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Blood flow restriction (BFR) alone or in combination with exercise has been shown to result in favorable
effects on skeletal muscle form and function. The pressure applied should be high enough to occlude
venous return from the muscle but low enough to maintain arterial inflow into the muscle. The optimal
pressure for beneficial effects on skeletal muscle are currently unknown; however, preliminary data from
our laboratory suggests that there may be a point where greater pressure may not augment the response
(e.g. metabolic accumulation, cell swelling) but may actually result in decrements (e.g. muscle activa-
tion). This led us to wonder if BFR elicits somewhat of a hormesis effect. The purpose of this manuscript
is to discuss whether pressure may be modulated to maximize skeletal muscle adaptation with resistance
training in combination with BFR. Furthermore, the potential safety issues that could arise from increas-
ing pressure too high are also briefly reviewed. We hypothesize that with BFR there is likely a moderate
(�50% estimated arterial occlusion pressure) pressure that maximizes the anabolic response to skeletal
muscle without producing the potential negative consequences of higher pressures. Thus, BFR may follow
the hormesis theory to some degree, in that a low/moderate dose of BFR produces beneficial effects while
higher pressures (at or near arterial occlusion) may decrease the benefits of exercise and increase the
health risk. This hypothesis requires long term studies investigating chronic training adaptations to dif-
ferential pressures. In addition, how differences in load interact with differences in pressure should also
be investigated.

� 2014 Elsevier Ltd. All rights reserved.
Introduction

Blood flow restriction (BFR) alone or in combination with low-
intensity exercise results in favorable effects on skeletal muscle
form and function [1] and preliminary evidence suggests it may
also promote bone formation [2,3]. These positive effects on skele-
tal muscle have been observed across a wide variety of populations
(e.g. athletes, untrained, elderly, patients in rehabilitation), and
thus, BFR in combination with low-intensity exercise represents
a powerful tool in promoting an increase in skeletal muscle growth
and strength. The mechanisms behind these effects are thought to
be dependent upon how the stimulus is applied (i.e. BFR alone vs.
BFR + Aerobic Exercise vs. BFR + Resistance Exercise); however, a
foundational mechanism may be the acute increase in muscle cell
swelling following the application of BFR alone [4] or in combina-
tion with aerobic [5] or resistance exercise [6]. Further proposed
mechanisms behind the effects of low load resistance exercise in
combination with BFR include increased fiber type recruitment
from metabolic accumulation [7], decreased myostatin [8], de-
creased atrogenes [9], and the proliferation of satellite cells [10].

BFR is a stimulus commonly applied with specialized pressure
cuffs placed at the top of a limb which are inflated to a set pressure
throughout exercise. Theoretically, the pressure applied should be
high enough to occlude venous return from the muscle but low
enough to maintain arterial inflow into the muscle. It is clear that
the pressure should not be universally applied as has been done
previously, but should be individualized to the person in some
way [11]. The optimal pressure for beneficial effects on skeletal
muscle is currently unknown. Interestingly, preliminary data from
our laboratory suggests that there may be a point where greater
pressure may not augment the response but may actually result
in decrements (e.g. muscle activity). This led us to wonder if BFR
elicits somewhat of a hormesis effect. Hormesis is traditionally de-
fined as a theoretical phenomenon of dose-response relationships
in which something that produces harmful biological effects at
moderate to high doses may produce beneficial effects at low doses
[12]. With respect to BFR, it may be that low and high levels of cuff
pressure may be ineffective in augmenting the skeletal muscle

http://crossmark.crossref.org/dialog/?doi=10.1016/j.mehy.2014.02.023&domain=pdf
http://dx.doi.org/10.1016/j.mehy.2014.02.023
mailto:jploenneke@ou.edu
http://dx.doi.org/10.1016/j.mehy.2014.02.023
http://www.sciencedirect.com/science/journal/03069877
http://www.elsevier.com/locate/mehy


624 J.P. Loenneke et al. / Medical Hypotheses 82 (2014) 623–626
response. However, with high levels of BFR cuff pressure, there
may be safety consequences beyond the absence of an augmented
skeletal muscle response. In other words, low to moderate pres-
sures may be safe but it may be that only moderate pressures
are able to elicit favorable skeletal muscle responses. Although this
may not be hormesis as it is traditionally defined, we hypothesize
that there is likely a pressure that is optimal for both safety and
effectiveness. The purpose of this manuscript is to discuss whether
pressure may be modulated to maximize acute changes in predic-
tors of chronic skeletal muscle adaptation with resistance training
in combination with BFR. Furthermore, the potential safety issues
that could arise from increasing pressure too high are also briefly
reviewed.
Cell swelling

A number of studies have observed acute increases in markers
of muscle swelling following the application of BFR with and with-
out exercise [4–6,13–16]. This muscle cell swelling has been
hypothesized previously to be the foundational mechanism behind
the application of BFR because it is observed even in the absence of
exercise [4,17]. The acute increase in muscle thickness coupled
with the decrease in plasma volume suggests that fluid may shift
from the plasma to inside the muscle cell [4]. For example, if the
acute change in muscle thickness was due solely to venous pooling,
the muscle thickness value would have returned to baseline in the
BFR conditions following the removal of the cuff. The theory be-
hind the cell swelling induced changes in protein balance was
introduced by Haussinger et al. [18]. Based on Haussinger’s hypo-
thetical model for hepatocyte cell swelling [19], it has been theo-
rized that BFR induced muscle cell swelling is detected by an
intrinsic volume sensor. The activation of this volume sensor
may lead to an activation of the mammalian target of rapamycin
(mTOR) and mitogen-activated protein-kinase (MAPK) pathways
[20]. These pathways are activated with BFR and exercise; how-
ever, it is unknown whether these pathways are activated with
BFR in the absence of exercise. Preliminary research from our lab-
oratory suggests that skeletal muscle can only acutely increase a fi-
nite amount suggesting that muscle cell swelling may be a
requisite for muscle growth but in and of itself is not sufficient.
Data from Takarada et al. [21] seems to support this finding given
that the application of BFR in the absence of exercise attenuates
atrophy but does not completely maintain or promote muscle
growth. What is currently unknown is what pressure maximizes
this muscle cell swelling response. We hypothesize that the cell
swelling response with BFR likely occurs with low pressures; with
higher pressures not further increasing acute muscle cell size. It
should be noted that these proposed mechanisms for BFR induced
muscle cell swelling are currently only conjecture and future cellu-
lar studies are needed to confirm that (1) the fluid shift resulted in
an actual increase in muscle cell size and not just an increase in
interstitial fluid and (2) if true, to determine the mechanisms be-
hind the increase in acute muscle cell size.
Whole blood lactate

A number of studies have observed increases in whole blood
lactate following low load resistance exercise in combination with
BFR [7,15,22–27]. The increase in whole blood lactate occurs due to
fast glycolysis and the accumulation of this lactate along with
other metabolites has been hypothesized to play an important role
in skeletal muscle adaptation through increased muscle fiber
recruitment [28,29]. This increase in lactate may also facilitate
the increase in growth hormone observed following resistance
exercise with BFR [27], although the skeletal muscle anabolic effect
of growth hormone in adults is largely unfounded [30,31]. Of those
studies investigating the acute increases in lactate following BFR in
combination with resistance exercise, only one has investigated
those changes across different pressures (100 mmHg vs.
160 mmHg) and it was completed in the upper body. To illustrate,
Yasuda et al. [7] investigated unilateral elbow flexion muscle con-
tractions completed at 20% 1RM (30 repetitions, followed by 3 sets
of 15) and 70% 1RM (3 sets to failure). The 160 mmHg condition
had a greater increase in lactate than the 100 mmHg condition,
but the non-BFR 70% 1RM condition had the greatest increase in
lactate. The authors suggested that this difference is unlikely due
to differences in tissue oxygenation levels since venous oxygen
partial pressure and venous oxygen saturation were similar be-
tween all exercise conditions. Instead, it seems more likely that
70% 1RM requires a greater dependence on oxygen-independent
metabolism than muscle contractions performed at 20% 1RM, indi-
cating a greater energetic demand with higher loads. We hypothe-
size that the metabolic stress with BFR likely increases with
increasing pressure, but there is likely a point where the response
is no longer augmented. This should be further investigated to
determine the dose response to applied pressure. In addition, it
may be important to consider that metabolic accumulation deter-
mined by whole blood lactate may not necessarily reflect the
amount accumulating distal to the cuff. Furthermore, this meta-
bolic stress response may also be affected by load as one group
has found that BFR in combination with 30%1RM [32] but not
20% 1RM [33] produces responses similar to that observed with
higher load exercise.
Electromyography

A number of studies have observed increases in EMG amplitude
during low load resistance exercise with BFR [6,9,15,16,23,34–38].
The increase in EMG amplitude may be due to this metabolic
‘‘overload’’ (i.e. depletion of phosphocreatine stores and decrease
in muscle pH) within the muscle [32]. To illustrate, the reduction
in oxygen and subsequent metabolic accumulation with muscle
contraction and/or BFR may increase fiber recruitment through a
stimulation of the group III and IV afferents which may cause an
inhibition of the alpha motor neuron, resulting in an increased fi-
ber recruitment to maintain force and protect against conduction
failure [7]. Of those studies investigating the acute increases in
EMG amplitude following BFR in combination with resistance
exercise, only one has investigated those changes across different
pressures (80%, 100%, and 120% of bSBP) and it was completed in
the upper body [16]. Following cuff inflation, participants per-
formed four sets of dumbbell elbow flexion exercise with 30 sec-
onds rest between each set. The first set consisted of 30
repetitions followed by 3 sets of 15 at 20% 1RM. They found that
integrated EMG increased progressively during the contraction
bout in all groups. However, they found that amplitude was greater
with 120% bSBP than a work matched non-BFR condition from the
end of 30 repetitive contracts to the end of the second set of 15
contractions. Recent preliminary data from our group demon-
strates that increasing pressure may augment muscle activation
to a point, and then it results in no further increase and a trend to-
wards lower activation. More research is needed, but this prelimin-
ary data suggests that low to moderate pressure may stimulate
muscle activation whereas pressure closer to arterial occlusion
may begin to inhibit it to some degree.
Acute fatigue

A number of studies have observed large acute drops in torque
following low load resistance exercise in combination with BFR



Fig. 1. A theoretical diagram demonstrating the proposed optimal pressure that
maximizes both effectiveness and safety of blood flow restricted exercise. The gray
portion of the figure indicates the range where the pressure increases to the point of
potential health concern.
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[14,23,34,37,39–42]. This large acute drop immediately post exer-
cise appears to be evidence of fatigue, not muscle damage. This
increased fatigability is thought to provide at least part of the
mechanistic rationale for BFR inducing skeletal muscle hypertro-
phy when it is combined with resistance exercise [43]. The mech-
anisms may include an increase in intramuscular inorganic
phosphate concentration, as this has been previously observed to
occur following four sets of resistance exercise in combination
with BFR [44]. This accumulation of inorganic phosphate may lead
to a decline in the amplitude of the calcium transient and an inhi-
bition of the cross-bridge cycle [45]. Of those studies investigating
the acute drop in torque following BFR in combination with lower
body resistance exercise, only one [40] has investigated those
changes across different pressures (130% systolic blood pressure
(SBP) vs. 300 mmHg) as well as loads (20% MVC vs. 40% MVC). In
that study, participants completed three sets of knee extension
exercise to failure with each load (20% MVC vs. 40% MVC) and pres-
sure (130% SBP vs. 300 mmHg). The results indicated that 20% MVC
with a pressure 130% SBP (�160 mmHg) resulted in a greater per-
centage decrease in MVC compared with the high load (80% MVC)
condition without BFR. There were no other significant differences
between conditions. Due to reporting only percent changes in MVC
from baseline, the acute torque data from that study should be
interpreted with caution, since percent change is unable to deter-
mine the actual magnitude of the effect [46]. We hypothesize that
the acute fatigue with BFR likely increases with increasing pres-
sure; although, there is likely a point where the response is no
longer augmented. In fact the aforementioned study found that
the acute fatigue response was not augmented when pressure
was increased to 300 mmHg [40]. This should be further investi-
gated to determine the dose response to applied pressure.

Possible safety issues

The potential concern with increasing pressure too high is that
arterial blood flow maybe completely removed during the rest
periods between sets and possibly during the exercise itself.
Complete arterial occlusion during the rest periods of resistance
exercise has been observed when using wide cuffs set at 130% of
bSBP [47]. This greater reduction in blood flow with a wider cuff
was also accompanied by a greater cardiovascular demand
compared to a narrow cuff inflated to the same pressure (wider
cuff, more restriction). Complete arterial occlusion is a safety con-
cern because this can cause the formation of a thrombus and can
induce a microvascular occlusion even after reperfusion [48]. This
post-reperfusion occlusion could result in muscle damage and/or
cell necrosis [49,50]. Further, the risk for thrombus formation
may be increased if the exercise is completed to muscular failure
[51], which is not uncommon in the literature [36,41,42,52]. In
addition to thrombus formation, inappropriate levels of compres-
sion may cause a slowing of nerve conduction velocity which
would be detrimental for long duration training [53,54]. Further-
more, complete arterial occlusion may decrease the effectiveness
of the training intervention by decreasing the volume of work that
the individual is able to complete [40]. Since volume appears to be
the important factor behind chronic changes in skeletal muscle
size [55], any factor decreasing this variable would be disadvanta-
geous for skeletal muscle.
Conclusions

There are numerous beneficial skeletal muscle effects from the
application of BFR with low load exercise. We wish to suggest that
there is data that demonstrates that increasing pressure results in
an augmentation in the acute response to predictors of muscle
growth, independent of the load lifted. We hypothesize that with
BFR there is likely a moderate (�50% estimated arterial occlusion
pressure) pressure that maximizes the anabolic response to skele-
tal muscle without producing the potential negative consequences
of higher pressures (Fig. 1). Thus, BFR may follow the hormesis the-
ory to some degree, in that a low/moderate dose of BFR produces
beneficial effects while higher pressures (at or near arterial occlu-
sion) may decrease the benefits of exercise and increase the health
risk. This hypothesis requires long term studies investigating
chronic training adaptations to differential pressures. In addition,
how differences in load interact with differences in pressure
should also be investigated.
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