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Attenuated functional exercise capacity in elderly and diseased populations is a common problem,
and stems primarily from physical inactivity. Decreased function and exercise capacity can be restored
by maintaining muscular strength and mass, which are key factors in an independent and healthy
life. Resistance exercise has been used to prevent muscle loss and improve muscular strength and
mass. However, the intensities necessary for traditional resistance training to increase muscular strength
and mass may be contraindicated for some at risk populations, such as diseased populations and the
elderly. Therefore, an alternative exercise modality is required. Recently, blood flow restriction (BFR)
with low intensity resistance exercise (LIRE) has been used for such special populations to improve
their function and exercise capacity. Although BFR+LIRE has been intensively studied for a decade,
a comprehensive review detailing the effects of BFR+LIRE on both skeletal muscle and vascular
function is not available. Therefore, the purpose of this review is to discuss previous studies documenting
the effects of BFR+LIRE on hormonal and transcriptional factors in muscle hypertrophy and vascular
function, including changes in hemodynamics, and endothelial function.
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INTRODUCTION

The loss of muscle strength and mass with age, also known
as sarcopenia, is a common detrimental issue leading to a
decline in functional capacity, mobility, and endurance in
the elderly [1-3]. In addition to sarcopenia, cardiovascular
disease (CVD) is also a common disease that results from
decreased cardiac and vascular smooth muscle elasticity in
the elderly [4]. Also, advancing age may cause a reduction in
central arterial compliance, which is highly related to endo-
thelial dysfunction [5-7]. However, age-related arterial stiff-
ening and endothelial dysfunction may be restored by life-
style modifications such as regular exercise training [8-10].

Previously, several studies have reported a reduction in
arterial stiffness following an 8-week course of aerobic ex-
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ercise training [10,11]. This is worth noting as aging is re-
lated to a decline in aerobic fitness [12]. Although aerobic
fitness is an important component of healthy aging, aerobic
exercise is not sufficient to lessen sarcopenia in the aging
muscle. Hence resistance exercise training should be in-
cluded as a means to maintaining muscle mass. According
to the American College of Sports Medicine (ACSM), opti-
mizing muscular strength and hypertrophy can be achieved
through moderate to high intensities of resistance exercise
that utilize 8~10 upper and lower body exercises [13]. These
exercises should target major muscle groups 2~3 d - wk™
at a training intensity of more than 65% of the subject’s
one-repetition maximum [13]. However, the elderly and in-
dividuals who have chronic diseases may find it difficult
to perform regular exercise at moderate to high intensities.
Although the beneficial effects of resistance exercise on
skeletal muscle function have been well documented, the
increase in blood pressure during resistance exercise in old-
er adults who have high blood pressure and other forms
of CVD are still problematic. In addition, some studies have
reported that chronic resistance exercise training (RET)
may increase central and peripheral arterial stiffness and
sympathetic activity [14-17]. Therefore, it is imperative to

ABBREVIATIONS: CVD, cardiovascular disease; RET, resistance
exercise training; BFR, blood flow restriction; LIRE, low intensity
resistance exercise; ANS, autonomic nervous system; MVC, maxi-
mum voluntary contraction.
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propose an alternative training protocol aimed at increas-
ing muscular strength and mass, but without the detri-
mental effects on cardiovascular function in older adults.

Recently, blood flow restriction (BFR) combined with low
intensity resistance exercise (LIRE) has been suggested as
a useful exercise protocol to gain muscular strength and
mass without an increase in blood pressure. BFR+LIRE is
typically performed by placing a narrow compressive cuff
around an appendicular limb and inflating it immediately
prior to exercise. The pressure of the cuff is around super
systolic (150~350 mmHg), and the exercise intensity is 25~
45% of maximum voluntary contraction (MVC). BFR+LIRE
may be used for a variety of exercise modalities including
both isometric and isotonic contractions including chest
press, arm curl, leg extension, squat, etc. Improvements in
muscular strength and mass in older people have been re-
ported in many studies utilizing BFR+LIRE [18-26]. Moreover,
several studies reported that BFR+LIRE training acutely
reduced arterial stiffness along with improving muscular
strength [8,27]. The primary benefit of using BFR+LIRE is
that it improves muscular strength and cardiovascular func-
tion concurrently. Additionally, it is suitable for special pop-
ulations such as the elderly and diseased populations who cannot
perform traditional resistance or aerobic exercise training [28].

This review will mainly highlight the impact of BFR+
LIRE, first on skeletal muscle hypertrophy, including hor-
monal and transcriptional factors, and second on vascular
function including endothelial function and cardiovascular
autonomic modulation.

IMPACT OF BFR+LIRE ON HORMONAL
FACTORS ASSOCIATED WITH MUSCLE
HYPERTROPHY

Muscle hypertrophy and increased strength following sin-
gle high-intensity resistance exercise bouts are generally
thought to be associated with the recruitment of high thresh-
old motor units [29,30]. Recruitment of these motor units
results in an increase in mechanical stress [31,32], endocrine
responses [33], and metabolite accumulation [34]. For ex-
ample, large, acute increases in growth hormone (GH) im-
mediately after exercise has been theorized to stimulate the
secretion of insulin like growth factors (IGFs) leading to in-
creased protein synthesis and ultimately muscle hyper-
trophy [35]. To this point, BFR+LIRE has been popularized
for nearly a decade because of its ability to augment endo-
crine response when compared to LIRE without BFR [18,36].
Previous studies have reported that in comparison to high
intensity resistance exercise, BFR+LIRE evokes similar en-
docrine response and muscular adaptations such as an in-
crease in muscular hypertrophy and mass, albeit in a short-
er exercise duration [18,37,38]. In addition to these chronic
positive effects, Pierce and colleagues reported an acute
9-fold increase in serum GH from baseline to the cessation
of knee extension exercise at 20% maximum voluntary con-
traction MVC) with BFR [39]. Others have reported GH
increases of up to 290 times baseline values [18,37,38,40,41],
with the GH responses following BFR+LIRE being similar
to, or even higher than those reported during high intensity
resistance exercise of intensities at about 70% 1RM [35,42].
It has been suggested that a key role in the GH release
during exercise is played by lactate accumulation, a theory
supported by the fact that individuals who lack the enzyme
myophosphorylase (those who do not show an increase in

blood lactate during exercise) display a blunted GH re-
sponse [43].

The production of IGF-1 is also increased with GH. In fact,
IGF-1 increases protein synthesis and activates satellite
cells, all of which causes myofibril hypertrophy [44]. In ad-
dition, muscular hypertrophy has occurred with the viral
overexpression of IGF-1 [45]. Therefore, BFR+LIRE seemed
to be not only a useful stimulator to increase muscular GH,
but also a safe exercise modality for the elderly. Unfortuna-
tely, the effects of BFR+LIRE on hormonal growth factors
in diseased populations such as those with spinal cord in-
jury, CVD, and metabolic syndrome have not been well do-
cumented. Therefore, further studies to confirm whether these
diseased populations demonstrate a similar hormonal re-
sponse to BFR+LIRE are warranted.

IMPACT OF BFR+LIRE ON
TRANSCRIPTIONAL FACTOR IN MUSCLE
HYPERTROPHY

Protein synthesis is a pivotal factor governing skeletal mus-
cle hypertrophy, and is triggered by transcriptional factors
including up-regulation of mRNA in mammalian target of
rapamycin (mTOR) pathways [46]. Increased signaling for
skeletal muscle hypertrophy, as identified by up regulation
of mTOR and IGF-1 measurements are evident within 24
h after a single bout of resistance exercise in human skel-
etal muscle [47-49]. Indeed, this rapid time course allows
for the acute evaluation of the hypertrophic potential of
BFR+LIRE.

Recently, Fujita and Yasuda reported that muscle protein
synthesis and ribosomal S6 kinase 1 (S6K1) phosphorylation
are increased after a single bout of BFR+LIRE [50]. These
acute changes in transcriptional factors associated with
muscle hypertrophy after BFR+LIRE may be explained by
the up-regulation of hypertrophy-associated genes includ-
ing phosphoinositide 3- kinase (PI3K), protein kinase B (AKT),
and mTOR. Drummond et al. demonstrated that the short
duration of hypoxia and reperfusion induced by BFR pro-
motes cell survival and cell growth adaptations within skel-
etal muscle by the activation of the mTOR pathway [46].
In addition, up-regulation of vascular endothelial growth
factor (VEGF), considered an important modulator in vas-
culogenesis and angiogenesis, is essential for hypertrophy
and can be stimulated by hypoxia and lactate accumulation
[46,51-53]. Moreover, an increase in the rate of angiogenesis
has been described when lactate levels are elevated, thus
eliciting a greater hypertrophic stimulus [54]. According to
such findings, lactate accumulation derived from BFR-in-
duced hypoxia is a potent stimulus for muscle hypertrophy.
Taken together, the above referred studies points towards
the conclusion that BFR+LIRE appears to be an effective
method for inducing an increase in hypertrophy related
transcriptional factors in skeletal muscle via induction of
hypoxia compared to resistance exercise without BFR.

IMPACT OF BFR+LIRE ON CHANGES IN
HEMODYNAMICS

The impact of BFR with RT on hemodynamic parameters
is well documented. Previously, studies suggested that mod-
erate to heavy resistance exercise involving large muscle
groups, especially those utilizing isometric contractions, evoke
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a significant increase in mean arterial pressure as both sys-
tolic and diastolic pressure are elevated [55,56]. Furthermore,
when compared with younger counterparts, older individuals
exhibit a similar or even greater pressor response to iso-
metric exercise [57,58]. As the intensity of the resistance
exercise is increased, there are concurrent increases in blood
pressure, which significantly increase pulse pressure ampli-
fication estimated by the elevation of aortic pulse wave ve-
locity (a surrogate of aortic stiffness) in humans [14,59,60].
These findings highlight the influence of exercise intensity
on the biophysical and elastic properties of the heart's large
central arteries and the possible relationship of exercise in-
tensity on the cardiovascular risk of a patient with in-
creased CVD risk factors [61].

While the exercise-induced pressor response is considered
inherent to resistance exercise, it is important to note that
BFR can elicit significantly greater changes in blood pres-
sure as compared to traditional exercise [62]. Renzi, et al.
cautioned the prescription of BFR for those with compro-
mised cardiovascular systems such as the elderly and those
with CVD. Their findings demonstrated an exaggerated heart
rate response (cardiac reactivity) to BFR over non-BFR, de-
spite a similar cardiac output in young, healthy adults [62].
This led to significantly greater cardiac work and myocardial
oxygen demand after BFR+ walk training [63]. However,
contradicting results have been shown in elite athletes, as
BFR positively impacted stroke volume [64].

Due to the robust changes in blood flow dynamics during
BFR, it is important to understand the peripheral and cen-
tral blood flow changes that take place and how these changes
may impact the safety of BFR. In this regard, Takano et
al. demonstrated a similar response in BFR as compared
to a work-matched non-BFR control in total peripheral re-
sistance and ankle brachial index [65]. Blood flow changes
post-exercise have demonstrated varying results following
isometric exercise, with both increases [66] and decreases
[67] being reported. Post exercise blood flow has also been
found to be increased to a larger extent following chronic
BFR as compared to traditional resistance exercise [68]. The
authors suggested that the increase in post exercise blood
flow may be due to increased venous compliance, which en-
ables increased arterial inflow post exercise [68]. Additional
explanations have pointed to oxygen restriction and vaso-
active metabolite accumulation (e.g. H', COs, lactate, etc.)
as precursors to post exercise blood flow [69].

In sum, the peripheral blood flow response following BFR+
exercise appears to be similar to that of regular exercise
and should not be a cause for concern regarding the safety
of this training modality.

IMPACT OF BFR+LIRE ON ENDOTHELIAL
FUNCTION

Although the impact of BFR+LIRE on vascular function
has not been well documented, BFR+LIRE does not appear
to negatively affect blood vessel function as determined by
the arterial compliance of large and small arteries [27,70].
Walk training with BFR has also been shown to induce pos-
itive effects on both muscle hypertrophy and carotid arte-
rial compliance, concurrently [23]. In contrast, a study sug-
gested that flow-mediated vasodilation, an indicator of en-
dothelial function, decreased following BFR+walk training.
This decreased endothelial function was explained by ische-
mia-reperfusion injury [62]. Also, Credeur et al. suggested

that 12 weeks of BFR+handgrip exercise training impaired
endothelial function in brachial arteries [71]. The authors
explained the functional impairment by the stimulation of
endothelin I, induced by BFR, which increased retrograde
flow in working muscle [71]. Although endothelial function
in the vasculature is important for understanding the mech-
anisms of alterations in function following BFR+LIRE, there
are limited studies and inconsistent results investigating
this phenomenon. Therefore, further studies are warranted
to understand how BFR+LIRE affects vascular function.

IMPACT OF BFR+LIRE ON AUTONOMIC
FUNCTION

The impact of LIRE on autonomic function in diseased
populations such as hypertensive and heart failure patients,
has indicated an improvement of parasympathetic nerve ac-
tivation [72,73]. However, LIRE does not improve para-
sympathetic nerve activity to the same degree in healthy
young and old individuals. Rather, a higher intensity of re-
sistance exercise training must be implemented to achieve
similar benefits as that of the diseased population perform-
ing LIRE [74,75].

Blood flow restriction can result in an enhancement of re-
sponse of the autonomic nervous system (ANS) as determined
by means of experimental occlusion. In this procedure, the
effects of leg blood flow restriction on the ANS were inves-
tigated using power spectral analysis of heart rate varia-
bility [76]. Recently, several studies reported that BFR might
increase sympathetic nervous system activity [70] by stim-
ulating the ANS, possibly through input from barareceptors
to regulate blood pressure against external perturbations
[77]. Baroreflex sensitivity and autonomic function are im-
portant factors of vasomotor control, and researchers sug-
gested that the high pressures on the limbs induced by BFR
cuff stimulates baroreflex, leading to vasoconstriction and
an increased blood pressure response [16,78]. Iida and col-
leagues reported that application of BFR alone on the legs
reduced blood flow significantly, including cardiac output,
due to the pooling of venous blood and the reduction of fem-
oral arterial blood inflow [70]. This BFR induces the re-
tention of blood flow in the lower extremities, and causes
subsequent hemodynamic changes including autonomic nerv-
ous activities. The subsequent adaptation for lower body
negative pressure has been shown to be a useful method
to prevent orthostatic intolerance after bed rest. Therefore,
BFR may be a useful method to stimulate the adequate
activity of autonomic function, which may ultimately help
elderly patients avoid the risk of fainting and falling.

LIMITATIONS OF BFR+LIRE AND FUTURE
DIRECTIONS

There is lack of standardized exercise prescription for BFR
exercise, including pressure, exercise duration, and intensity.
In general, BFR studies inflate pressure cuffs’ pressures to
a value higher than brachial diastolic blood pressure (cuff
pressure of 100~200 mmHg) in order to restrict venous blood
flow [21,67,79]. Cuff pressure is also inflated higher than
brachial systolic blood pressure (cuff pressure of =300 mmHg)
to stimulate a restriction in arterial blood flow [38,80,81] with
20~45% of MVC. However, there are no standardized cuff
pressures or exercise intensities in the BFR+LIRE studies,
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Impacts of BFR+LIRE
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Fig. 1. The impacts of BFR+LIRE on skeletal muscle and vasculature.
Schematic of the impacts of BFR+LIRE on skeletal muscle (hormonal,
and transcriptional factors) and vasculature (Endothelial,
autonomic, hemodynamic function). GH, growth hormone; IGFs,
insulin like growth factors; mTOR, mRNA in mammalan target of
rapamycin; S6K1, ribosomal s6 kinase 1; PI3K, phosphoinositide
3- kinase; Akt, protein kinase B; VEGF, hemvascular endothelial
growth factor; FMD, flow mediated dilation; ET-1, endothelin 1; (1),
increase; (| ), decrease; (-), no change; (?), inconsistent data.

which results in varied outcomes. Cook et al. suggested that
continuous venous BFR (BFR during whole exercise ses-
sion) with 20% of MVC is the most demanding and potent
stimulator for muscle growth [82]. Initially, Fales and col-
leagues investigated the different effects between venous
BFR using low cuff pressure, and complete arterial BFR using
high cuff pressure in dog gastrocnemius/plantaris muscles
[83]. This study suggested that both complete arterial and
venous BFR results in reduction of oxygen utilization in
the local muscle [83],with a similar degree of potential skel-
etal muscle hypertrophy. In addition, Iida et al. suggested
that venous BFR caused by low occlusion pressure (100
mmHg) results in a similar decrease in resting femoral ar-
tery blood flow, and similar hypoxic condition in leg muscles
as compared to 250 mmHg [70]. Also, Takarada et al. sug-
gested that LIRE with a venous BFR pressure of 100 mmHg
is sufficient compression to stimulate plasma lactate accu-
mulation and hypoxia in working muscle [37]. However,
Karabulut et al. suggested that higher initial restrictive
pressures (cuff pressure of =300 mmHg) significantly de-
creased muscle tissue oxygenation and lead to an increased
deoxyhemoglobin which is a stimulator of muscle hyper-
trophy [84]. Furthermore, Figueroa et al. suggested that
the LIRE with venous BFR pressure of 100 mmHg was not
enough to induce the extra stimulation compared to LIRE
alone [79]. The inconsistent BFR cuff pressure in previous
studies is a confounding factor, which leads to irregular re-
sults in BFR+LIRE studies. This certainly warrants further
study to identify the optimal cuff pressure for BFR.
The selection of cuff size is an additional factor of im-
portance for BFR. In fact, Rossow et al. demonstrated that
wider (13.5 cm) BFR cuffs are required to induce greater
tissue hypoxia, which is a stimulator of muscular hypertrophy.
Wider cuffs also resulted in elevation of heart rate, brachial
and central blood pressures, perceived effort, and pain as
compared to a narrower (5.0 cm) BFR cuff during knee ex-
tension exercise [85]. However, studies from Japanese sci-
entists suggest that a narrow cuff size is required to induce
capillary refill, which causes mild tissue hypoxia. Narrow

cuff size does not induce severe hypoxic induced skeletal
muscle tissue damage [18,21,46]. Therefore, the inconsistent
methods utilized in previous studies warrant further inves-
tigation to identify the optimal cuff pressure and size that
induces proper hypoxic conditions in working muscle.

CONCLUSION

In conclusion, the combination of BFR+LIRE has been
shown to enhance muscle hypertrophy and strength with-
out the need of employing high exercise intensity. In addi-
tion, the physiological responses including endocrine, tran-
scription, blood pressure, and hemodynamics to this style
of training are similar to, or even greater than conventional
resistance or aerobic exercise alone. However, the effects
of BFR+LIRE on vascular function have not been well eluci-
dated, which warrants further investigation. Furthermore,
the safety of BFR+LIRE training has not been established
in diseased populations. Even with these unsolved issues,
many studies confirm that BFR+LIRE training improves
muscular strength and mass more efficiently (I.e. lower ex-
ercise intensity) compared to exercise without BFR. Thus,
BFR+LIRE training is not only a useful method for improv-
ing or maintaining the age associated decreases in func-
tional capacity but also an efficient exercise modality for
rehabilitation by promoting positive changes in muscle while
only requiring low intensity exercise in humans.
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