was reached
pre-training. ∗P < 0.05, Post higher than Pre. #P < 0.05, higher than CON-leg at Post. §P <
0.05, lower than CON-leg at Pre. Data are expressed as the mean ± 95% CI.
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Figure 4. Effect of training with BFR on the difference between thigh O2 delivery and
O2 uptake (V̇O2) at rest and during exercise. Difference in O2 delivery relative to V̇O2 for
the control leg (CON-leg; n=10) and the leg trained with BFR (BFR-leg; n=10) during
exercise at 25% (A and B) and 90% of iPPO (C and D). Before training, exhaustion (Exh)
was reached after ~3-9 min of exercise at 90% iPPO. After training, exercise at 90% iPPO
was terminated after the same time at which exhaustion was reached pre-training. ∗P < 0.05,
Post different from Pre. #P < 0.05, different from CON-leg at Post. §P < 0.05, lower than
CON-leg at Pre. Data are expressed as the mean ± 95% CI.
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Figure 5. Effect of training with BFR on thigh O2 diffusion capacity at rest and during
exercise. O2 diffusion capacity for the control leg (CON-leg; n=10) and the leg trained with
BFR (BFR-leg; n=10) during exercise at 25% (A and B) and 90% of iPPO (C and D). Before
training, exhaustion (Exh) was reached after ~3-9 min of exercise at 90% iPPO. After
training, exercise at 90% iPPO was terminated after the same time at which exhaustion was
reached pre-training. ∗P < 0.05, Post higher than Pre. Data are expressed as the mean ±
95% CI.
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Figure 6. Effect of training with BFR on muscle mitochondrial protein complex
content. (A) OXPHOS content in the control leg (CON-leg) and the leg trained with BFR
(BFR-leg) before (Pre, open circles) and after (Post, black circles) the training period (with
individual changes indicated). (B) Change in OXPHOS content in CON-leg and BFR-leg (n =
10). (C) Representative blots for OXPHOS content and total protein in samples. Data are
expressed as the mean ± 95% CI.
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Figure 7. Effect of training with BFR on thigh lactate release at rest and during
exercise. Lactate release for the control leg (CON-leg; n=10) and the leg trained with BFR
(BFR-leg; n=10) during exercise at 25% (A and B) and 90% of iPPO (C and D). Before
training, exhaustion (Exh) was reached after ~3-9 min of exercise at 90% iPPO. After
training, exercise at 90% iPPO was terminated after the same time at which exhaustion was
reached pre-training. ∗P < 0.05, Post lower than Pre. #P < 0.05, lower than CON-leg at Post.
Data are expressed as the mean ± 95% CI.
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