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Abstract Conflicting findings have been reported

regarding muscle damage with low-intensity resistance

exercise with blood flow restriction (BFR) by pressure

cuffs. This study investigated muscle function and muscle

fibre morphology after a single bout of low-intensity

resistance exercise with and without BFR. Twelve physi-

cally active subjects performed unilateral knee extensions at

30% of their one repetition maximum (1RM), with partial

BFR on one leg and the other leg without occlusion. With

the BFR leg, five sets were performed to concentric torque

failure, and the free-flow leg repeated the exact same

number of repetitions and sets. Biopsies were obtained from

vastus lateralis before and 1, 24 and 48 h after exercise.

Maximum isometric torque (MVC) and resting tension were

measured before and after exercise and at 4, 24, 48, 72, 96

and 168 h post-exercise. The results demonstrated signifi-

cant decrements in MVC (lasting C48 h) and delayed onset

muscle soreness in both legs, and increased resting tension

for the occluded leg both acutely and at 24 h post-exercise.

The percentage of muscle fibres showing elevated

intracellular staining of the plasma protein tetranectin, a

marker for sarcolemmal permeability, was significantly

increased from 9% before exercise to 27–38% at 1, 24 and

48 h post-exercise for the BFR leg. The changes in the free-

flow leg were significant only at 24 h (19%). We conclude

that an acute bout of low-load resistance exercise with BFR

resulted in changes suggesting muscle damage, which may

have implications both for safety aspects and for the train-

ing stimulus with BFR exercise.
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Introduction

In the last decade, the method of low-load strength training

with blood-flow restriction (BFR, also often referred as

‘‘vascular occlusion’’ or ‘‘vascular restriction’’) has

attracted a lot of attention. Several studies have demon-

strated that BFR by pressure cuffs in combination with

low-intensity training (20–50% of 1RM) induces muscle

growth at rates comparable to those seen with conventional

strength training (Takarada et al. 2000b, 2002, 2004; Kubo

et al. 2006). Notably, this mode of training has been shown

to produce strength gains and hypertrophy not only in

untrained individuals ranging from young to elderly

(Takarada et al. 2000b, 2004; Kubo et al. 2006; Karabulut

et al. 2010), but also in well-trained athletes (Takarada

et al. 2002), as well as in patients recovering after anterior

cruciate ligament surgery (Ohta et al. 2003). Taken toge-

ther, these findings suggest that low-intensity strength

training with cuff occlusion has a broad application

potential (Wernbom et al. 2008).
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In some studies, regimes with a remarkably high train-

ing frequency of two BFR training sessions per day for up

to 6 days per week (i.e., a total of 12 training sessions per

week) have been tried successfully over short periods

(1–2 weeks), resulting in significant increases in muscle

cross-sectional area (CSA) and strength despite the very

short training periods (Abe et al. 2005; Fujita et al. 2008).

Indirect measures of muscle damage such as creatine

kinase (CK) and myoglobin did not increase appreciably in

these and other studies (e.g., Takarada et al. 2000a), thus

supporting that a fast recovery is possible.

In contrast, Wernbom et al. (2006, 2009) observed

moderate to severe delayed onset muscle soreness (DOMS)

in the quadriceps after acute bouts of low-intensity knee

extensions with cuff occlusion, which were performed with

multiple sets to concentric torque failure. Similarly, Umbel

et al. (2009) observed mild DOMS after an acute bout of

BFR training involving the knee extensors, as well as

significant decrements (*10–15%) in maximum voluntary

isometric torque and increases in vastus lateralis muscle

CSA at 24–48 h post-exercise. Moreover, a recent case

report revealed very high serum levels of CK ([12,000 U/L)

and extreme muscle soreness in an individual 48–96 h after

an acute bout of low-load BFR training (Iversen and

Røstad 2010). CK values in excess of 10,000 U/L are

considered diagnostic for rhabdomyolysis (Clarkson et al.

2006). Collectively, these observations indicate a potential

for muscle damage with the first bout of BFR strength

training even at low loads (20–30% of 1RM).

Prolonged anoxia causes calcium (Ca2?) influx and loss

of cell membrane integrity both in myotube culture

(Ørtenblad et al. 2003) and in muscle preparations (Fredsted

et al. 2005). Interestingly, Fredsted et al. (2005, 2007) noted

that these changes occurred much faster when the anoxia

was combined with electrical stimulation. Furthermore,

hypoxic exercise (12.7% O2) resulted in increased uptake of

Evans Blue Dye (EBD) in rat skeletal muscle, suggesting

compromised membrane integrity (Xu et al. 2008). EBD is

known to bind to albumin (Straub et al. 1997; Hamer et al.

2002), hence any increase in intracellular EBD staining

presumably reflects increased albumin uptake by the mus-

cle. Albumin has been used as a marker for skeletal muscle

damage caused by eccentric exercise (McNeil and Khakee

1992). Thus, not only high mechanical stress but also

hypoxia, especially in combination with exercise, can result

in damage to the muscle cell membrane.

A few studies on the acute effects of training with cuff

occlusion have been published (e.g., Cook et al. 2007;

Yasuda et al. 2008, 2009; Umbel et al. 2009); but except

for the study of Umbel et al. (2009), muscle function was

studied for a limited time period, from pre-exercise to the

first few minutes following the bout. Furthermore, no

morphological data at the muscle fibre level following an

acute BFR exercise bout has been reported in the literature

to date. If a first-time bout can induce muscle damage, this

would potentially have implications for the prescription

and safety of BFR resistance exercise. This concern may be

especially relevant to disused muscle. For example,

unloading is known to markedly increase the vulnerability

of human skeletal muscle to relatively light eccentric

exercise (Ploutz-Snyder et al. 1996). Given that BFR

resistance exercise may be used not only in training of

healthy individuals but also in rehabilitation settings, it is

important to establish whether or not low-load BFR resis-

tance exercise can induce symptoms of muscle damage.

Therefore, the aim of the present investigation was to

study neuromuscular fatigue and recovery as well as fibre

morphology following an acute bout of low-load resistance

exercise with and without BFR. Specifically, we hypothe-

sised that resistance exercise with BFR would result in

signs of muscle damage and that these would be greater

than those induced by exercise at the same volume and load

without BFR.

Materials and methods

Subjects

Eight male subjects (mean ± SD, 26 ± 3 year, height

180 ± 6 cm, body mass 80 ± 10 kg) and four female

subjects (24 ± 2 year, height 171 ± 6 cm, body mass

66 ± 8 kg) were recruited from the student population at

the Norwegian School of Sport Sciences. All subjects were

exercising on a regular basis (e.g., running, cycling, cross-

country skiing, alpine skiing, skating, trekking) and had

previous experience with resistance training, but some

were not performing heavy strength training at the time of

the study while others were very well trained in this regard.

The participants were instructed not to perform any stren-

uous activities involving their quadriceps during the last

72 h before the main test. They were informed of the

experimental risks and signed an informed consent docu-

ment prior to the investigation. The study complied with

the standards set by the Declaration of Helsinki and was

approved by the Regional Ethics Committee of Southern

Norway.

Experimental design

To examine the acute effects of dynamic low-intensity

strength training with BFR on muscle function in the

quadriceps, a within-subjects study design was used in

which one leg (dominant or non-dominant in a randomised

fashion) was tested with cuff occlusion and the other leg

was tested without occlusion. To match the volume of
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work, and because BFR reduces the dynamic endurance at

low loads (Wernbom et al. 2006, 2009), the occluded leg

was always exercised before the free-flow leg.

All subjects participated in a familiarisation session

1 week (range 4–11 days) before the main experiment. In

the main trial, the subjects were tested for maximal vol-

untary isometric strength immediately before the exercise

bout, at 1 and 2 min post-exercise, and at 4, 24, 48, 72, 96

and 168 h post-exercise (Fig. 1). Muscle contractility was

also tested with neuromuscular electrical stimulation

(NMES) of the vastus medialis at the same test occasions

following isometric testing, except at 168 h post-exercise

testing, where no NMES was performed.

Muscle function testing and familiarisation protocols

A week before the main exercise test, the subjects were tested

for their unilateral 1RM strength for each leg in a variable

resistance knee extension machine (Leg Extension model

66478, Gym2000, Geithus, Norway). The subjects warmed

up 5 min on a stationary bicycle at a light load (*75 watts)

and then moved to the knee extension apparatus. The 1RM

was determined according to the procedures of Staron et al.

(1990). Tagesson and Kvist (2007) demonstrated high inter

and intra-rater intraclass correlation (ICC) values for the

unilateral knee extension 1RM test (ICC = 0.90–0.96),

supporting that this test is clinically reliable.

After 1RM for each leg had been established, the subjects

practiced maximum voluntary isometric contractions

(MVC) in the same knee-extension machine, with the lever

arm of the machine fixed at an angle corresponding to 90� of

knee flexion (full knee extension is here defined as 0�).

Isometric force was measured by a strain gauge (HBM

U2AC2, Darmstadt, Germany) connected to the lever arm of

the knee extension machine, and the signal was amplified

and recorded at 1,000 Hz using a 16-bit data acquisition card

(MP150, BioPac Systems Inc., CA). The back rest was set at

a hip joint angle of *80� of flexion (fully extended hip here

defined as 0�), and belts were secured across the subjects

hips and shoulders to reduce any movements of the hips, and

to minimise assistance from other muscle groups. The sub-

jects were instructed to apply force as rapid and hard as

possible and to maintain maximal effort for at least 4 s.

After the MVC practice, the subjects were familiarised

with NMES. Two self-adhesive electrodes (5 9 10 cm,

Polartrode, Medi-Stim, Oslo, Norway) were placed longi-

tudinally on the vastus medialis and the positions of the

electrodes were marked on the skin with indelible ink to

ensure the same positioning in each trial. The stimulation

protocol comprised two trains of stimuli with a duration of

200 ms each and with a frequency of 20 Hz, and two trains

of stimuli of 200 ms duration and 50 Hz frequency. Each

square-wave pulse lasted 0.5 ms, and the voltage was fixed

at 120 V. One minute separated the last isometric MVC

attempt and the NMES testing, and 5–10 s separated each

NMES-induced contraction.

After resting for 5 min after the NMES testing, a load of

30% of 1RM was chosen and the subject was then famil-

iarised with the partial vascular occlusion and the cadence

of repetitions to be used during the main test. For each leg,

one set of 15 coupled concentric-eccentric knee extensions

was performed with cuff occlusion, followed by a second

set of five repetitions after 45 s of rest, during which the

partial occlusion was maintained.

Main exercise and testing protocols

At a subsequent session after the 1RM testing, with *7

days between the sessions, the subjects reported to the

laboratory for the main test. The subjects warmed up 5 min

on a stationary bicycle at a light load (*75 watts) and then

moved to the knee extension apparatus. After warming up

with three submaximal isometric contractions with gradu-

ally increasing effort for each contraction, the subjects

performed two MVCs, with 30 s of rest between them. The

highest value of the two attempts was used as baseline

MVC. After the MVC, the skin above the vastus medialis

muscle was washed with isopropanol and the self-adhesive

electrodes were applied for the NMES, which proceeded as

described above. From the forces generated at 20 and

50 Hz, the ratio between 20 and 50 Hz (20/50 Hz ratio)

was calculated and used as an index of low-frequency

fatigue. While the ankle was strapped to the lever arm in

conjunction with the NMES testing, passive force against

the lever arm was also measured as an indirect index of

passive muscle tension.

Fig. 1 Timeline of the

experiment
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After 5 min of rest, the subjects were tested in the

unilateral knee extension exercise at 30% of 1RM, during

partial blood flow restriction (see further below). After

inflation of the pressure cuff, the subjects performed as

many repetitions as possible for a total of five sets for the

occluded leg. The subjects remained seated in the machine

during the rest periods, and the rest period between each set

was 45 s for both the non-occluded and the occluded leg.

The range of motion was between 100� and 20� of knee

flexion (0� = full extension) and the cadence was 20 rep-

etitions per minute (1.5 s each for the concentric and the

eccentric muscle actions) which was controlled with a

metronome set at 40 bpm. No rest was permitted between

the repetitions, and the subjects were instructed to stop the

eccentric phase just before the weight stack touched down

to avoid relaxation of the quadriceps. The number of

complete repetitions performed in each set was noted.

When the five sets for the occluded leg had been com-

pleted, and the muscle function tests (1 and 2 min post-

exercise MVC, as well as the 20 and 50 Hz NMES

at *3 min post-exercise) had been performed, the pressure

cuff was deflated (total time under partial occlu-

sion: *9 min). After 10 min rest, the subjects performed

exactly the same number of sets and repetitions and muscle

function testing for the other leg as with the occluded leg,

but without the pressure cuff.

Blood flow restriction

A curved tourniquet cuff of 135 mm in width with a

100 mm wide pneumatic bag inside of it was connected to

a surgical tourniquet system (Zimmer A.T.S. 2000, Zim-

mer Patient Care, Dover, OH) with automatic regulation of

the pressure. The cuff was wrapped around the proximal

part of the thigh and inflated to a pressure of

90–100 mmHg just before exercise with BFR, and the

pressure was maintained throughout the session until both

the exercise and the muscle function tests had been com-

pleted, after which the cuff was deflated.

Using the same type of cuff, we previously demon-

strated that this level of pressure results in decreased

muscle endurance at *30% of 1RM (Wernbom et al.

2009), thus confirming that the degree of occlusion was

sufficient to affect muscle performance. In addition, we

determined in separate experiments with Doppler ultra-

sound that the pressure at which the femoral artery blood

flow ceased (measured in the seated position) was in the

range of 150–205 mmHg for the subjects. Generally, the

male subjects required higher pressures (170–205 mmHg)

than the female subjects (150–170 mmHg) for complete

occlusion. Based on this information and our experiences

regarding the tolerability of different pressures during

exercise, it was decided on a cuff pressure of 100 mmHg

for the male subjects and 90 mmHg for the female subjects

in the exercise part of the study.

Notably, these training pressures are considerably lower

than those that have typically been reported in many of the

studies on BFR exercise, where a narrow cuff (33 mm in

width) has often been used. With a 33 mm cuff and pres-

sures of 160–180 mmHg, Takano et al. (2005) reported a

*70% reduction of the femoral blood flow at rest in

the seated position. However, it is important to note that

wider cuffs are generally more effective in occluding the

blood flow than more narrow ones (Crenshaw et al. 1988;

Graham et al. 1993). For example, Crenshaw et al. (1988)

determined that with a 45 mm thigh cuff, the pressure

needed for complete occlusion of blood flow in the lower

limb (measured with the subjects in supine position) was

on average *280 mmHg, and in some cases more than

400 mmHg; while with a 120 mm cuff, the pressure nee-

ded for full occlusion was *150 mmHg. Thus, we decided

on a relatively wide cuff and a low pressure during training

to minimise compressive and shear forces on soft tissues

(Crenshaw et al. 1988; Graham et al. 1993).

Muscle soreness ratings

Muscle soreness was self-rated by the subjects before the

exercise bout and at 4, 24, 48, 72 and 96 h post-exercise on

a 100 mm visual analog scale (VAS), where 0 represented

‘‘no soreness’’ and 10 represented ‘‘extreme soreness’’

(Wernbom et al. 2006). Subjects were asked to place a mark

on the line on the paper according to the general level of

perceived soreness at the time of assessment. A blank scale

was used each time to avoid bias from preceding ratings.

Muscle biopsy sampling

Biopsies were obtained from m. vastus lateralis in the free-

flow leg before exercise and in both legs 1, 24 and 48 h

after exercise (monitored for each leg). Hence, the number

of biopsies was limited to three for the BFR leg and four in

the free-flow leg. The rationale for this design was to

minimise any impact of the procedure itself on the muscle

samples (particularly those from the BFR leg), as multiple

biopsies can inflict muscle damage and negatively influ-

ence recovery around the sampled area (Constantin-Teod-

osiu et al. 1996). During the biopsy, subjects laid supine,

and the procedure was performed under local anesthesia

(Xylocain� adrenaline, 10 mg ml-1 ? 5 lg ml-1; Astra-

Zeneca, Södertälje, Sweden).

The first muscle sample from each leg was taken from

the vastus lateralis approximately midway between the

origin and the insertion, from a location which was distal to

the part that was compressed by the tourniquet during

training (occluded leg). In the free-flow leg, the first
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incision was taken from the corresponding location and this

incision was also used for the second biopsy (1 h post-

exercise) but the needle was angled in a different direction

so that the sample was taken about 5 cm from the first. The

second (24 h) and third incisions (48 h) were placed

approximately 3 and 6 cm proximally to the first incision.

Care was taken to avoid affected tissue from earlier

biopsies.

Biopsies were taken from 10 out of the 12 participants,

i.e., 2 subjects completed the exercise protocol without any

biopsies. Due to some technical difficulties with the biopsy

sampling, complete sets of biopsies (including both limbs

and all time points) were achieved in eight of the subjects,

therefore N = 8 for tetranectin stainings.

Light microscopic immunofluorescence on cross

sections

The muscle samples were rinsed in physiological saline

and visible fat and connective tissue were removed. From

one part of the biopsy, 8 lm-thick cross-sections were cut

and later stained with antibodies against dystrophin’s

COOH-terminus (anti-rabbit; 1:2,000; Dys 2, Novocastra

Laboratories Ltd, Newcastle, UK) and tetranectin (anti-

mouse; 1:300; Hyb-130-11, AntibodyShop, Gentofte,

Denmark). Tetranectin is a plasma protein which like

albumin and EBD is a good marker for muscle fibre

damage resulting from eccentric exercise (Kalhovde et al.

unpublished data). The primary antibodies were diluted in

blocking solution [1% BSA, and 0.05% Tween-20 in TBS

(TBST)] and the sections were incubated for 2 h at room

temperature or overnight at 4�C. The sections were then

incubated for 45–60 min with appropriate secondary anti-

bodies (Alexa Fluor 488 and 594, Invitrogen, Carlsbad,

CA, USA) and mounted with coverslips (Fluoromount-G,

Chemi-Teknik AS, Oslo, Norway, or ProLong Gold An-

tifade Reagent with DAPI, Invitrogen-Molecular Probes,

Eugene, OR). The muscle sections were washed in TBST

between each step.

Images were captured using a digital camera (Olympus

DP72, Olympus-Europa GmbH, Hamburg, Germany)

connected to a light microscope (Olympus BX61) with

appropriate filters. Pictures were taken with 49, 109, 209,

and 409 magnification objectives, where 49 was used for

overview images and 109 was used for evaluations of the

number of positive fibres. Intact fibres on each sample were

counted, but the outermost layer of muscle fibres in the

samples was excluded to avoid areas damaged by sec-

tioning, as were other areas and fibres with visible artifacts

(folds, tears, etc.). The mean number of counted fibres for

each time point per individual was 238 (range 43–882).

The program Axiovision (Zeiss, Oberkochen, Germany)

was used to analyse the images and the degree of staining

for tetranectin was determined with the measure mean

green density (MGD). The stainings for the COOH-termi-

nus were inspected to help identification of the borders of

the muscle fibres.

Evaluation of tetranectin staining

McNeil and Khakee (1992) and Clarke et al. (1993) used

threshold values for determining the number of albumin-

positive fibres in the sections. A somewhat similar

threshold-based model was adopted for the purposes of the

present investigation. The contours of each counted fibre

were outlined just beneath the sarcolemma, and the MGD

value of the cytoplasm was measured with the Axiovision

program. Pilot studies indicated that subjectively deter-

mined positive fibres had an intracellular staining (as

indicated by MGD) at least 50% stronger than presumably

negative fibres. This corresponded to about three standard

deviations above the mean of negative fibres in a baseline

sample. Therefore, this threshold was chosen for MGD.

Four presumably negative fibres from each section, two

peripheral and two centrally located fibres, were chosen

based on having the lowest MGD values of the peripheral

and central fibres, respectively. Central fibres were within

the middle third of the length and the middle third of the

width of the picture, and peripheral fibres were conse-

quently located outside these limits. The mean MGD of

these four fibres was calculated and fibres with a stain-

ing C50% stronger than this mean were counted as tetr-

anectin-positive. Values for positive fibres are given as

percentage (%) of the total number of counted fibres.

Statistical analyses

To identify statistically significant changes in muscle

function variables and tetranectin from baseline, one-way

repeated-measures ANOVA with Dunnett’s post-hoc test

was performed for both the BFR and the free-flow leg. A

two-way ANOVA (with Bonferroni’s post hoc test) was

used to assess differences between the legs. Unless other-

wise indicated, data are presented as mean ± SE. The level

of significance for all statistical analyses was p \ 0.05.

Results

Exercise protocols and muscle function testing

The number of repetitions performed before concentric

torque failure gradually decreased from 28 ± 5 in the first

set, to 10 ± 2 in the second set and to 6 ± 1 in the fifth set

(mean ± SD). MVC was reduced more in the occluded leg

than in the non-occluded leg when measured 1 and 2 min
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after exercise (-62 ± 15% vs. -22 ± 4%, and -61 ±

14% vs. -21 ± 4%, p \ 0.01, mean ± SD) when partial

BFR was still maintained, but not at later time points

(Fig. 2). At 4 h post-exercise, MVC was reduced by

15 ± 4% in the occluded leg and 12 ± 3% in the non-

occluded leg. At 72 h post-exercise, the MVC was no

longer significantly different from baseline, although a

trend was noted in the BFR leg (10 ± 4% reduced MVC,

p \ 0.10).

The 20/50 Hz ratio decreased in the occluded leg at

3 min post-exercise, but was no longer significantly low-

ered at 4 h post. In the non-occluded leg, no significant

changes were noted at any time point. Only at 3 min post-

exercise the difference between the conditions was signif-

icant (p \ 0.01).

The passive tension increased for the occluded leg

(8.5 ± 2.3%, p \ 0.01) and also for the free-flow leg

(5.3 ± 2.3%, p \ 0.05) at 3 min post-exercise (Fig. 3).

Thereafter, passive tension declined gradually in both legs

with the last significant time point for the occluded leg at

24 h post. At no time point the difference between the

conditions was significant.

Muscle soreness was increased at 24–72 h after exercise

in both legs (p \ 0.01 for all three time points in both legs;

Fig. 4), and was not significantly different between the

conditions, but when a t test was used to compare the

highest values irrespective of the time points, peak DOMS

was greater for the BFR leg (p \ 0.05).

Tetranectin immunofluorescence on cross-sections

The percentage of muscle fibres showing elevated tetran-

ectin staining increased from 9% before exercise to 31% at

1 h and 38% at 24 h (p \ 0.01) and 27% at 48 h post-

exercise (p \ 0.05) in the occluded leg (Fig. 5). For the

non-occluded leg, tetranectin-positive fibres were signifi-

cantly increased only at 24 h post-exercise (18%,

p \ 0.05). At 24 h, the percentage of muscle fibres with

elevated tetranectin staining was significantly greater in the

occluded leg (p \ 0.05). Control markings with a second-

ary antibody only showed very faint staining and no

changes with exercise. Figure 6 shows examples of the

tetranectin stainings.
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To gain insight into whether one or both of the major

fibre types (type I and II) showed increased tetranectin, a

subsample of muscle sections was stained with SC-71,

which marks type IIa myosin and also to a lesser extent

type IIx (Smerdu and Soukup 2008). They were then

compared with neighbouring sections stained with tetran-

ectin. These comparisons indicated that the majority of the

tetranectin-positive muscle fibres were type I fibres

(Fig. 7).

Discussion

There were three main findings of the present study: firstly,

there were markedly larger acute reductions (at 1 and

2 min post-exercise) in MVC in the occluded leg compared

to the free-flow leg. Secondly, part of the decline in MVC

was longer-lasting (at least 48 h), especially in the occlu-

ded leg. Thirdly, an increased occurence of fibres with

elevated tetranectin was observed after exercise in both

legs, especially in the occluded leg.

Acute force decrements

A large part of the acute fatigue after exercise in the BFR

leg was probably of a metabolic origin, as the isometric

force improved vastly between the release of the pressure

cuff and the 4 h post-exercise MVC measurements. Low-

load coupled concentric-eccentric knee extensions to

exhaustion with complete cuff occlusion have been dem-

onstrated to lead to depletion of phosphocreatine (PCr)

levels in muscle fibres from the vastus lateralis (Ingemann-

Hansen et al. 1981). Similarly, Krustrup et al. (2009)

reported that when submaximal concentric knee extensor

exercise was combined with complete restriction of blood

flow, both type I and type II fibres were depleted of PCr.

With PCr breakdown, there is an increase in inorganic

phosphate (Pi). Because Pi is an important factor in muscle

Fig. 6 a–d. Examples of tetranectin stainings from the same subject,

before and 1 and 48 h after BFR-exercise, and control staining with

secondary antibody only. Note the increased number of diffusely

stained fibres, as well as some granular fibres, particularly at 48 h

post-exercise in this example (a pre, b 1 h, c 48 h, d secondary

antibody only)
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fatigue (Allen et al. 2008), accumulation of Pi is likely

contributing to the decline in MVC as well as the slow

recovery observed while the cuff was still inflated.

When the blood flow is totally occluded, almost no

recovery of PCr levels and force production capability

takes place (Harris et al. 1976; Colliander et al. 1988;

Meyer et al. 2008). Meyer et al. (2008) further reported that

partial occlusion (*120 mmHg, cuff width not stated) in

combination with exercise resulted in a slower recovery of

PCr compared to free-flow conditions. Similarly, the partial

occlusion in the current experiment impacted on the

recovery, as demonstrated by the lack of increase in MVC

between 1 and 2 min post-exercise. In contrast, as little as

1 min of free circulation results in a marked recovery of

MVC after BFR exercise (Yasuda et al. 2008, 2009).

Although reduced pH alone has little effect on force and

velocity (Allen et al. 2008), data from Karatzaferi et al.

(2008) suggests that low pH has additive effects to that of

Pi on the velocity of shortening and the isometric force of

single muscle fibres at close to physiological temperatures.

As a bout of low-load occlusion training results in large

increases in intramuscular lactate (Ingemann-Hansen et al.

1981) and lowered pH in plasma (Fujita et al. 2007), we

suggest that accumulation of phosphate ions and hydrogen

ions are at least in part responsible for the acute fatigue in

occlusion training. However, we cannot rule out other

causes, such as inhibitory effects of low pH on the central

nervous system (Kent-Braun 1999), and effects of cuff

occlusion on the excitability of nerve and/or muscle cells.

Prolonged force decrements and increased resting

tension

Regarding the longer-lasting part of the force decrements,

we believe that this reflects some degree of muscle dam-

age, and the prolonged increases in tetranectin staining and

Fig. 7 a–d. Examples of tetranectin stainings versus fibre types from

two subjects, 1 h postexercise. In both these cases, two sections were

stained with SC-71 (type II fibres) to identify the tetranectin-positive

fibres, but only one section is shown here. Note that type I fibres show

a generally greater response than type II fibres in these examples

(a and c tetranectin staining, b and d SC-71 staining)
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resting tension lend support to this view. However, the

decrease in MVC in the present study is smaller than what

has been reported after acute bouts of severe high-force

eccentric exercise (e.g., Hellsten et al. 1997; Brown et al.

1997; Paschalis et al. 2005; Raastad et al. 2010).

The BFR exercise protocol was pre-dominantly con-

centric, and submaximal eccentric muscle actions are

known to induce less damage and decline in muscle func-

tion than maximal eccentric muscle actions (Paschalis et al.

2005). Further explanations include (1) the comparatively

low volume of BFR exercise, (2) that the duration of

ischemia may not have been long enough to induce major

damage, (3) that the subjects were physically active and in

some cases strength trained, and (4) that they were famil-

iarised with BFR exercise before the main experiment.

Nevertheless, at least one ‘‘high-responder’’ could be

identified in the present study based on MVC decrements of

46–49% at 48–72 h post-exercise. We have previously

observed a few high-responders to an acute bout of BFR

resistance exercise with multiple sets to failure, as judged from

their reports of severe DOMS and long-lasting (1–2 weeks)

decreases in muscle function, and in one case also suspected

myoglobinuria (Wernbom, unpublished observations).

Elevations in tetranectin staining

The molecular weight of tetranectin in humans was

reported to be approximately 68 kDa (Clemmensen et al.

1986), making it slightly heavier than albumin (67 kDa).

New data from our laboratory (Kalhovde et al. unpublished

data) suggests that severe eccentric exercise causes mark-

edly increased intracellular tetranectin staining. Interest-

ingly, strong granular-like staining appeared at the same

locations as myofibrillar disruptions, suggesting that this

pattern may be a good indication of myofibrillar damage

and subsequent remodelling.

In the current study, fibres with a strong granular-like

staining were also observed in some samples, suggesting

that low-load BFR resistance training can induce myo-

fibrillar disruptions. Nevertheless, in other samples, such

staining patterns were almost absent despite visibly ele-

vated intracellular tetranectin fluorescence in the muscle

fibres. Thus, the dominant pattern of tetranectin staining

was a general and diffuse increase in the cytoplasm.

The cytoplasmic presence of tetranectin suggests an

increased sarcolemmal permeability. We base this on the

following arguments: first, tetranectin does not normally

accumulate in any appreciable amounts in adult human

muscle tissue (Albrechtsen and Wever unpublished, cited

in Xu et al. 2001). Second, not only the early but also the

later increases in immunostaining seem too rapid to be

accounted for by any elevations in de novo synthesis.

Wewer et al (1998) found no staining in injured myofibres

from mice until at 3 days post-injury. Third, in several of

the tetranectin-positive fibres, accumulation was visible not

only in the sarcoplasma but even more so at and just

beneath the sarcolemma (Figs. 6, 8). Finally, in situ

hybridization suggests that tetranectin is not produced

intracellularly in human skeletal muscle after exercise-

induced damage (Kalhovde et al. unpublished data).

The increase in staining intensity in tetranectin-positive

fibres was typically in the range of 50–80%, suggesting mild

damage; but some fibres exceeded 100% (and even

200–500% for strongly granular fibres). Similarly, variations

in the staining of albumin, EBD and Procion Orange are

evident in the literature; e.g., in the papers of McNeil and

Khakee (1992), Petrof et al. (1993), Zhu et al. (2000), Xu

et al. (2008), Ojima et al. (2010). The elevated tetranectin

staining at the later time points is consistent with observa-

tions on EBD, which can be detected in muscle fibres for

several days after exercise-induced damage (Xu et al. 2008).

Possible causes of muscle damage with BFR resistance

exercise

We postulate that the combination of exercise and ischemic

conditions in the working muscle may be a major cause of

damage with BFR resistance exercise. Importantly, muscle

activation during anoxia shortens the time required for

increased Ca2? influx to take place (Fredsted et al. 2005).

A possible mediator of sarcolemma damage is phospholipase

A2 (PLA2) (Duncan and Jackson 1987). Isoforms of PLA2

in skeletal muscle are activated by several stimuli, including

ischemia, exercise, stretch and cell swelling (Ørtenblad et al.

2003; Burkholder 2009). Activation of PLA2 results in the

production of arachidonic acid (AA) and metabolites

downstream of AA such as prostaglandins and leukotrienes,

and in lysophopholipids such as lysophosphatidylcholine

(LPC) (Ørtenblad et al. 2003; Burkholder 2009). Both the

AA and the LPC arms of the PLA2 pathway may cause

increased production of reactive oxygen species and taurine

loss from myofibres (Ørtenblad et al. 2003).

Interestingly, Umbel et al. (2009) reported DOMS,

muscle swelling and decreased muscle torque after a bout

of pure concentric knee extensions with BFR (3 sets to

failure at 35% of MVC). This suggests that ischemia, like

anoxia, increases the susceptibility of the working muscle

so that normally not damaging exercise may become

damaging. Another factor may be the eccentric muscle

actions that are inherent in most BFR dynamic strength

training regimes (see Wernbom et al. 2009, for further

discussion on this point).

The tetranectin uptake appeared to be most pronounced

in type I fibres (Fig. 7). We speculate that being recruited

already from the start, the type I fibres may have subjected

to longer durations of stress than the type II fibres. The data
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on MVC, DOMS and tetranectin indicate that some dam-

age occurred also in the free-flow leg, which is consistent

with studies on fatiguing resistance exercise at 40–50% of

1RM (Volek et al. 2002; Pullinen et al. 2010). We estimate

that during the first two or three sets with the free-flow leg,

our subjects had only 3–5 repetitions left before failure,

based on their subjective reports and our previous data.

Relevance to previous BFR resistance exercise studies

In this study, all five BFR exercise sets were performed to

concentric torque failure, whereas in some of the high-

frequency training studies (e.g., Abe et al. 2005; Fujita et al.

2008), it is unclear whether subjects had performed all-out

in any set during training. For example, using an identical

protocol to that of Fujita et al. (2007, 2008), Fry et al. (2010)

noted that at the end of the BFR exercise bout, their subjects

reported values of 7–8 on a 0–10 scale of perceived

exertion, indicating a high but still submaximal level of

effort. This is an important point, as the electromyography

(EMG) levels are at their highest in the last few repetitions

in each set (Wernbom et al. 2009), which may coincide with

the lowest oxygenation and energy levels.

With regard to increased membrane permeability, it

should be noted that serum CK is a less sensitive marker

than myoglobin (Virtanen et al. 1993), possibly due to its

higher molecular weight (88 vs. 18 kDa). Indeed, serum

myoglobin, but not CK, increased 5–6 fold at 30–180 min

after a strenuous squat protocol (5 sets of 15–20 repetitions

at 50% of 1RM) known to cause exercise-induced hypoxia

(Volek et al. 2002). However, delayed elevations (48–96 h)

of myoglobin and CK were observed after acute bouts of

fatiguing resistance exercise at 40–50% of 1RM (Volek

et al. 2002; Pullinen et al. 2010).

It is thus possible that previous studies on BFR resis-

tance exercise may have missed both early and delayed

Fig. 8 a–c. Examples of tetranectin and dystrophin stainings at 940,

from the same subject as in Fig. 7a, b 1 h after BFR-exercise. Note

the tetranectin staining at the membrane in some of the positive fibres,

resulting in yellow/orange colours in the merged picture. Note also

that some of the type II fibres (refer to Fig. 7a, b) have weak

tetranectin staining at the membrane and very fine granular staining in

the cytoplasm (a dystrophin, b tetranectin, c merged)

2060 Eur J Appl Physiol (2012) 112:2051–2063

123



elevations of serum markers, and/or that the markers

employed have not been sufficiently sensitive. Alterna-

tively, the protocols were not severe enough to induce

marked increases in membrane permeability. Future studies

should investigate multiple markers of muscle damage over

an extended time-course after acute bouts of BFR exercise.

Limitations

Because we used threshold values as a basis for the evalua-

tion of the stainings, we may have missed more subtle

changes in membrane permeability, especially in the type II

fibres. Furthermore, we obtained samples only from the

vastus lateralis, and the biopsies were taken from areas distal

to the tourniquet. Thus, we cannot exclude that greater

damage may have occurred in the other muscle bellies, and/

or in the muscle tissues beneath the pressure cuff.

Perspectives

Temporary elevations in sarcolemmal permeability are not

necessarily only associated with damage; mild to moderate

changes could also contribute to mechanotransduction pro-

cesses (Clarke et al. 1993; Grembowicz et al. 1999; Miyake

and McNeil, 2003), and thus potentially provide insights into

the mechanisms of muscle hypertrophy with BFR exercise.

Of note, a BFR resistance exercise protocol with multiple

sets of knee extensions to failure at 20% of 1RM, with wide

cuffs and pressures similar to those used in the present study,

was recently shown to induce muscle fibre hypertrophy and

strength gains when performed very frequently for

1–2 weeks (Nielsen et al. 2011; Frandsen et al. 2011).

Nevertheless, the potential for damage to local tissues, as

well as the still relatively unexplored systemic responses of

BFR resistance exercise (possibly including both beneficial

and detrimental effects), need to be addressed further. For

example, repeated bouts of high venous pressure may con-

stitute one factor underlying the development of varicosities

and valvular insufficiencies in superficial veins (Kölegård

and Eiken 2011). The risk of muscle damage caused by

compression and ischemia is further underscored by the

recent findings of Kacin and Strazar (2011) of attenuation of

muscle hypertrophy in the quadriceps and even muscle

atrophy of the vastus intermedius at the levels beneath the

cuff after short-term low-load resistance exercise with BFR at

high occlusion pressures ([230 mmHg).

Conclusion

Based on the prolonged torque decrements and the indica-

tions of increased membrane leakiness, there is a potential

for muscle damage with a first-time bout of BFR resistance

training with multiple sets of all-out efforts. We therefore

recommend that this mode of exercise should be introduced

carefully, with a low volume and/or effort initially.
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