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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. CON-

leg; 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 CON-

leg, 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 
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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 BFR-

training 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 low-

velocity 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 blood-

gas 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 β-

glycerophosphate, 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 CON-

leg (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 BFR-

training (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 ROS-

scavenging 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 endurance-

trained 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 
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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. 
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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. 

 


