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First used in the early nineteenth century, the term ischemia
refers to impaired blood supply to tissues caused by
reduced or obstructed arterial inflow. Restoration of blood
flow at the earliest remains the cornerstone of all current
treatment options to ischemia, nevertheless reperfusion may
paradoxically induce and worsen ischemic tissue damage,
leading to ischemia-reperfusion injury (IRI). IRI contributes
to pathology in a wide range of conditions, such as single
organ infarction and revascularization (stroke; myocardial,
renal, intestinal infarction), multiple organ ischemiareperfusion (trauma, circulatory arrest, sickle cell disease,
sleep apnea), organ transplantation or surgery (1). The
mechanisms underlying IRI development have not been
completely defined yet, and include: (I) reduced ATP levels
and intracellular pH as a result of anaerobic metabolism and
lactate accumulation, followed by dysfunctional ATPasedependent ion transport mechanisms, intracellular and
mitochondrial calcium overload, cell swelling and rupture,
and cell death by necrotic, apoptotic and autophagic
mechanisms during prolonged ischemia; (II) generation
of reactive oxygen and nitrogen species (ROS, RNS) and
tissue infiltration by proinflammatory neutrophils upon
reperfusion; (III) opening of the mitochondrial permeability
transition pore as a common end-effector of the pathologic
events triggered by ischemia-reperfusion (2). In spite of the
progress achieved into the pathophysiology of ischemia and
reperfusion, the complete knowledge of IRI mechanisms
and the introduction of new treatments represent main
challenges. In fact, research in this field continues to be
afflicted by the failure to translate the results to clinically
effective therapies. Dissecting the complex pathways
involved in clinically relevant animal models of IRI is
needed to provide the rationale for novel therapeutic
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agents. However, a great deal of work is needed to translate
our current know-how from bench to bedside in the
continuing effort to enhance the overall success of clinical
IRI management.
In the past years, experimental models have provided
considerable advances in understanding IRI mechanisms,
as well as in testing new strategies to reduce tissue damage,
such as prolylhydroxylase inhibitors or adenosine receptor
agonists (3-5). To date however, due to complexity of IRI,
few pharmacological treatments have been investigated in
clinical Phase III trials to prove whether a pharmacological
or technical approach could be suitable to provide a
beneficial effect in humans. For instance, most clinical trials
consider the administration of caspase inhibitors, P-selectin
antagonists or antioxidant compounds in order to limit IRI
during organ transplantation (6).
The study by Karadimas and co-workers investigates the
neuroprotective role of riluzole on IRI induced by surgical
decompression in cervical spondylotic myelopathy (CSM).
The first interesting finding of this work is related to the
demonstration of a IRI mechanism underlying neurological
complications occurring after surgical decompression in
CSM. To this, the Authors analyzed data from human CSM
trials to record short- and long-term neurological outcomes;
afterwards, they performed surgical decompression in
a rat model of CSM finding a transient post-operative
neurological decline sustained by mitochondrial dysfunction
and oxidative damage in neurons.
Animal models are widely used to define molecular
mechanisms underlying spinal cord IRI and to conceive
novel therapeutic strategies. In vivo studies are carried out
both in large and in small animals (7). Insights gleaned in
preclinical models are not reliably translated to the human

atm.amegroups.com

Ann Transl Med 2016;4(Suppl 1):S55

Page 2 of 3

Bellanti. Ischemia-reperfusion injury: evidences for translational research

context, nevertheless the model applied in this study shows
a transient postoperative neurological decline similar to
that seen in humans. Moreover, they find that surgical
decompression of the spinal cord is associated with nuclear
oxidative damage in rat cervical spinal cord sections, and
this finding is also reported in post-mortem cervical spinal
cord sections from CSM patients who underwent surgical
decompression. The neural tissue is very susceptible to
oxidative damage, due to its high oxygen requirement (up
to 20% of the total oxygen intake, even though it is 2% of
the total body weight) and its low antioxidant activity with
respect to other tissues (8). Nevertheless, IRI in the spinal
cord is also caused by microglial activation as well as blood
spinal cord barrier disruption (9,10). Thus, a promising
therapeutic approach to CSM has to target multiple
mechanisms of injury.
The second outcome of this investigation is related
to the beneficial effect of riluzole in the recovery of
forelimb function, motor neuron and axonal preservation
as well as attenuation of neuropathic pain in CSM rats
after decompression surgery, which is associated with the
reduction of neuronal oxidative damage and mitochondrial
dysfunction. Riluzole (2-amino-6-trifluoromethoxy
benzothiazole) shows protective effects for the spinal cord
since it acts both as sodium channel blocker and as antiglutamatergic agent (11). This compound is effective in the
protection against experimental IRI not only in the spinal
cord, but also in the heart and retina (12-14). The study by
Karadimas et al. confirms in vitro that the neuroprotective
effect of riluzole is related to its antioxidative properties.
In the last years, many promising compounds showing
antioxidant properties have been under investigation for
the prevention and treatment of neural IRI. However, some
evidences on other tissues, albeit proving oxidative stress,
suggest that the contribution of oxidative damage to human
IRI may be less than commonly thought and propose a reevaluation of the mechanism of IRI (15). It is conceivable
that the beneficial properties of riluzole in neural IRI may
be the result of a combination of different mechanisms.
The research field of neuroprotection is characterized
by a huge number of failed attempts to translate successful
therapeutic strategies for preventing neural IRI in the basic
science laboratory into the clinical setting. Many previous
translational approaches have been unsuccessful because of
the use of inappropriate experimental models, the clinical
testing of inconclusive therapies, and poor clinical trial
design. Above all, validation of the animal model in the
study of Karadimas et al. allows the researchers to test the
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hypothesis that surgical decompression induces an IRI in
the spinal cord parenchyma. Moreover, since flow-sensitive
alternating inversion recovery magnetic resonance in CSM
rats shows an increase in the blood flow to the decompressed
spinal cord within 24 h of decompression surgery, this
suggests that diagnostic tools able to identify CSM patients
with high-risk of decompression-mediated IRI may help
in the selection of appropriate patients for well-designed
clinical trials. Finally, the results by Karadimas et al. seem
promising for the ongoing CSM-Protect multicenter clinical
trial, funded by AOSpine North America, which aims at
testing the efficacy of perioperative riluzole to improve
postsurgical recovery in CSM patients (16). As riluzole may
also reduce the blood-brain barrier and inhibit microglial
activation, this compound is a potential candidate to make
the translational leap to clinical trials from preclinical
research in spinal cord injury (11,17).
To conclude, this recent discovery promotes multicenter,
randomized clinical trials to investigate emerging
therapeutic strategies for reducing IRI and improving
clinical outcomes in CSM patients undergoing surgical
decompression.
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Abstract
Introduction
Ischaemic preconditioning (IPC) is a phenomenon whereby tissues develop an increased
tolerance to ischaemia and subsequent reperfusion if first subjected to sublethal periods of
ischaemia. Despite extensive investigation of IPC, the molecular mechanism remains largely
unknown. Our aim was to show genetic changes that occur in skeletal muscle cells in response
to IPC.

Methods
We established an in vitro model of IPC using a human skeletal muscle cell line. Gene
expression of both control and preconditioned cells at various time points was determined. The
genes examined were hypoxia-inducible factor-1 alpha (HIF-1 alpha), early growth response 1
(EGR1), JUN, and FOS. HIF-1 alpha is a marker of hypoxia. EGR1, JUN, and FOS are early
response genes and may play a role in the protective responses induced by IPC.

Results
HIF-1 alpha was upregulated following one and two hours of simulated ischaemia (p = 0.076
and 0.841, respectively) verifying that hypoxic conditions were met using our model.
Expression of EGR1 and FOS was upregulated and peaked after one hour of hypoxia (p = 0.001
and <0.00, respectively). cFOS was upregulated at two and three hours of hypoxia. IPC prior to
simulated hypoxia resulted in a greater level of upregulation of EGR1, JUN and FOS genes (p =
<0.00, 0.047, and <0.00 respectively).

Conclusion
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Review ended 12/18/2018
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This study has supported the use of our hypoxic model for studying IPC in vitro. IPC results in a
greater upregulation of protective genes in skeletal muscle cells exposed to hypoxia than in
control cells. We have demonstrated hitherto unknown molecular mechanisms of IPC in cell
culture.
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Introduction
Ischaemic preconditioning (IPC) is a phenomenon whereby tissues develop an increased
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tolerance to ischaemia and subsequent reperfusion if first subjected to sublethal periods of
ischaemia. The concept of IPC was first introduced in relation to cardiac tissue by Murry et al.
in 1986 [1]. Canine hearts were subjected to four cycles of five minutes of ischaemia followed
by five minutes of reperfusion as a means of preconditioning. This was then followed by a
further sustained 40-minute period of ischaemia. Those hearts that were subjected to
“ischaemic preconditioning” were found to have a statistically significant 70% smaller infarct
size when compared to controls.
Following Murry’s pivotal paper, there have been extensive investigations into the use of IPC,
primarily in the cardiac setting. IPC was established as a powerful and reproducible mechanism
of providing cardioprotection, however, its clinical use was limited due to the invasive nature of
preconditioning the myocardium. The concept of “remote” ischaemic preconditioning was an
approach which has the potential to be non-invasive. The validation that one vascular bed
could precondition another distant or “remote” vascular bed originated from a study by
Przyklenk et al. in 1993 [2]. They proved that preconditioning the vascular bed supplied by the
circumflex artery in canines reduced the infarct size in the left anterior descending (LAD)
vascular bed following sustained LAD occlusion. Therefore, a tissue subjected to brief episodes
of ischaemia/reperfusion results in a greater tolerance to sustained ischaemia not only by that
same tissue but also tissues distant or “remote” to it. This has allowed for the application of IPC
in a much less invasive manner. For instance, transient limb ischaemia has been shown to
confer remote preconditioning to the heart [3]. In the setting of orthopaedic surgery, Addison
et al. showed that skeletal muscle can be globally protected following a preconditioning
stimulus applied to a limb via simple tourniquet use [4]. The protection produced by IPC can
now be applied to a vast array of tissues without any invasive procedures.
Further studies have found that ischaemic preconditioning occurs in two phases – early and
late protection. In 1993, Marber et al. showed that the acute phase of protection (one-two
hours) was followed by a second window of protection at 24 hours [5]. This second window of
protection, lasting approximately 72 hours, was shown to be clinically significant [6]. This was
referred to as “delayed” or “late” preconditioning. The early phase of protection conferred by
IPC is termed “classic preconditioning” [7].

Clinical application
While there is a significant body of research to support the benefit of IPC in the setting of
cardiothoracic surgery [1, 8, 9], it has also been shown to be of benefit in several other tissues –
including human liver [10], lung [11] and brain [12]. In addition, it plays a significant role in
skeletal muscle [13, 14]. IPC improves overall contractility, force, performance and fatigue of
muscle as well as protecting against ischaemia/reperfusion injury [15]. It has meaningful
clinical potential in orthopaedic surgery where many operations performed on limbs are done
so under tourniquet control producing ischaemic conditions and subjecting limbs to ischaemiareperfusion injury post-op. Reducing ischaemic insult to skeletal muscle via IPC may have
significant clinical benefits for orthopaedic patients.

Molecular mechanism
Despite extensive research into IPC since the 1980s, the mechanism involved in IPC protection
remains poorly understood. It is thought that certain triggers, released as a result of the
preconditioning stimulus, provoke a systemic response and activate a cascade of intracellular
mediators and signaling molecules. These mediators produce the end-point of limiting
reperfusion apoptosis and reducing ischaemic necrosis.
There are multiple chemical agents which are all hypothesized to play a role in the protective
mechanism of IPC. These include adenosine, acetylcholine, angiotensin II, nitric oxide, free
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radicals, bradykinin, catecholamines, endothelin, opioids, and heat shock proteins [16]. It is
thought that these act via signaling pathways and reduce tissue injury by reducing energy
consumption, oxidative stress and apoptosis.
IPC modifies gene expression both immediately (early phase) and at delayed time points.
Konstantinov et al. revealed suppression of genes coding for proteins involved in apoptosis,
cytokine synthesis, leukocyte chemotaxis, adhesion and migration at 15 minutes following a
remote preconditioning stimulus and further suppression after 24 hours [17]. This corresponds
to the effects of both immediate and delayed preconditioning. Genes involved in protection
against oxidative stress are up-regulated while pro-inflammatory genes are suppressed
following IPC and subsequent ischaemia [17].
IPC results in activation of protective signaling pathways and reduction of oxidative stress, cell
death and inflammation. No single factor is responsible for the protection conferred by IPC. The
effects of IPC are the result of interplay between several triggers, mediators and protective
genes. The cumulative action of these is a systemic response in the body which reduces injury
following insult.

Objectives
Our group have previously established the use of an in vitro model of IPC [18] allowing the
mechanism of IPC to be examined at a purely cellular level. We have also identified several
genes that are upregulated following IPC in total knee arthroplasty patients (available to us on
microarray) [19]. Our aim was to further examine the molecular mechanisms involved in IPC of
skeletal muscle in vitro, using our hypoxic chamber model. We focused on the role of early
response genes – early growth response-1 gene (EGR1), CJUN (the protein coded for by JUN
gene), and CFOS (a proto-oncogene). A greater understanding of the molecular basis of IPC will
allow for future therapies to be used which target this effect.

Materials And Methods
Human skeletal muscle cell line and culture
Normal human skeletal muscle cells were derived from the pectoralis major muscle of a single
Caucasian male donor. The cells were purchased from Promocell (www.promocell.com) as a
cryopreserved batch of one million cells and subcultured to passage 4 (P4) and passage 5 (P5).
This built up a stock of P4 and P5 cells from which all experiments were conducted. They were
maintained as adherent cultures in 18mls of skeletal muscle growth medium (also supplied by
Promocell) at 37°C in a humidified incubator containing 5% CO2. Culture media was replaced
every two days. Cells were seeded at a density of 1 x 10 5/well in six-well plates. All experiments
were carried out 48 hours after seeding and were performed in triplicate.
Three groups were assigned; an absolute control, an ischaemic control and a preconditioned
group. All steps were performed under aseptic conditions in a laminar flow cabinet.

Hypoxia chamber
The chamber used to maintain the established hypoxic environment is an eight litre, air-tight
re-sealable chamber with in-built ergonomic features to allow quick intra-chamber gas
exchange. It is manufactured by Billups-Rothenberg Inc. (San Diego, CA, USA)
(www.brincubator.com). A flow meter was connected between the gas source and the chamber
to quantify the current of gas input to the chamber. The flow meter was supplied along with the
chamber by the company (Figure 1).

2018 Fox et al. Cureus 10(12): e3763. DOI 10.7759/cureus.3763

3 of 17

FIGURE 1: Hypoxic chamber and flow meter.

The use of this chamber to study IPC in vitro has previously been established by our research
group [18] and has been utilised by others [20] to produce dependable ischaemia. A hypoxic
media was produced by bubbling 1% oxygen bubbled through Dulbecco’s buffer solution
(Sigma-D8662). The decision to use 1% oxygen is based on research by Wilgis [21]. Hypoxic
conditions were then verified using two oxygen meters, one to assess oxygen content within the
ambient gaseous surroundings and the other to assess oxygen content dissolved within a liquid
(Figure 2).

FIGURE 2: Ambient oxygen sensor and dissolved oxygen
sensor.

Experimental protocol
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The preconditioning protocol consisted of three cycles of five minutes ischaemia/five minutes
reperfusion (Figure 3). The decision to use three cycles of five-minute periods was based on
previous studies which used the same protocol to examine IPC in skeletal muscle [13, 22]. The
simulated ischaemia environment was created by exchanging the cell growth media for warm
de-oxygenated Dulbecco’s phosphate buffered saline solution and placing the plate in the
hypoxia chamber. The chamber was flushed for five minutes then sealed tight and placed in the
37°C incubator for five minutes to keep the cells warm. The simulated reperfusion environment
was created by removing the cells from the hypoxia chamber, exchanging the buffer for warm
normoxic skeletal growth medium and placing back into the incubator for five minutes. The
ischaemic control group was exposed to changes of normal growth media at the same time as
the ‘preconditioned group’ was receiving media-buffer exchanges. This controlled for any
mechanical preconditioning effect produced by media exchanges. At the end of the
preconditioning cycles both the ‘preconditioned group’ and ‘ischaemic group’ were exposed to a
simulated ischaemic environment for a variable length of time. This was spent in the 37°C
humidified incubator.

FIGURE 3: Outline of in vitro experiment.

Choice of genes
Induction of Hypoxia
The first component of assessing IPC in vitro using a human skeletal muscle cell line required
verifying that the hypoxic chamber being used was producing adequate hypoxic conditions
(Figure 1). During our experiments, both the ambient oxygen and the dissolved oxygen sensors
confirmed that 1% oxygen levels were present within the hypoxic chamber and in the buffer
solution (Figure 2).
Firstly, we verified induction of hypoxia via hypoxia-inducible factor-1α (HIF-1α), a
transcription factor regulating response to hypoxia. In hypoxia, HIF-1α degradation is inhibited
resulting in an upregulation of HIF-1α expression [23]. It acts in a similar manner to early
response genes in that it is upregulated early when cells are in hypoxic conditions but it is only
transiently upregulated [24]. In addition to increased protein expression, HIF-1α is upregulated
on a messenger RNA (mRNA) level in response to hypoxia both in vitro and in vivo [25]. We
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measured the expression of HIF-1α mRNA in order to verify that our experimental procedure
was indeed producing cellular hypoxia. Comparison of HIF-1 α expression in hypoxic samples
was made to that of control samples and results plotted as fold change. GAPDH
(Glyceraldehyde 3-phosphate dehydrogenase) was used as a relative marker for both control
and hypoxic groups as the “housekeeping gene”.
Early Response Genes to Compare Effect of Hypoxia Alone to IPC + Hypoxia
Work by our group previously identified several early response genes as being upregulated
following an ischaemic preconditioning stimulus in patients undergoing primary total knee
arthroplasty [19]. In this study, we specifically targeted EGR-1, CFOS, and CJUN to compare
gene expression in vitro following simulated hypoxia alone to that of IPC and hypoxia. These
early response genes are upregulated rapidly and have previously been shown to play a role in
the protective response to ischaemic preconditioning. EGR-1, CFOS, and CJUN are all involved
in the cellular adaptation to ischaemia and have been shown to protect cells from ischaemia in
cardiac models [26]. However, the prolonged induction of these genes may have deleterious
consequences and has been linked to induction of apoptosis [27]. The early upregulation and
subsequent downregulation in expression of these genes may be an important element in IPC.
Gene expression of an absolute control, an ischaemic control and a preconditioned group of
cells at various time points was determined. The expression of these genes was compared to
previous micro-array data [19] to ensure that the genomic response of skeletal muscle cells to
ischaemia was reproducible in vitro.

Gene expression analysis
RNA was extracted from cell samples using Tri-reagent purchased from Sigma
(sigmaaldrich.com). Removal of contaminating DNA from RNA samples was performed using
the DNA-free TM kit purchased from Applied Biosystems (Forster City, CA, USA) (Cat#
AM1906). The generation of c-DNA (complementary DNA) from RNA was performed using a
reverse transcription kit purchased from Sigma (St. Louis, MO, USA). This included dNTP
(deoxyribonucleoside triphosphate - D7295), oligo dT (oligo deoxythymine - O4387), 10X buffer
(B1175) and the enzyme Avian reverse transcriptase (A4464). Finally, real-time polymerase
chain reactions (PCR) were performed with gene-specific markers and the Quantitect SYBER
green PCR Master Mix (Qiagen UK). Oligonucleotides were designed based on sequences
obtained from the Quantitative PCR Primer Database (QPPD) (Table 1). This web-based
programme provides information about primers and probes that can be used to quantitate
human mRNA by RT–PCR. Protein extraction was performed using CellLytic M mammalian cell
lysis/extraction reagent supplied by Sigma.
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Gene

Primer Sequence

EGR-1

F: 5’-AGCCCTACGAGCACCTGAC-3’ R: 5’-AGCGGCCAGTATAGGTGATG-3’

CJUN

F: 5’-GAGCGGACCTTATGGCTACA-3’ R: 5’-TGAGGAGGTCCGAGTTCTTG-3’

CFOS

F: 5’-CAAGCGGAGACAGACCAAC-3’ R: 5’-GAGCTGCCAGGATGAACTC-3’

GAPDH

F: 5’-GAGTCAACGGATTTGGTCGT-3’ R: 5’-TTGATTTTGGAGGGATCTCG-3’

TABLE 1: Forward and reverse primers used for real-time polymerase chain reactions
(PCR).
F = Forward primer; R = Reverse primer; EGR1 = Early growth response 1 gene; GAPDH = Glyceraldehyde 3-phosphate
dehydrogenase.

The mRNA expression was reported as a function of crossing threshold (Ct), the cycle number
at which PCR amplification becomes linear. When upregulated, genes should have a lower
crossing threshold on real-time PCR when compared to controls (Figure 4).

FIGURE 4: A representative polymerase chain reaction (PCR)
run using complementary DNA (cDNA) of skeletal muscle cells
following one hour of simulated ischaemia.
The genes of interest cross the threshold earlier indicating that they are upregulated in comparison
to control specimens. The close proximity of all the gene samples to each other and all of the
control samples to each other indicates accuracy.

Expression of early response genes following simulated ischaemia +/- preceding IPC were
compared to control samples and results plotted as fold change relative to controls. GAPDH
was used as the “housekeeping gene” for both control and ischaemic groups. GAPDH was used
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as the “housekeeping gene” for gene expression comparison as it is a reliable reference gene for
real-time PCR in several different experimental conditions, including hypoxia [28].

Statistical analysis
All data was compiled in Excel. SPSS analytical software was used for statistical analysis. The
two-sample t-test was used to check for statistically significant differences in expression of
genes compared to control samples. This could only validly be used when observations in each
group were normally distributed and the variances were equal. In cases where the data was nonnormal or if the variances were unequal, the Mann-Whitney U-test and Welch’s t-test were used
respectively. Differences were considered significant if p < 0.05.

Results
Verification of hypoxia
To examine whether our in vitro experimental conditions were reliably simulating a hypoxic
environment for the skeletal muscle cells, the expression of HIF-1 α was assessed following one,
two and three hours of simulated ischaemia. Analysis of HIF-1 α mRNA expression revealed a
two-fold upregulation following one hour of simulated ischaemia when compared to control
cells (p = 0.076). Following two hours of simulated ischaemia, HIF-1 α mRNA expression was
further upregulated by 2.59 compared to controls (p = 0.841). However, HIF-1 α mRNA
expression following three hours of simulated ischaemia was similar to that of control cells at
1.05 (p = 0.875) (Figure 5).

FIGURE 5: Effect of simulated ischaemia on HIF1-alpha mRNA
expression.
Analysis of hypoxia inducible factor-1 alpha (HIF-1α) mRNA expression was performed using realtime PCR. Gene expression is presented as a fold-change +/- Standard Deviation relative to control
and represents the results of two independent experiments each carried out with triplicate samples.
Means were compared using Welch's t-test.

Hypoxia alone versus IPC for early response genes
Hypoxia Alone
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Analysis of gene expression following one hour of simulated ischaemia showed an upregulation
of EGR-1 and CFOS genes while CJUN was downregulated. EGR-1 was upregulated at 1.885 (p =
0.001), CFOS at 3.47 (p = <0.000), and CJUN was downregulated at 0.68 (p = 0.197) (Figure 6).
Our in vitro simulated ischaemia showed somewhat similar results to those on microarray data
in that EGR-1 and CFOS were upregulated on both microarray data and following simulated
ischaemia (Table 2).

FIGURE 6: The effect of one hour of simulated ischaemia on
early response gene mRNA expression in primary human
skeletal muscle cells.
Analysis of early growth response 1 gene (EGR1), CJUN and CFOS mRNA expression was
performed using real-time PCR. Gene expression is presented as a fold-change +/- Standard
Deviation relative to control and represents the results of two independent experiments each carried
out with triplicate samples. Means were compared using two-sample t-test. (* p-value < 0.05
compared to control).
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Gene

Microarray

Hypoxic Chamber

EGR1

3.64

1.89

CJUN

5.11

0.68

CFOS

55.55

3.47

TABLE 2: Genes upregulated on microarray at one hour due to ischaemia compared
to one hour simulated ischaemia using hypoxic chamber.
These values represent the fold-change relative to control samples.
EGR-1 = Early growth response 1 gene

Analysis of gene expression following two hours of simulated ischaemia showed a
downregulation of EGR-1 at 0.73 (p = 0.5681). CFOS remained upregulated compared to
controls at 1.46 (p = 0.832). Though persistently upregulated, the fold change of CFOS
represents a decrease from the level of mRNA expression after one-hour ischaemia. Expression
of CJUN was only minimally upregulated at 1.06 (p = 0.703) compared to controls.
Following three hours of simulated ischaemia, mRNA expression of EGR-1 and CFOS was
downregulated compared to controls. The fold-changes of these genes were 0.25 (p < 0.000) and
0.53 (p < 0.000), respectively. CJUN was further upregulated at 1.27 (p = 0.6295) compared to
controls. Therefore, the greatest fold change for EGR-1 and CFOS occurred following one hour
of simulated ischaemia and then decreased with prolonged ischaemia. This behavior
corresponds to that which is expected. CJUN is slightly unusual in that it continues to be
expressed at greater levels with prolonged periods of simulated ischaemia (Figure 7).

FIGURE 7: The effect of one, two and three hours of simulated
ischaemia on the expression of early response genes in
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primary human skeletal muscle cells.
Analysis of early growth response 1 gene (EGR1), CJUN and CFOS mRNA expression was
performed using real-time PCR. Gene expression is presented as a fold-change +/- Standard
Deviation relative to control and represents the results of two independent experiments each carried
out with triplicate samples. Means were compared using two-sample t-test, Mann-Whitney U-test
and Welch's t-test. (* p-value < 0.05 compared to control)

IPC + Hypoxia
Analysis of gene expression following simulated IPC and subsequent prolonged ischaemia for
one hour demonstrated upregulation of all genes. CFOS was upregulated to the greatest extent
at a 21.37-fold change compared to controls (p < 0.000). EGR-1 was upregulated at 4.32 (p <
0.000) and CJUN at 1.75 (p = 0.047) (Figure 8). These results were again similar to microarray
data (Table 3).

FIGURE 8: The effect of simulated ischaemia on the expression
of early response gene mRNA in primary human skeletal
muscle cells following ischaemic preconditioning (IPC) and
one hour of ischaemia.
Analysis of early growth response 1 gene (EGR1), CJUN and CFOS mRNA expression was
performed using real-time PCR. Gene expression is presented as a fold-change +/- Standard
Deviation relative to control and represents the results of two independent experiments each carried
out with triplicate samples. Means were compared using two-sample t-test and Mann-Whitney Utest. (* p-value < 0.05 compared to control)
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Gene

Microarray

Hypoxic Chamber

EGR1

2.84

4.32

CJUN

1.41

1.75

CFOS

2.11

21.37

TABLE 3: Genes upregulated on microarray at one hour ischaemia following
ischaemic preconditioning (IPC) compared to simulated IPC and one hour ischaemia
using hypoxic chamber.
These values represent the fold-change relative to control samples.
EGR-1 = Early growth response 1 gene

Gene expression analysis following simulated IPC and two hours of ischaemia revealed a
downregulation of all three genes. EGR-1 was downregulated at a 0.125-fold change (p < 0.000)
while the fold changes of CJUN and CFOS were 0.66 (p = 0.1112) and 0.285 (p = 0.0002),
respectively (Figure 9 and Table 4).

FIGURE 9: The effect of simulated ischaemia on the expression
of early response gene mRNA in primary human skeletal
muscle cells following ischaemic preconditioning (IPC) and
two hours of ischaemia.
Analysis of early growth response 1 gene (EGR1), CJUN and CFOS mRNA expression was
performed using real-time PCR. Gene expression is presented as a fold-change +/- Standard
Deviation relative to control and represents the results of two independent experiments each carried
out with triplicate samples. Means were compared using two-sample t-test and Mann-Whitney Utest. (* p-value < 0.05 compared to control)
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Duration of Simulated Ischaemia

One Hour

Two Hours

Gene

Ischaemia Only

IPC + Ischaemia

p-value

EGR1

1.885

4.32

<0.000*

CJUN

0.68

1.75

0.01*

CFOS

3.47

21.37

<0.000*

EGR-1

0.73

0.125

0.4063

CJUN

1.06

0.66

0.0391*

CFOS

1.46

0.285

0.004*

TABLE 4: Comparison of early response gene expression following simulated IPC and
ischaemia versus simulated ischaemia only.
Gene expression is presented as a fold-change relative to control (EGR-1 = Early growth response 1 gene). Means were compared
using two-sample t-test and Mann-Whitney U-test. P values relate to the difference between the means of the ischaemia only and the
IPC + ischaemia mRNA expression (* p-value < 0.05).
IPC: Ischaemic preconditioning

Discussion
Use of hypoxic model
The establishment of a reproducible in vitro model is an integral step in investigating IPC in
skeletal muscle. We used an air-tight resealable chamber connected to 1% oxygen and hypoxic
media to produce a hypoxic environment (Figure 1). Our group has previously published on the
use of this hypoxic chamber for the investigation of IPC in muscle cells [18].
By showing that HIF-1 α expression was upregulated in skeletal muscle cells following exposure
to this simulated ischaemic environment, we confirm that our experimental conditions are
indeed accurate at reproducing significant hypoxia. HIF-1 α should be upregulated early
following exposure to hypoxic conditions but this upregulation should only be transient [24,
29]. Therefore, our results show that hypoxia is satisfactorily transiently induced following
simulated ischaemia via the hypoxic chamber and buffer solution. This was the basis for our
subsequent experiments.

Genomic response of skeletal muscle to IPC
In deciding relevant time points to assess gene expression following IPC, we focused on clinical
relevance. In clinical practice, many surgical procedures carried out on the extremities are done
so under tourniquet-control. However, it is advised that tourniquet time should be limited to
two hours as risk of compression neurapraxia is greatly increased with greater than two hours
tourniquet use. Therefore, gene expression analysis was carried out following simulated
ischaemic preconditioning and one or two hours of hypoxia.
Early Response Genes
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Expression of early response genes EGR-1, CJUN and CFOS was examined following simulated
ischaemia of one, two and three-hour durations. Expression of EGR1 and CFOS was upregulated
and peaked after one hour of hypoxia (p = 0.001 and p = <0.00, respectively). Expression of
EGR-1 and CFOS mRNA then decreased with subsequent prolonged periods of ischaemia so
that they were downregulated after three hours of simulated ischaemia. These results exhibit
an appropriate response of these genes to ischaemia. Early response genes would be expected to
be upregulated early but prolonged upregulation of proto-oncogene, such as CFOS, may be
detrimental to cells and result in apoptosis. These results are also consistent with previous
studies on early response genes [19, 26].
CJUN, as an early response gene, did not behave as expected. It was initially downregulated
following one hour of simulated ischaemia. Expression of CJUN mRNA then increased steadily
with both two and three hours of simulated ischaemia. The profile of CJUN expression is
conflicting when compared to the other early response genes. Though this is unexpected,
previous work has shown CJUN to act in a similar way. Mehiri et al. looked at the expression of
several genes following diaphragmatic injury in a rat model including CJUN [30]. In this study,
CJUN mRNA expression decreased initially post-injury, returned to baseline after 12 hours and
peaked at 96 hours post-injury. Though CJUN is a known transcription factor and thought of as
an early response gene, it may not behave in the same way as other early response genes.
Overall, our results show expected gene expression profiles following simulated ischaemia.
These results are similar to microarray data [19]. Therefore, we are satisfied that our
experimental methodology was sound, and the genes reviewed were appropriate.
IPC prior to simulated ischaemia, produced a greater level of upregulation of EGR1, JUN and
FOS genes (p = <0.00, 0.047, and <0.00, respectively) at one hour compared to simulated
ischaemia alone. These genes were then all downregulated after simulated IPC and two hours
of ischaemia. Simulated IPC produced a greater upregulation of these genes initially and a
more rapid decline in their expression with prolonged ischaemia. In summary, IPC confers
greater protection to skeletal muscle cells as it results in a greater early expression of
protective genes but also an earlier downregulation of these genes thus preventing the
complications of prolonged expression of these genes (Table 4).

Clinical potential
Ischaemic preconditioning has significant clinical potential. It has been shown to protect
against subsequent prolonged ischaemia and ischaemia-reperfusion injury both in animal and
human models [1, 4, 9-12]. This is very relevant in orthopaedics where many elective and
trauma procedures are performed under tourniquet control. IPC may have the benefit of
enabling a surgeon to operate under a slightly longer tourniquet time than the current standard
of two hours by reducing the ischaemic insult to a limb from prolonged tourniquet time. This
may mean that more complex operations could be performed under the safety of tourniquet
control. However, tourniquet time would still be limited as IPC does not protect cells
indefinitely. Even in Murry’s landmark initial study on IPC [1], canine hearts were protected by
IPC when subjected to 40 mins of sustained ischaemia but when the myocardium was rendered
ischaemic for three hours, the protective effect was lost.
If the protective effect of IPC could be induced for an extended period of time without exposing
cells to repetitive ischaemia-reperfusion, the clinical benefits could be colossal. For instance,
direct activation of the cellular pathways involved in IPC by therapeutic drugs would enable
skeletal muscle protection without the necessity of undergoing an ischaemic preconditioning
insult. A clear understanding of the mechanisms involved in IPC is essential to allow for
methodical pharmacological development.
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Conclusions
Our findings lend support to the use of our hypoxic chamber and protocol of ischaemic
preconditioning for future in vitro studies on skeletal muscle preconditioning. It is another
device in our armamentarium in understanding and clinically applying the complex protective
mechanism of IPC. We have demonstrated that IPC induces a protective genomic response.
Cells exposed to IPC prior to periods of ischaemia show upregulation of protective genes when
compared to control samples. EGR1, CJUN and CFOS have all been shown to protect cells from
ischaemic insult and are upregulated following IPC in our study. We would hope that future
research will demonstrate meaningful benefits of IPC in the orthopaedic setting and improve
clinical outcomes for patients.
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Ischemic preconditioning (IPC), which involves intermittent periods of ischemia followed
by reperfusion, is an effective clinical intervention that reduces the risk of myocardial
injury and confers ischemic tolerance to skeletal muscle. Repeated bouts of IPC
have been shown to stimulate long-term changes vascular function, however, it is
unclear what metabolic adaptations may occur locally in the muscle. Therefore, we
investigated 7 days of bilateral lower limb IPC (4 × 5 min) above limb occlusion pressure
(220 mmHg; n = 10), or sham (20 mmHg; n = 10), on local muscle oxidative capacity
and microvascular blood flow. Oxidative capacity was measured using near-infrared
spectroscopy (NIRS) during repeated short duration arterial occlusions (300 mmHg).
Microvascular blood flow was assessed during the recovery from submaximal isometric
plantar flexion exercises at 40 and 60% of maximal voluntary contraction (MVC).
Following the intervention period, beyond the late phase of protection (72 h), muscle
oxidative recovery kinetics were speeded by 13% (rate constant pre 2.89 ± 0.47 min−1
vs. post 3.32 ± 0.69 min−1 ; P < 0.05) and resting muscle oxygen consumption (mV̇O2 )
was reduced by 16.4% (pre 0.39 ± 0.16%.s−1 vs. post 0.33 ± 0.14%.s−1 ; P < 0.05).
During exercise, changes in deoxygenated hemoglobin (HHb) from rest to steady state
were reduced at 40 and 60% MVC (16 and 12%, respectively, P < 0.05) despite similar
measures of total hemoglobin (tHb). At the cessation of exercise, the time constant
for recovery in oxygenated hemoglobin (O2 Hb) was accelerated at 40 and 60% MVC
(by 33 and 43%, respectively) suggesting enhanced reoxygenation in the muscle. No
changes were reported for systemic measures of resting heart rate or blood pressure.
In conclusion, repeated bouts of IPC over 7 consecutive days increased skeletal muscle
oxidative capacity and microvascular muscle blood flow. These findings are consistent
with enhanced mitochondrial and vascular function following repeated IPC and may
be of clinical or sporting interest to enhance or offset reductions in muscle oxidative
capacity.
Keywords: NIRS, blood flow restriction, exercise, ischemia, mitochondria
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depletion (Lintz et al., 2013), restore mitochondrial dysfunction
(Thaveau et al., 2007; Mansour et al., 2012) and remotely lower
energy metabolism during sustained ischemia (Addison et al.,
2003), thus demonstrating a range of potential mechanisms
whereby skeletal muscle function is enhanced. However, to date,
little is known about the oxidative potential of skeletal muscle
following repeated bouts of IPC.
The energetic demands of muscular work are largely
supported by oxidative metabolism. Using near-infrared
spectroscopy (NIRS), muscle oxidative capacity is reduced
in clinical patient groups where normal muscle function is
impaired, such as in motor-complete spinal cord injuries
(Erickson et al., 2013), peripheral vascular disorders (Cheatle
et al., 1991), or those with sedentary lifestyles (Brizendine
et al., 2013). In comparison, endurance trained athletes display
5-fold increases in muscle oxidative function (Brizendine et al.,
2013; Adami and Rossiter, 2017). Using NIRS alongside a
series of transient arterial occlusions has enabled non-invasive
reporting of muscle oxidative capacity with good reproducibility
when compared to gold standard techniques such as magnetic
resonance spectroscopy (MRS) (Ryan et al., 2013c) and in situ
measures of respiratory capacity via muscle biopsy analysis
(Ryan et al., 2014). Interventions that can stimulate adaptations
in skeletal muscle function, other than physical exercise, may
not only be useful for athletic populations but could improve
or sustain physical activity in clinical populations, or facilitate
recovery following brief periods of immobility. The reported
increases in vascular conductance following repeated IPC (Jones
et al., 2014), alongside demonstrable effects of acute IPC on
exercise performance and local muscle O2 dynamics (Kido
et al., 2015; Patterson et al., 2015), led us to hypothesize that
repeated bouts of IPC may stimulate a sustained enhancement
of skeletal muscle oxidative capacity and microvascular blood
flow. Therefore, we examined the effects of 7 consecutive
days of bilateral lower-limb IPC on local skeletal muscle
oxidative capacity and microvascular blood flow in healthy,
young men.

INTRODUCTION
Ischemic preconditioning (IPC), first described by Murry et al.
(1986), is a technique that intermittently occludes circulatory
blood flow, interspersed by periods of tissue reperfusion. Applied
in this way, local IPC protects the myocardium from tissue
injury following ischemic insult (Murry et al., 1986). In addition,
remote adaptations in distal tissues not directly exposed to
the ischemic stimulus have also been observed (Hausenloy and
Yellon, 2008). Since its early inception, IPC has been used
for many different purposes and can be applied acutely or
repeated across a number of days. Acute IPC has been shown
to protect organs, including the myocardium (Murry et al.,
1986), kidney (Lee and Emala, 2000), liver (Yoshizumi et al.,
1998), and skeletal muscle (Gurke et al., 2000), from the damage
caused by a subsequent prolonged ischemic event. In addition,
systemic effects of IPC have also been reported to modulate
parasympathetic nervous system activity (Enko et al., 2011).
Furthermore, an acute application of IPC has beneficial effects
on exercise performance (de Groot et al., 2010; Kido et al.,
2015; Patterson et al., 2015; Tanaka et al., 2016). Protection
conferred from an acute exposure of IPC has led investigators to
examine whether repeated application may elicit dose-dependent
protection. Indeed, repeated IPC has been shown to offer greater
protection against cardiac ischemia, in a dose-dependent manor,
in animal models (Wei et al., 2011; Yamaguchi et al., 2015). In
humans, repeated IPC has been applied across 7 consecutive days
(Jones et al., 2014), episodically across an 8-week period (Jones
et al., 2015), and twice daily application for 300 days (Meng et al.,
2012). Here clinical efficacy has been shown in patients displaying
reduced stroke recurrence (Meng et al., 2012), improved wound
healing in diabetics (Shaked et al., 2015), increased coronary flow
reserve in heart failure patients (Kono et al., 2014), reductions
in systolic and diastolic blood pressure (Madias, 2011; Jones
et al., 2014), and improved vascular health (Kimura et al., 2007;
Jones et al., 2014, 2015). However, the mechanisms by which
IPC exerts protection are not well understood. Two phases
of protection have been described were an early phase offers
immediate protection which lasts several hours, linked to the
release of mediators such a bradykinin and adenosine. A second
window of protection, the late phase, follows approximately
24 h later lasting between 48 and 72 h and is dependent on
the induction of protective proteins (Loukogeorgakis et al.,
2005).
Acute application of IPC has also been shown to improve
local skeletal muscle oxygenation during exercise (Saito et al.,
2004; Kido et al., 2015; Patterson et al., 2015; Tanaka et al.,
2016). For example, Patterson et al. (2015) demonstrated an
improved maintenance of muscle oxygenation during repeated
sprint cycling during the early phase of protection. Furthermore,
IPC enhances muscle deoxygenation dynamics during wholebody (Kido et al., 2015) and local muscular endurance exercise
(Tanaka et al., 2016), suggestive of lower O2 extraction and/or
greater blood flow to skeletal muscle. In skeletal muscle, local
application of IPC confers ischemic tolerance to subsequent
ischemic events (Gurke et al., 2000). There is also evidence that
IPC can protect against reductions in ischemic-induced glycogen
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MATERIALS AND METHODS
Participants
A total of 20 adult male participants volunteered for this
study (age, 26 ± 5 years; stature, 180 ± 6 cm; body mass
80 ± 12 kg). The participants were all actively engaged in regular
exercise (250 ± 150 min/week) that consisted of endurance
running or where involved in team sports. They were nonsmokers and not taking any medications. Participants were
advised to maintain a normal training schedule throughout the
IPC or sham intervention but not to undertake any additional
training or to reduce their current training load. A priori
sample size was calculated using G∗ Power (Version 3.1.9.3).
This was determined according to changes in the deoxygenated
hemoglobin/myoglobin (HHb) time course for recovery from
moderate-intensity exercise following acute application of IPC
[1time constant (Tc) = 4.6 s; SD = 1.7] (Kido et al., 2015).
A total of 6 participants per group were deemed sufficient to
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yield a power of 0.80 and α = 0.05. A total of 10 participants
were recruited to account for experimental mortality throughout
the duration of the trial. Ethical approval was provided by the
St. Mary’s University Ethics Committee which was conducted in
accordance with the 1964 Helsinki Declaration. All participants
provided written, informed consent before testing.

BP cuff
NIRS optode

Experimental Design
Participants first visited the laboratory to provide informed
consent, conduct a maximal voluntary plantar flexion
contraction (MVC) for determination of subsequent exercise
intensities and for the purposes of allocating groups. Participants
were also familiarized with the IPC pressure and electrical
stimulation procedures used in the experimental trials. The
main experimental trial began 48–72 h later after which
participants attended the laboratory on nine occasions, across 11
consecutive days. All trials were conducted at the same time of
day to eliminate circadian variation. On the first experimental
visit, baseline measurements of muscle oxygenation were
performed, followed by a series of arterial occlusions to establish
resting muscle oxygen consumption (mV̇O2 ) and the rate
of recovery from a brief electrical stimulation. An exercise
protocol involving plantar flexion isometric contractions over
a range of submaximal exercise intensities was performed
on a dynamometer. Participants were ranked based on their
MVC performance during the first visit and separated into an
intervention (IPC) or sham (control) group using A-B-B-A.
Each group then visited the laboratory on 7 consecutive days to
perform an IPC or sham procedure. After the final intervention,
participants returned to the laboratory 72 h later to replicate
the tests performed on the first experimental visit. The 72-h
time period was chosen as this was outside the reported early
and late phases of protection conferred by IPC (Loukogeorgakis
et al., 2005) and therefore would reflect a sustained adaptation
to the IPC stimulus. Participants were instructed to avoid
consumption of alcohol or caffeinated products for 24 h
before, and strenuous exercise 48 h before, the baseline and
post-intervention test.

Electrodes
FIGURE 1 | Experimental setup.

LTD, Hampshire, United Kingdom), were placed immediately
next to the NIRS optode at proximal and distal skin sites.
A rapid inflating blood pressure cuff (width: 15 cm; Hokanson
SC12D, Bellevue, WA, United States) in conjunction with a
rapid cuff inflator (E20, Hokanson, Bellevue, WA, United States)
supplied by an air compressor, was placed around the upper
thigh.
Resting mV̇O2 was assessed by rapidly inflating the blood
pressure cuff to 300 mmHg, ensuring full arterial and venous
occlusion of the lower limb for 30 s. This procedure was then
repeated after 3-min rest, with data averaged over the two
measures. Following a further 3-min rest, the main test protocol
began. To examine muscle oxidative recovery, twitch electrical
stimulation (pulse duration 250 µS) was administered at a
frequency of 6 Hz (Ryan et al., 2013a) for 15 s to increase muscle
metabolic rate. Electromyostimulation allows non-selective and
synchronous recruitment of muscle fibers in the region of interest
(Gregory and Bickel, 2005). Current intensity was gradually
increased over an initial 10 s to 60 mA for patient comfort
(Doucet et al., 2012). The chosen current intensity elicited a
twitch contraction across all individuals tested. It has previously
been noted that small differences in stimulation do not influence
measurements of mV̇O2 recovery kinetics (Ryan et al., 2013a).
Immediately following the stimulation, a series of brief arterial
occlusions (300 mmHg) were performed using the following
protocol: cuff 1–5 = 5 s ON, 5 s OFF; cuff 6–10 = 5 s ON,
10 s OFF; cuff 11–15 = 10 s ON, 20 s OFF (Ryan et al.,
2012). This protocol was used to characterize the recovery of
mV̇O2 and has been shown to be reliable and reproducible
when compared to phosphorus magnetic resonance spectroscopy
(P-MRS) indexes of skeletal muscle oxidative function (Ryan
et al., 2013c), and in situ high-resolution respirometry measures
of mitochondrial respiratory capacity via muscle biopsy analysis
(Ryan et al., 2014). The exercise/cuff protocol was performed
twice with a 5-min rest period between protocols and the
two tests were then averaged. To normalize the NIRS signal,
an ischemia/hyperemia procedure was performed as follows.
Following a brief 5-s electrical stimulation at 6 Hz, the cuff was
inflated to 300 mmHg for 5 min (or until a plateau was reached).
This represented maximal deoxygenation (0%) of the tissue under
the optode. Following release of the cuff, a peak hyperemic
response (representing 100% oxygenation) was recorded. The

Measures of mV̇O2
Following 10 min of supine rest on a padded table with
both legs fully extended, a triangular pillow was placed under
the right thigh and support placed under the participant’s
right ankle to optimize the lower leg position perpendicular
to the floor (Figure 1). Participants were informed to not
move their limbs throughout the testing procedures. A nearinfrared spectroscopy (NIRS) optode (Portamon, Artinis medical
systems) was placed on the gastrocnemius medialis (2/3 distance
from the calcaneus and anterior fossa) and secured with an elastic
bandage (Tiger Tear, Hampshire, United Kingdom) to prevent
movement and covered with an optically dense black material
to minimize the intrusion of extraneous light. The position of
the probe was marked with indelible ink which was reapplied
at regular intervals during the intervention protocol to ensure
correct placement of the optode during the post-intervention
trial. Two square electrodes (50 × 50 mm), attached to a
neuromuscular stimulator (NeuroTrac Sports, Verity Medical
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short duration stimulation helped to minimize the duration of
the ischemic cuff and avoid unnecessary discomfort. All data
were normalized within each trial to this ‘physiological’ range
to allow comparisons between individuals with differing ATT
(Van Beekvelt et al., 2001; Ryan et al., 2012). Representative
experimental data from a single individual trial is shown
(Figure 2).

100

O 2Hb (%)

80

Calculation of mV̇O2

[O2 Hb(t)]
(O2 Hb) + [HHb(t)]

HHbc (t) = HHb(t) − [tHb(t) × β]

(3)

Ischaemic calibration
0

600

900

1200

1500

1800

FIGURE 2 | Experimental trial illustrated with muscle oxygenated hemoglobin
(O2 Hb) expressed as a percentage of an ischemic normalization. Two resting
30-s occlusions were performed to establish resting mV̇O2 , followed by a
15-s electrical stimulation and a series of 15 brief occlusions. This was
repeated but not shown for clarity. Finally, a 5-min ischemic normalization
procedure was performed.

k assessment of oxidative function using NIRS as 8.7% CV,
which was comparable to that reported elsewhere for the same
technique (Adami and Rossiter, 2017).

Submaximal Plantar Flexion Exercise
A total of 14 participants from the initial study (age, 26 ± 5
years; stature, 182 ± 5 cm; body mass 84 ± 12 kg) took
part in an exercise protocol to further identify changes in
local muscle metabolism and blood flow. Seven participants per
group were recruited to complete this follow-up investigation
due to availability of laboratory and the duration of the
expanded testing protocol required. Participants (IPC n = 7;
Sham n = 7) conducted a range submaximal isometric plantar
flexion exercise tasks following tests of muscle oxidative capacity.
They were seated upright on a dynamometer [Kin Com Auto
Positioning (125 AP), Chattanooga Group Inc., Hixson, TN,
United States] with the knee fully extended (0o ) to ensure that
the gastrocnemius contributed significantly to plantar flexor
joint movement (Cresswell et al., 1995) and the hip joint was
extended (124 ± 4o ), as assessed using a goniometer. The
foot was fixed in a neutral anatomical position, with the sole
of the foot fixed perpendicular (90o ) to the tibia. The lateral
malleolus was visually aligned with the center of rotation of
the dynamometer lever arm and the foot was securely fixed to
the dynamometer foot plate with Velcro straps. All measures
for each participant were recorded for future trials. Participants
conducted a warm-up, comprising of 3 × 5-s submaximal
isometric plantar flexion contractions at 25, 50, and 75% of
perceived maximum effort, separated by 30-s rest. Maximal
voluntary plantar flexion isometric contraction (MVC) was
first established during the familiarization session to enable
determination of a range of working submaximal exercise

(4)

where y is the relative mV̇O2 during arterial occlusion, End is
the mV̇O2 immediately following the cessation of the electrical
stimulation, Delta is the change in mV̇O2 from rest to end
exercise, t is time, and k is the rate constant. The recovery
of mV̇O2 to resting levels, therefore, represents the maximal
oxidative capacity of the region of interest monitored in
skeletal muscle. We calculated a test–re-test reliability for the
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where, O2 Hbc and HHbc are the corrected oxygenated and
deoxygenated hemoglobin/myoglobin signals, tHb is the relative
total hemoglobin concentration from the NIRS device, β is the
blood volume correction factor, and t is time. These values for
O2 Hbc and HHbc thus represent the corrected data minus any
blood volume changes.
The mV̇O2 was calculated by the slope of change in the
corrected O2 Hb and HHb during the first 3 s of an arterial
occlusion by using simple linear regression. We calculated a test–
re-test reliability of 6.7% coefficient of variation (CV) for resting
mV̇O2.
Following an electrically stimulated increase in metabolic
rate, the repeated mV̇O2 measurements were then fitted to a
monoexponential curve to derive a rate constant (k). This method
utilizes linear modeling to report changes in mV̇O2 as an index of
oxidative capacity (Hamaoka et al., 1996), according to Eq. 4:
y = End − Delta × (1 − e−kt )

40

0

where, β is the blood volume correction factor, t represents time,
O2 Hb is the oxygenated hemoglobin/myoglobin signal and HHb
is the deoxygenated hemoglobin/myoglobin signal. The blood
volume correction factor was calculated for each data point and
then applied to the raw NIRS data for O2 Hb (Eq. 2) and HHb
(Eq. 3) as below:
(2)

.
Resting mVO 2

20

(1)

O2 Hbc (t) = O2 Hb(t) − [tHb(t) × (1 − β)]

60

Repeated occlusions

A blood volume correction factor was applied to each data
point as previously described (Ryan et al., 2012) based on
the assumption that during an arterial occlusion, the area
under the probe is a closed system and therefore changes in
oxygenated hemoglobin/myoglobin (O2 Hb) and deoxygenated
hemoglobin/myoglobin (HHb) should occur in a 1:1 ratio.
Briefly, a blood volume correction factor was calculated
according to Eq. 1:
β(t) =

Electrical stimulation
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PD1, Ultrasound Technologies, Caldicot, United Kingdom) and
automatic inflation cuff, as previously described (Loenneke et al.,
2012). Average LOP for the IPC group was 140 ± 8 mmHg and
for the sham group 151 ± 17 mmHg.

intensities for pre and post exercise testing. Participants were
instructed to perform three maximal isometric plantar flexion
contractions and gradually develop force from rest to maximum
over a 3- to 5-s time period, separated by 60-s rest. The
peak plantar flexion torque associated with maximal voluntary
contraction (MVC) was then recorded. If the 3rd contraction
continued to increase, additional attempts were made until a
plateau was reached.
During experimental visits participants performed
intermittent plantar flexion contractions at 40, and 60% of
MVC. The exercise protocol involved rhythmic isometric
contractions in an equal work to rest ratio (2.5-s contraction:
2.5-s rest) for a total of 2 min. The pattern was maintained
by following a digital metronome (total of 24 contractions).
This exercise time was chosen as it elicited steady-state HHb in
pilot trials. A feedback display of the actual force output was
provided to the participants who matched it at the prescribed
intensity. Recovery between the different intensity bouts was
3 min, or until NIRS data returned to baseline. Values for HHb
and tHb were reported as the delta from baseline (30 s average
prior to test) to steady state exercise to examine the metabolic
demands of the exercise bout. The HHb signal which is regarded
as blood volume insensitive during exercise was therefore used
to indicate intramuscular oxygenation status (De Blasi et al.,
1994). Following the cessation of exercise, the time course of
recovery from exercise was modeled on O2 Hb off-kinetics to
evaluate oxygen delivery and utilization (McCully et al., 1994b).
A mono-exponential (Eq. 4) was fitted to the first point greater
than 1 SD above the end exercise mean over 120 s and a Tc
calculated.

ATT, Heart Rate, and Blood Pressure
Adipose tissue thickness (ATT) was measured at the site of
the NIRS optode, in duplicate, to the nearest 0.1 mm using
skinfold calipers (Harpenden, Burgess Hill, United Kingdom).
The average value of skin and subcutaneous tissue thickness
for the IPC group was 6.9 ± 2.6 mm and for the sham group
6.4 ± 2.5 mm (range of 3.8–12.4 mm). This was less than half
the distance between source and the detector (35 mm). There
was no correlation between mV̇O2 and ATT when expressed
as a percentage of the ischemic normalization (R2 = 0.19437;
P > 0.05). Blood pressure was monitored using an upper arm
blood pressure monitor (Omron i-C10, Omron Healthcare Co.,
Kyoto, Japan) at the beginning of both experimental sessions,
following 10 min of supine rest. Mean arterial pressure (MAP)
was reported based on calculations of systolic blood pressure
(SBP) and diastolic blood pressure (DBP): MAP = DBP + 0.33
(SBP − DBP). Following duplicate measures of oxidative
capacity, heart rate responses were recorded in the supine
position (Polar V800, Polar Electro OY, Kempele, Finland) for
2 min (pre-occlusion), 5 min (ischemic-normalization arterial
occlusion), and 5 min (reperfusion). The periods were selected
to obtain measurements of heart rate and heart rate variability
(HRV) during rest and in response to acute lower-limb ischemia.
The raw RR intervals were converted into beat-to-beat heart rate,
after which potential ectopy and artifact was determined by a
computer algorithm that identified all RR intervals outside the
upper and lower limits (±25%) of a 5-beat moving average. Two
time-domain measures of short-term HRV were determined:
the standard deviation of all RR intervals (SDNN) and the
square root of mean squared differences of successive normal
RR intervals (RMSSD). Data were reported in milliseconds (ms).
Conducting short-term HRV over = 2-min resting intervals has
been commonly used in the literature (Dekker et al., 1997; Levy
et al., 1998) as an indication of training adaptation or health
status. The device used to measure HRV has been validated
against ECG recordings (Giles et al., 2016). Room temperature
and lighting was controlled throughout all trials (19.7 ± 0.5◦ C)
and the participants were not given any instructions relating to
their breathing patterns while measurements were taking place.
The participants did not talk, consume food or drink, nor were
they given any additional verbal or visual stimuli during the
trial.

NIRS Device
The NIRS signals were obtained using a portable unit consisting
of 3 channels (Portamon, Artinis Medical Systems, Zetten,
Netherlands). The system is a two-wavelength continuous wave
system that simultaneously uses the modified Beer-Lambert law
and spatially resolved spectroscopy methods. Changes in tissue
O2 Hb, HHb, and tHb were measured using the differences in
absorption characteristics of infrared light at 760 and 850 nm.
Differential path factor (DPF) of 4 was used throughout. NIRS
data was connected to a computer by Bluetooth for acquisition at
10 Hz.

IPC Protocol
For the IPC protocol, automatic inflation cuffs (14.5 cm width –
Delfi Medical Innovations, Vancouver, BC, Canada) were placed
on the proximal portion of both thighs. The inflatable cuffs were
connected to a pressure gauge and were automatically inflated
to 220 mmHg (IPC) to ensure maximum occlusion across all
participants (de Groot et al., 2010). The sham group experienced
a lower pressure (20 mmHg) using the same automatic inflation
cuffs. The protocol involved 5-min occlusion, followed by 5-min
reperfusion, which was repeated four times (lasting 40 min)
in the supine position. This procedure was repeated for 7
consecutive days. To ensure the complete occlusion of arterial
inflow to the limb, each individual had their limb occlusion
pressure (LOP) assessed using a Doppler probe (UltraTec
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Statistical Analysis
Data are presented as means ± SD. After checks for normality,
analysis of covariance (ANCOVA) was used to determine
the difference between resting mV̇O2 and recovery kinetics,
exercise intensity and recovery, heart rate, mean arterial
pressure, and heart rate variability measurements. There was
one independent variable with two levels (IPC vs. sham), with
the participants’ pre-test baseline data used as a covariate.
Magnitude of effects was calculated with partial eta-squared
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indicating a moderate effect (Figures 4A,B). A total of 9 out
of the 10 participants in the IPC group demonstrated enhanced
oxidative capacity (IPC range: 2–50%), with minor changes in the
control group (Sham range: < 7%).

*

0.4

Muscle Oxygenation Responses to
Submaximal Exercise

Pre
Post

0.2

The IPC reduced delta HHb at exercise intensities of 40% MVC
(IPC 16%; Sham 2% [F (1,13) = 8.867; P = 0.014; ηp 2 = 0.470])
and 60% MVC (IPC 12%; Sham 3% [F (1,13) = 4.217; P = 0.05;
ηp 2 = 0.277]) with no change in sham (Table 1). In contrast, tHb
was not different between condition (P > 0.05) (Table 1). The
Tc for recovery following exercise was increased by ∼33 and 43%
at 40 and 60% of MVC, respectively [40% MVC F (1,13) = 0.824;
P = 0.038; ηp 2 = 0.46] [60% MVC F (1,13) = 6.742; P = 0.025;
ηp 2 = 0.38], with no changes in the sham group (Figure 5B).
A representative figure illustrates the shift in reoxygenation after
exercise at 40% MVC following 7-day IPC (Figure 5A).

0.0

IPC

Sham

FIGURE 3 | Resting muscle oxygen consumption pre (black) and post (white)
for the IPC (n = 10) and sham (n = 10) groups. ∗ P > 0.05.

(ηp 2 ) according to the following criteria: 0.02, a small difference;
0.13, a moderate difference; 0.26, a large difference (Cohen,
1988). Statistical analysis was performed using SPSS 21 (IBM,
Armonk, NY, United States). Curve fitting and display of data
was performed with GraphPad Prism (GraphPad Software, La
Jolla, CA, United States). Statistical significance was set at
P < 0.05.

Cardiovascular Adaptations
Mean arterial pressure (MAP) was not different between groups
(P = 0.578; ηp 2 = 0.019) (Table 2). There was no difference
between IPC and sham groups for post-trial measures of 2min resting heart rate (P = 0.255; ηp 2 = 0.085), 2-min RMSSD
(P = 0.110; ηp 2 = 0.162), 2-min SDNN (P = 0.076; ηp 2 = 0.195),
5-min occlusion heart rate (P = 0.531; ηp 2 = 0.027), and 5-min
recovery heart rate (P = 0.867; ηp 2 = 0.002) (Table 2).

RESULTS
Resting Muscle Oxygen Consumption

DISCUSSION

Resting mV̇O2 was comparable at baseline between groups
(IPC 0.39 ± 0.16%.s−1 , Sham 0.39 ± 0.15%.s−1 ; P > 0.05).
Following the 7-day IPC intervention, mV̇O2 was reduced by
16.4% (IPC 0.33 ± 0.14%.s−1 ) compared to no change in the
control group (Sham 0.39 ± 0.14%.s−1 ) [F (1,0.018) = 4.493,
P = 0.039, ηp 2 = 0.21], indicating a moderate effect (Figure 3).

This study provides the first evidence that skeletal muscle
oxidative function is enhanced following repeated IPC. We
report a number of important observations. First, repeated
bouts of bilateral lower-limb IPC across 7 consecutive days
increased skeletal muscle oxidative capacity. Second, we observed
a decrease in resting skeletal muscle metabolism. Third, there
was evidence of enhanced microvascular oxygenated blood flow
following IPC that facilitated a rapid recovery from submaximal
exercise. Finally, systemic measures of resting blood pressure,
heart rate and autonomic function did not change following
IPC. Together, these findings suggest that local adaptations,
distal to the IPC stimulus, potentiate oxidative function, and
microvascular blood flow beyond the late phase (24–72 h) of
protection, despite no apparent systemic cardiovascular changes.

Muscle Oxidative Capacity
Immediately following a 15-s electrical stimulation during preintervention testing, end contraction mV̇O2 was increased
relative to resting mV̇O2 in both conditions (IPC 0.39 ± 0.16
to 5.01 ± 0.92%.s−1 ; Sham 0.39 ± 0.15 to 4.09 ± 0.94%.s−1 ).
Following the 7-day intervention procedure, there were no
significant changes in end contraction mV̇O2 , however, ηp 2
indicated a moderate effect with a trend toward a ∼13% reduction
in the IPC group (IPC pre 5.01 ± 0.92 to post 4.36 ± 0.38%.s−1 )
and minimal changes in the sham group (∼1.7%) (Sham pre
4.09 ± 0.94 to post 4.01 ± 0.68%.s−1 ) (P > 0.05, ηp 2 = 0.13).
To model the recovery from 15-s electrically stimulated muscle
contractions, the rate constant (k) for the recovery of mV̇O2
was assessed via a series of brief occlusions prior to the
intervention procedure (Baseline IPC 2.89 ± 0.47 min−1 ; Sham
3.18 ± 1.36 min−1 ). The 72 h following 7-day IPC, the rate
constant for mV̇O2 recovery was increased ∼13%, with no
change in the control group (< 3%) (IPC pre 2.89 ± 0.47
to post 3.32 ± 0.69 min−1 ; Sham pre 3.18 ± 1.36 to post
3.25 ± 1.50 min−1 ) [F (1,19) = 4.897, P = 0.041, ηp 2 = 0.224],
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Enhanced Local Skeletal Muscle
Oxidative Capacity
A ∼13% increase in skeletal muscle oxidative function was
achieved in this study, by administering four bouts of arterial
occlusion for 5 min with a time equivalent reperfusion, over a
7-day period. The participant group used for this investigation
were healthy, young (average ∼26 years), active males (average
engagement in exercise ∼4 h/week), with baseline measures of
oxidative function that support a good level of physical fitness
(∼2.89 min−1 ) when compared values reported elsewhere using
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FIGURE 4 | (A) Representative (n = 1) NIRS mV̇O2 recovery curve from pre (white circle) and post (black circle) following a 7-day IPC intervention. Data is fitted to a
non-linear monoexponential curve and a rate constant (k) derived. (B) Bar graph illustrates average rate constants for pre (black) and post (white) for the IPC (n = 10)
and sham (n = 10) groups. ∗ P > 0.05.

and fatigue during low-intensity work often demonstrate a
reduction in muscle oxidative capacity. This has been described
for physical inactivity (Ryan et al., 2013b), immobilization
(Krieger et al., 1980), aging (McCully et al., 1994a; Larsen et al.,
2009, 2012), chronic disease (Southern et al., 2015), and motor
complete spinal cord injury (Levy et al., 1993; McCully et al.,
2011; Erickson et al., 2013), as well as a variety of metabolic
disorders, such as obesity (Wells et al., 2008), type 2 diabetes
(Mogensen et al., 2007), and mitochondrial myopathy (van
Beekvelt et al., 1999).
Trainable differences in oxidative function have been
described using NIRS, where following a 4-week period of
endurance training, wrist flexor muscles increased their oxidative
function by 64% (Ryan et al., 2013b). Shorter bouts of training
across 7–14 days also potentiate markers of mitochondrial
adaptation, that underlie changes oxidative potential (Egan et al.,
2013). Therefore, we have observed that repeated IPC can
stimulate adaptive changes in skeletal muscle oxidative function
that are replicate to changes initiated by exercise. Despite
the moderate shift in oxidative capacity reported, the smaller
margin for improvement in a sample population that is already
healthy and trained, alongside the well-conditioned nature of the

TABLE 1 | Delta changes in HHb and tHb following submaximal intermittent
plantar flexion contractions at 40 and 60% of 1RM among IPC (n = 7) and sham
(n = 7) groups.
(HHb) delta (a.u.)
IPC Pre

(tHb) delta (a.u)

IPC Post

IPC Pre

6.49∗

IPC Post

40% MVC

26.08 ± 5.81

21.96 ±

55.81 ± 8.77

54.39 ± 8.80

60% MVC

29.06 ± 7.59

25.62 ± 6.79∗

66.01 ± 7.68

64.60 ± 13.77

Sham Pre

Sham Post

Sham Pre

Sham Post

40% MVC

25.62 ± 11.26

26.05 ± 6.96

43.96 ± 15.84

45.97 ± 8.87

60% MVC

25.88 ± 9.92

27.76 ± 9.53

50.08 ± 16.99

51.65 ± 9.76

Values are presented as mean ± SD. HHb, deoxygenated hemoglobin; tHb, total
hemoglobin; MVC, maximal voluntary contraction; a.u., auxillary units; ∗ P < 0.05
comparing pre to post.

this NIRS technique. For example, elite athletic populations
(VO2peak ∼74 ml.kg−1 .min−1 ) exhibit faster oxidative recovery
(∼3.2 min−1 ) when compared to sedentary individuals (VO2peak
∼34 ml.kg−1 .min−1 ) (∼1.7 min−1 ) (Brizendine et al., 2013). In
contrast, patients that share characteristics of exercise intolerance
A
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FIGURE 5 | (A) Representative exercise protocol showing submaximal intermittent plantar flexion contractions at 40% 1RM and the subsequent reoxygenation in
recovery. Data shown is from NIRS O2 Hb and presented as pre (gray) and post (black) 7-day IPC. Note: recovery is faster (P < 0.05) following 7-day IPC.
(B) The time constant (Tc) of recovery O2 Hb following exercise at 40 and 60% MVC is presented for IPC and Sham as pre (black) post (white). ∗ P > 0.05.

Frontiers in Physiology | www.frontiersin.org

7

May 2018 | Volume 9 | Article 463

Jeffries et al.

IPC Enhances Muscle Oxidative Function

reduced mobility, without impaired blood flow (i.e., multiple
sclerosis patients), have an increased resting mV̇O2 (Malagoni
et al., 2013). These peripheral adaptations occur to facilitate
oxidative function, thus sustaining physical activity in these
patients. Based on these observations, we would speculate that the
enhanced oxidative function we report may enable a reduction
in resting muscle metabolism via an increased mitochondrial
efficiency.
Increases in VEGF and NO (Kimura et al., 2007) that have
been reported following repeated IPC suggest that changes
in oxidative capacity and resting metabolic rate could be
linked to adaptations in mitochondrial function. During a bout
of arterial occlusion, local tissue hypoxia occurs downstream
of the occlusion site. Hypoxia stimulates VEGF, which has
been shown to activate Akt3, ultimately facilitating nuclear
localization of PGC-1α, the master regulator of biogenesis
(Wright et al., 2008). In this case, it could be hypoxia per
se that elicits an enhanced mitochondrial capacity, thereby
improving oxidative function, both at rest and following exercise.
An alternate explanation is that repeated bouts of ischemic
exercise, independent of systemic hypoxia, augment mRNA
content of PGC-1α, and markers of oxidative stress (Christiansen
et al., unpublished). Through generation of reactive oxygen
species (ROS) and subsequent activation of AMPK pathways,
mitochondrial function is augmented. However, it important
to note that excessive ROS production leads to oxidative
stress, which has been implicated in the pathophysiology of
cardiovascular diseases. Therefore, future work will need to
establish the pathway by which augmented oxidative function is
supported. A future consideration is the emerging role of posttranslational modifications of mitochondrial proteins involved in
oxidative phosphorylation and how hypoxic and ischemic stress
may modulate their function (Hofer and Wenz, 2014).

TABLE 2 | Heart rate, heart rate variability, and mean arterial pressure (MAP)
during rest and occlusion among IPC (n = 10) and sham (n = 10) groups.
Sham Pre

Sham Post

IPC Pre

62 ± 9

62 ± 9

60 ± 8

64 ± 11

2-min RMSSD (ms)

145 ± 98

96 ± 19

169 ± 133

143 ± 107

2-min SDNN (ms)

113 ± 87

62 ± 19

139 ± 136

103 ± 74

5-min occlusion HR
(b·min−1 )

63 ± 8

63 ± 6

61 ± 9

63 ± 9

5-min
post-occlusion HR
(b·min−1 )

61 ± 9

62 ± 7

60 ± 9

63 ± 10

MAP (mmHg)

89 ± 10

87 ± 6

89 ± 6

88 ± 6

2-min resting HR
(b·min−1 )

IPC Post

Values are expressed as mean ± SD. HR, heart rate; RMSSD, the square root
of mean squared differences of successive normal RR intervals; SDNN, standard
deviation of the normal RR intervals; MAP, mean arterial pressure.

locomotive muscle groups examined, when compared to greater
changes reported for relatively untrained wrist flexor muscles
(Ryan et al., 2013b), should be noted. We would speculate that
the potential for improvement in muscle oxidative capacity in
the lower limbs could be much greater and more easily achieved
in a sedentary or reduced mobility patient population and, thus
clinically significant where exercise programs are not appropriate.
While there has been limited research into the effects of repeated
IPC, cardiovascular adaptations have been described when IPC is
applied for 7 consecutive days (Jones et al., 2014), episodically
across a four (Kimura et al., 2007), and 8-week period (Jones
et al., 2015), and even twice daily application for 300 days (Meng
et al., 2012). Therefore, the importance of repeated IPC as a
simple, non-invasive clinical alternative to exercise prescription
to enhance skeletal muscle oxidative function alongside its
reported cardiovascular benefits, warrants further study.

Vascular Adaptations Following IPC
Resting Muscle Metabolism

We extended our primary hypothesis to speculate that if
we found an improvement in oxidative function following
repeated IPC, then this would translate to the exercising muscle.
Acute application of IPC improves muscular endurance as
evidenced by accelerated muscle deoxygenation kinetics (Kido
et al., 2015; Tanaka et al., 2016). NIRS has also been used to
describe the amplitude of response of HHb and tHb during
exercise. The HHb signal, which is regarded as blood volume
insensitive, is reported to reflect the balance between local
oxygen delivery and utilization, meaning it can report muscle
fractional oxygen extraction during exercise (De Blasi et al., 1993;
Grassi et al., 2003). During intermittent isometric contractions,
HHb was significantly reduced by ∼11–15% at differing exercise
intensities following IPC. There are various interpretations of this
finding such as a reduction in capillary recruitment during the
exercise bout, a change in capillary-venous heme concentration,
a reduction in muscle oxygen consumption, greater oxygen
delivery, or a combination of these factors. That tHb remained
unchanged, may suggest that oxygen delivery was increased
following IPC via a vascular or vasodilatory mechanism.
The recovery of muscle oxygenation during a non-occluded
state following exercise has also been used to evaluate oxidative

In addition to enhanced oxidative capacity, a corresponding
∼16% decrease in resting muscle metabolism occurred following
IPC. A similar observation has been made in porcine models,
where skeletal muscle energy demand was reduced following
preconditioning (Pang et al., 1995). We extend this to report a
sustained reduction 72 h following the final bout of IPC. This may
be explained by two potential mechanisms; either a reduction
in metabolic rate (reduced ATP requirement) or an increased
mitochondrial efficiency (increased ATP per molecule O2 ).
Interestingly, no change in resting mV̇O2 was reported following
4 weeks of endurance exercise training of the wrist flexor muscles
(Ryan et al., 2013b). However, in clinical populations, a decreased
resting muscle mV̇O2 has been reported in patients with chronic
heart failure (Abozguia et al., 2008) and patients with severe
peripheral arterial disease (Malagoni et al., 2010). In these cases,
chronic reductions in oxygen supply to the muscle lead to
adaptive changes in the periphery, which downregulate resting
mV̇O2 . Patients with mitochondrial myopathies also present with
decreased resting mV̇O2 , in this case due to diminished oxidative
function, which is compensated by increased blood flow to the
muscle (van Beekvelt et al., 1999). In contrast, patients with
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stimulus may need to be examined in more detail. It may be
that systemic effects occur acutely after IPC or that repeated daily
frequency is needed for these improvements to be sustained.

function (Chance et al., 1992; McCully et al., 1994b). A delay
in recovery following exercise is due to both the time course
required for PCr resynthesis, provided that muscle pH remains
relatively stable, and the delivery of oxygen (Chance et al.,
1992; McCully et al., 1994b). During recovery from exercise,
the balance between oxygen supply and oxygen demand
shifts in favor of oxygen supply as bioenergetic resources are
restored (Chance et al., 1992). In patients with peripheral
vascular disease, oxygen resaturation is lengthened in the
lower limb due to an inhibition of blood flow (McCully
et al., 1994a, 1997). Therefore, the faster reoxygenation kinetics
noted in the IPC group following exercise at both intensities
(∼32–43%), may reflect first, an enhanced oxidative capacity
and, second, increased oxygen delivery via a vasodilatory
mechanism or vascular adaptation. Our data supports previous
findings where simultaneous increases endothelial–dependent
vasodilation (∼9%) and vascular conductance (∼14%) have been
described following daily exposure to IPC for 7 days (Jones
et al., 2014). Indeed, similar observations have also been made
following intermittent exposure over 4 weeks (Kimura et al.,
2007) and 8 weeks (Jones et al., 2015). The primary mechanism
that has been proposed to mediate such changes has identified
the sheer stress exerted on the blood vessels following a period
of ischemia and subsequent reperfusion, as a major stimulus for
microvascular adaptation and endothelial function due to the
subsequent increase in blood flow following reperfusion (Green
et al., 2010; Tinken et al., 2010). Interestingly, Jones et al. (2014)
also reported vasculature adaptations in remote areas that were
not directly exposed to the repeated ischemic stimuli, suggesting
that circulating factors such as VEGF or endothelial progenitor
cells (Kimura et al., 2007) may elicit both local and systemic
effects. Much work remains to be carried out to understand
the effect of IPC on local and systemic vascular and oxidative
function.

Risks Associated With IPC
Prolonged ischemia and reperfusion generates local tissue
damage and can lead to endothelial injury, which may further
impede vascular blood flow (Thijssen et al., 2016). While the
implementation of IPC using a similar 7-day protocol prior to
an ischemia-reperfusion injury has been shown to be effective
in protecting against endothelial dysfunction (Luca et al., 2013),
the question remains as to what is regarded as a safe dose.
In addition, IPC has been shown to increase pro-inflammatory
markers of leukocyte activation which could be of potential risk
to cardiac patients (Zaugg and Lucchinetti, 2015). Therefore,
the long-term safety and optimal dose of IPC remains a real
consideration in clinical settings where underlying vascular
issues could be compounded. Based on current evidence, when
administered as a series of brief occlusions, little known side
effects have been reported for a single application, nor for
repeated applications up to 300 days (Meng et al., 2012). IPC
also remains an effective technique to elicit cardioprotection in
patients undergoing cardiac surgery.

Limitations
A potential confounding factor in this study was the control over
the level of exercise fitness in the individuals tested. This may
have impacted the ability to enhance skeletal muscle function
using IPC. We reported on average 4 h/week exercise that
consisted of running or team sport training. However, further
insight into the effectiveness of IPC to enhance skeletal muscle
oxidative function in athletic populations, sedentary and/or
clinical populations with reduced muscle activity, is needed.
For the IPC stimulus itself, the optimal strategy in terms of
number of repeated applications required, length of occlusion,
number of occlusions, and timings of protection to elicit these
oxidative changes, as well as safety, presents future questions
for the scientific community. In addition, the remote effects on
skeletal muscle not directly exposed to the ischemic stimuli also
warrant further study. Heterogeneity of blood flow under the
NIRS optode may also have impacted measurements of skeletal
muscle oxidative function. We attempted to minimize this by
standardizing placement of the optode and maintaining standard
laboratory conditions for all testing. NIRS signal penetration is
estimated to be one-half of the interoptode distance (in this case
35 mm), therefore, we monitored participants to ensure that
subcutaneous adipose tissue was > 15 mm to limit absorption
and scattering of light. Additional studies using multiple-source
detector probes would help further validate our findings. Finally,
the contribution of myoglobin to the NIRS signal remains
controversial, with suggestions ranging from 20% at rest to up
to 70% during exercise (Marcinek et al., 2007; Davis and Barstow,
2013). Separation of these spectra cannot be performed using the
NIRS device used in this study. Therefore, future work will need
to discriminate whether these contributions affect the measures
of oxidative function performed in this study.

Systemic Cardiovascular Effects of IPC
Reductions in systolic and diastolic blood pressure have been
observed following repeated IPC (Madias, 2011; Jones et al.,
2014). However, we found no changes in blood pressure. There
are inconsistencies in the literature, with several studies reporting
no changes in blood pressure (Kimura et al., 2007; Madias,
2015) suggesting that more evidence is needed to understand
the systemic effects of IPC. In addition, no changes in resting
heart rate or autonomic function were noted between groups,
as indicated by measurements of HRV. This was unanticipated,
given the systemic effects of IPC on parasympathetic nervous
system activity that have been demonstrated (Enko et al., 2011).
Systemic cardiovascular protective effects of acute IPC are
temporal in nature, with an early (1–4 h) and late (24–72 h)
protective window (Yellon and Baxter, 1995). We postulate that
the testing protocol utilized, whereby observations were made
72 h following the final bout of IPC, could also have permitted
a partial decay in systemic cardiovascular and hemodynamic
markers described. In addition, the cohorts studied were healthy,
active, and already well-conditioned to exercise, which may have
reduced the potential for changes in cardiovascular function. It
would appear that the nature and time-course of the applied
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in mitochondrial function contribute to these effects. These
findings will be of particular interest to athletic and clinical
populations.

CONCLUSION
Skeletal muscle is highly adaptable to multiple physiological
stimuli. Here, repeated bouts of IPC stimulus over 7 consecutive
days increased skeletal muscle oxidative capacity, decreased
resting muscle metabolism, and enhanced microvascular
oxygenation. It is clear that the adaptations reported may have
resulted from changes in hemodynamics induced by a single
bout of IPC, activation of molecular pathways, or diffusible
factors that mediate protective effects. Repeated activation of
these mechanisms over 7 days could explain the long-term
benefits beyond the reported acute late phase of protection
following IPC (+ 72 h). Enhancement of skeletal muscle oxidative
potential, described here, has not been previously reported
following repeated IPC but may suggest a potential longer
term effect on muscle performance. Future studies will need
to address the mechanisms by which IPC enhances oxidative
function at a cellular level, although it is likely that changes
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Background/aim: The aim of this study was to investigate the efficacy of pregabalin on ischemia-reperfusion injuries.
Materials and methods: Fifty-four patients were randomly assigned into 2 groups. A 150-mg tablet of pregabalin was given the night
before and then 1 h before the operation for patients in Group P (pregabalin group, n = 27). A placebo was given to patients in Group C
(control group, n = 27) at the same times. After combined spinal-epidural anesthesia was performed, venous blood samples were taken
before tourniquet inflation (t1), just before tourniquet deflation (t2), and 20 min after tourniquet deflation (t3) for the analysis of total
antioxidant status (TAS), total oxidant status (TOS), catalase (CAT), and ischemia-modified albumin (IMA).
Results: There was no significant difference in TAS levels between the groups for the t3 period. However, the TAS in Group P was
significantly higher in the t3 period than the t2 period (mean ± SD, 0.46 ± 0.1 vs. 0.38 ± 0.2 mmol of Trolox equivalent/L, respectively; P
< 0.05). The CAT level in the t3 period was significantly higher in Group P than Group C (mean ± SD, 53.04 ± 32.1 vs. 35.46 ± 17.2 µmol/
formaldehyde, respectively; P < 0.05). In the t3 period, the TOS was significantly lower in Group P than Group C (mean ± SD, 11.97 ±
5 vs. 18.29 ± 9.9 pg/mL, respectively; P < 0.05). The TOS in Group P was significantly lower in the t3 period than the t2 period (mean ±
SD, 11.97 ± 5 vs. 18.98 ± 10.7 pg/mL, respectively; P < 0.0001).
Conclusion: Pregabalin has no marked antioxidant activity, but it contributes to the antioxidant defense system of an organism.
Keywords: Pregabalin, antioxidant, muscle, ischemia reperfusion injury, total knee replacement

1. Introduction
Tourniquet application during limb surgery involving
stopping the blood flow (ischemia) and flow restoration
(reperfusion) causes ischemia-reperfusion injury (IRI)
[1]. A shortage of oxygen and nutrient supply during
ischemia leads to cellular damage, which further induces
the generation of reactive oxygen species (ROS); this in turn
results in the modification of macromolecules such as lipids,
proteins, and nucleic acids and in the alteration of functions
of the aforementioned molecules in the oxygen reperfusion
phase, required for cell survival [2,3]. IRI not only triggers
irregularity in the cell signals responsible for ROS generation,
apoptosis, and cell differentiation and proliferation, but
also causes local tissue and distant organ damage owing to
the release of metabolites and active neutrophils [3–5]. In
human models, orthopedic surgery involving tourniquet use
is a good strategy for inducing IRI [6,7].

Pregabalin is a gamma-aminobutyric acid (GABA)
analogue that does not interact with GABA receptors.
It reduces Ca++ influx by binding to the α2δ subunit of
voltage-gated calcium channels and consequently inhibits
the release of neurotransmitters such as glutamate and
noradrenaline [8]. However, the mechanism of the
action of pregabalin is not yet completely understood,
and it is currently indicated for the treatment of diabetic
neuropathy, fibromyalgia, and anxiety. Recently, it
was found to be effective against postoperative pain
[4,9,10]. Additionally, some experimental studies have
demonstrated that pregabalin has neuroprotective,
antiinflammatory, and apoptosis-reducing effects, and it
was effective for improving myelin production, cerebral
ischemia, and reperfusion injury [11–14]. However, no
randomized clinical trials in the literature have reported
the effect of pregabalin on ischemia-reperfusion.
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Therefore, to the best of our knowledge, ours is the first
study investigating this mechanism.
In this study, we aimed to determine whether pregabalin
protects against muscular ischemia-reperfusion in
patients undergoing total knee replacement. The primary
outcome of our study was to compare the measurements
of total antioxidant status (TAS), which is a measure of
the combined activities of all antioxidants, immediately
before tourniquet release (ischemia, t2) and 20 min
after tourniquet release (reperfusion, t3). The secondary
outcome was to compare the measurements of TAS, total
oxidant status (TOS), ischemia-modified albumin (IMA)
level, and catalase (CAT) level before ischemia onset (t1)
and at the t2 and t3 time points.
2. Materials and methods
Our study was conducted at the Başkent University Konya
Application and Research Hospital after obtaining ethical
approval from the Ethics Committee of Başkent University
(KA 16/10). The study was registered in the Clinical
Trials Registry (NCT03482544). ASA I–II patients who
were aged between 18 and 65 years and had undergone
unilateral total knee arthroplasty under combined spinalepidural anesthesia were included in the study, and all the
patients were informed both verbally and in writing about
the details of the study before surgery.
The following patients were excluded from the study:
those with a history of allergy to antiepileptic drugs and
prescribed drugs; an ASA status of at least grade III; severe
liver, kidney (with liver enzyme levels 3 times greater than
normal levels and creatinine level greater than 1.5 mg/
kg), or gastrointestinal diseases; psychiatric disorders;
pregnancy or lactation; long-term opioid or nonsteroidal
antiinflammatory drug use or smoking; diabetes; and
other neuropathic diseases. Patients who did not provide
consent to regional anesthesia and those who refused to
participate were also excluded.
The patients’ ages, body mass index (BMI), sex, and
ASA status were recorded. The patients were randomly
assigned by a computerized process into 2 groups, each of
which included 27 patients. Group P (experimental group)
received pregabalin preoperatively, whereas Group C
(control group) did not. Tablets of 150 mg of oral pregabalin
(Lyrica, Pfizer, Germany) were given to patients in Group
P both the evening before and 1 h before the surgery.
Simultaneously, a placebo drug of the same color and size
was given to participants in Group C. Electrocardiography
(ECG), oxygen saturation (SpO2), and noninvasive blood
pressure measurements were taken for patients in both
groups after they were transferred to the operating room,
and these measurements were recorded throughout the
surgery. A 20-gauge intravenous catheter was inserted at
the back of the hand to administer 0.9% NaCl (6 mL/kg),
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but no anxiolytic agent was administered. The first blood
sample (preischemia, t1) was taken from the contralateral
arm after performing radial arterial catheterization. The
patients were then placed in a sitting position. After the
skin was sterilized using an antiseptic solution, local
anesthesia was administered. A 20-G Tuohy needle was
inserted into the epidural space either through the L3–4
or L4–5 space using the loss of resistance technique, the
subarachnoid space was accessed via the needle-throughneedle technique by employing a 27-G Quincke needle,
and heavy bupivacaine 0.5% (3 mL) was administered.
A catheter was inserted into the epidural space for
postoperative analgesia. After anesthesia administration,
the patients were placed in the supine position. Surgery
was initiated when the pin-prick test confirmed that
the sensorial block had reached an optimal level. The
tourniquet was inflated to a pressure that was 2 times more
than the systolic arterial blood pressure. For conducting
IMA, TAS, TOS, and CAT analyses, blood samples were
processed immediately before tourniquet deflation, after
the completion of surgery (ischemia, t2), and at 20 min
after tourniquet deflation (reperfusion, t3).
All blood samples were centrifuged at 3000 rpm for 10
min as soon as they were delivered to the laboratory. The
serum samples were stored at –80 °C until biochemical
analysis. The serum TOS levels were measured using a
TAS kit (Cayman Chemical Co., Ann Arbor, MI, USA) and
expressed as mmol Trolox equivalent/L. The CAT levels
(µM/formaldehyde) were determined using a catalase
assay kit (Cayman Chemical Co.). The serum TOS and
IMA concentrations were determined using an enzymelinked immunosorbent assay (ELISA) by employing kits
purchased from Sunredbio (Shanghai, China). The serum
TOS and IMA levels were expressed as pg/mL and ng/mL,
respectively.
Mean arterial pressure, SpO2, and hazard ratio
during the perioperative period, as well as side effects of
pregabalin such as confusion, dry mouth, and double or
blurred vision, were recorded during the perioperative and
postoperative periods. Additionally, biochemical analysis
results, operative time, and tourniquet time were recorded.
2.1. Statistical analyses
The TAS value during the reperfusion period (t3) was
considered as the primary outcome of this study. In our
preliminary study, the mean TAS values in Groups C and
P were 0.377 mmol/L and 0.478 mmol/L, respectively,
with a standard deviation (SD) of 0.15. According to the
calculator available at http://powerandsamplesize.com,
we calculated that 26 patients would be required in each
group based on a power of 80% and an alpha error of 0.05.
Therefore, assuming a drop-out rate of 5%, a total sample
size of 54 subjects (27 subjects per group) was planned.
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The analyses were conducted using SAS University
9.4 software. The continuous variables were represented
as means and SDs, whereas the categorical variables
were represented as frequencies and percentages. A chisquare test was used for comparing categorical variables
and a t-test was used for comparing continuous variables.
Mixed-effects models were developed to evaluate the
effects of pregabalin and time on continuous outcomes.
Inter- and intragroup comparisons of least squares mean
values were performed using Tukey–Kramer adjustments
whenever applicable. P < 0.05 was considered to be
statistically significant.
3. Results
The patients eligible for this study were analyzed in
terms of their primary outcomes, and the results were
presented in a Consolidated Standards of Reporting Trials
(CONSORT) flow diagram (Figure 1).
The groups were comparable with respect to age, BMI,
sex, ASA status, operative time, and tourniquet time
(Table).

The TAS level was high in Group P and low in Group
C in the t3 period; however, the difference in this value
between the 2 groups was not statistically significant (P >
0.05). In Group P, the TAS level was higher during the t3
period than during the t2 period, and this difference was
statistically significant (mean ± SD, 0.46 ± 0.1 vs. 0.38 ± 0.2
mmol of Trolox equivalent/L; P < 0.05) (Figure 2).
In the t3 period, the CAT level in Group P was
significantly higher than that in Group C (mean ± SD,
53.04 ± 32.1 vs. 35.46 ± 17.2 µmol/formaldehyde; P < 0.05)
(Figure 3).
In the t1, t2, and t3 periods, there was no statistically
significant difference between the groups in terms of IMA;
however, the group × time interaction was statistically
significant (P < 0.05). In the control group, the IMA value
was higher in the t3 period than that in the t2 period, and
this difference was statistically significant (mean ± SD,
137.21 ± 71.2 vs. 105.50 ± 54.4 ng/mL; P < 0.05) (Figure 4).
Although there was no difference between the
groups in terms of TOS, the group × time interaction
was statistically significant (P < 0.001). In the t3 period,

CONSORT Diagram

Enrollment

Assessed for eligibility
(n=54)
Excluded (n=0)
* Did not meet inclusion criteria
(n=0)
* Declined to participate (n=0)
Randomized (n= 54)

11

Allocated to intervention Control Group
12 (n=27)

15

Allocation

Allocated to intervention Pregabalin Group
(n=27)

Follow-Up

Discontinued intervention (n=0)

Discontinued intervention (n=0)

16

Analysis
Analyzed (n=27)
* Excluded from analysis (n=0)
19

Analyzed (n=27)
* Excluded from analysis (n=0)

Figure 1. CONSORT flow diagram of the present study.
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Table. Demographic characteristic of patients.
Group C (n = 27)

Group P (n = 27)

P

Age, years

43.66 ± 11.1

46.76 ± 10.7

0.284a

BMI, kg m–2
ASA status (I/II)

27 ± 2.3
21/6

27.54 ± 3.6
19/8

0.518a
0.535b

Sex (M/F)

11/16

9/18

0.573b

Duration of surgery, min

121.5 ± 14.9

117.8 ± 14.1

0.350a

Tourniquet time, min

124.4 ± 14.9

120.5 ± 14.4

0.340a

Values are presented as number or mean ± standard deviation. ASA: American Society of
Anesthesiologists. BMI: Body mass index.
a
Independent sample t-test.
b
Chi-square test.

Figure 2. Plasma total antioxidant status (TAS) concentration levels of groups. * P < 0.05 between t3
and t2 periods in Group P.

the TOS in Group P was significantly lower than that in
Group C (mean ± SD, 11.97 ± 5 vs. 18.29 ± 9.9 pg/mL;
P < 0.05). In Group P, the TOS was significantly lower in
the t3 period than that in the t2 and t1 periods (mean ± SD,
11.97 ± 5 vs. 18.98 ± 10.7 pg/mL; P < 0.0001 and 11.97 ± 5
vs. 16.49; P < 0.05). In Group C, the TOS was significantly
higher in the t3 period than that in the t2 period (mean ±
SD, 18.29 ± 9.9 vs. 14.99 ± 6.8 pg/mL; P < 0.05) (Figure 5).
There was no significant difference between the groups
with regard to hazards ratio, SpO2, or mean arterial
pressure during the perioperative period, or in terms of

1696

side effects of pregabalin such as confusion, dry mouth,
and double or blurred vision during the perioperative and
postoperative periods.
4. Discussion
We hypothesized that pregabalin can play a beneficial role
in reducing the incidence of acute muscular ischemia and
reperfusion injury caused by tourniquet application during
total knee arthroplasty. The primary outcome of this study
was measurement of TAS values after tourniquet release.
However, there were no intergroup differences in TAS.
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Figure 3. Plasma catalase (CAT) concentration levels of groups. * P < 0.05 between groups in the t3 period.

Figure 4. Plasma ischemia-modified albumin (IMA) concentration levels of groups. * P < 0.05 between
t3 and t2 periods in Group C.
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Figure 5. Plasma total oxidant status (TOS) concentration levels of groups. * P < 0.05 between groups in
the t3 period. † P < 0.05 between t3 and t2 periods in the Group P. ‡ P < 0.05 between t3 and t1 periods in
Group P.

Here, we revealed that pregabalin had no antioxidative
effects against acute IRI of skeletal muscles, despite having
an impact on TAS, CAT, and TOS in the early reperfusion
period. Our main results were as follows: 1) the CAT level
decreased in Group C, whereas it remained the same in
Group P; 2) the TOS decreased in Group P, whereas it
increased in Group C; and 3) in Group P, the TAS value
in the reperfusion period was higher than that in the
ischemia period.
Although pregabalin is a GABA analogue, it is a potent
new-generation antiepileptic agent; it exerts an effect
by binding to the α2δ subunit of voltage-gated calcium
channels, which causes a reduction in the Ca++ influx, and
by inhibiting the release of glutamate and noradrenaline
from presynaptic terminals [4,8].
Several previous studies demonstrated that pregabalin
reduced the incidence of anxiolytic, analgesic, acute, and
chronic neuropathic pain and also exerted opioid-sparing
effects [15–17]. Moreover, several experimental studies
reported that pregabalin decreased apoptosis and also
exerted neuroprotective and antiinflammatory effects in
spinal cord injury models [12,13]; furthermore, it reduced
the severity of autoimmune encephalomyelitis [14],
improved myelin repair, and reduced glial activation [11].
When glutamate, a Ca++-dependent excitatory
neurotransmitter, enters a cell, it triggers neuronal
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damage and apoptosis by binding to n-methyl-d-aspartate
(NMDA), which is one of the postsynaptic receptors
[18–20]. Another study demonstrated that an anesthetic
agent exerted protective effects against muscular IRI
by inducing ischemia-reperfusion owing to its NMDA
receptor-blocking property, and by reducing IRI-related
lipid peroxidation markers [21]. Moreover, unlike
glutamate receptor antagonists, pregabalin exhibits an
excellent safety profile by suppressing Ca++ entry into
presynaptic terminals and thereby reducing the release of
not only glutamate but also other excitotoxic substances
such as noradrenaline; thus, it shows more activity on the
progressive cascade. Pregabalin also exhibits a mechanism
to overcome various hazards caused by NMDA receptor
antagonists [20].
Few studies have shown that pregabalin has protective
effects against IRI, and these studies have been conducted
only on animals. Asci et al. revealed that pregabalin
reduced the level of lipid peroxidation markers, such as
thiobarbituric acid reactive substances (TBARS), during
cerebral ischemia-reperfusion, and instead increased the
activity of glutathione peroxidase (SGH-PX) and CAT
enzymes, which are the most important antioxidant
enzymes against reactive oxygen substrates [8]. Here,
pregabalin had no effect on IMA but prevented the
reduction in CAT activity during the reperfusion period.
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Ozer et al. investigated the effects of different doses of
pregabalin on lower limb IRI and erythrocyte deformity.
Although there was no difference between the doses,
they did not observe any negative effects on erythrocyte
deformity in the pregabalin groups [22]. Ozturk et al.
studied the effect of different doses of pregabalin (50 mg
and 200 mg) on muscular ischemia-reperfusion and found
that interstitial inflammation and IMA levels increased
in the ischemia-reperfusion group; although the former
was reduced in the pregabalin group, the drug exerted no
effect on the IMA level. Additionally, the authors were of
the opinion that the administration of pregabalin at high
doses has a protective effect [4]. In our study, the effect of
pregabalin on the level of IMA, which is produced after
malondialdehyde’s interaction with plasma lipoprotein, a
lipid peroxidation product, was not observed.
The antioxidant system, which is the sum of different
antioxidant products containing enzymes, nonenzymatic
antioxidants, and an array of small molecules, can reduce
the extent of ROS- and free radical-induced oxidative
damage. These known and unknown antioxidant products
form the complex antioxidant system of the human body
[6]. Because TAS is a marker reflecting all antioxidant
levels [23], we considered the effect on TAS value in the
reperfusion period as our primary outcome. Excessive
depletion of oxidants and/or antioxidants leads to the
development of oxidative stress in an organism [24]. ROS
produced as a result of tourniquet application-induced IRI,
as well as the products formed by a series of reactions, lead
to the generation of oxidative stress in an organism. Owing
to these products, the injury not only causes local tissue
damage but also distant organ damage [1]. CAT is one
of the most important antioxidant enzymes against ROS
[8]. In numerous studies, IMA levels increased in cases of

acute ischemia such as that of the skeletal muscles as well as
cerebral, myocardial, and pulmonary infarction/ischemia
[25]. TOS is a marker reflecting the combined activity
levels of all oxidants [26]. Our study is the first to investigate
the protective effect of pregabalin against acute muscular
IRI by demonstrating the ability of the drug to inhibit the
presynaptic release of NMDA receptor-bound glutamate.
In our study, no difference was noted in the reperfusion
period between Groups P and C according to the primary
outcome. In contrast, we demonstrated that pregabalin
reduced IRI marker levels by decreasing the TOS level;
however, it increased protective factors against IRI by
increasing the TAS level while maintaining the CAT level.
We suggest that pregabalin is ineffective against IRI, but it
contributes to the body’s antioxidant system.
This study has a few limiting factors. First, ischemiareperfusion marker levels were not analyzed in tissues.
Second, glutamate levels were not measured at the
preischemic time point as well as at ischemic and
reperfusion time points. Third, the actual beneficial effects
on long-term variables, such as mobility of the operated
knee or the first walking time during the postoperative
period, were not assessed. Finally, we did not evaluate
infection marker levels and immune functions.
In conclusion, two-time preoperative administration
of 150 mg of pregabalin does not result in complete
antioxidative activity. However, pregabalin contributes to
the human body’s antioxidant system against oxidative
stress generated by tourniquet-induced IRI occurring
during total knee arthroplasty under combined spinal
epidural anesthesia.
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Abstract
Background: Higher tourniquet pressures may be associated with an increased risk of complications. We aimed to
determine (1) whether a lower tourniquet pressure [systolic blood pressure (SBP) + 120 mmHg] is as effective as
conventional tourniquet pressure (SBP + 150 mmHg) in providing a bloodless surgical field and decreasing blood
loss, and (2) whether lowering the tourniquet pressure decreases tourniquet-related complications compared to
conventional inflation pressure.
Methods: One hundred and sixty knees in 124 patients undergoing total knee arthroplasty (TKA) were randomly
allocated to either conventional (n = 80) or lower inflation pressure group (n = 80). The quality of the initial surgical
field and occurrence of intraoperative blood oozing, hemoglobin drop, drained volume and calculated blood loss
were assessed as efficacy variables. Safety outcome variables included post-operative pain, tourniquet site skin
problems (ecchymosis, bullae, skin necrosis), and other tourniquet-related complications such as nerve palsy,
venous thromboembolism, and delayed rehabilitation.
Results: A comparable bloodless surgical field was successfully provided in both groups (100% vs. 99%, p = 1.000).
One case in the conventional pressure group and two cases in the lower pressure group showed intraoperative
blood oozing (p = 1.000), which was successfully controlled after an increase of 30 mmHg in the tourniquet inflation
pressure. There was no difference in the hemoglobin drop, drained volume, and calculated blood loss. The two
groups did not differ in any safety outcomes such as post-operative pain, thigh complications, and other tourniquet
related complications.
Conclusion: This study demonstrates that a tourniquet inflation pressure of 120 mmHg above the SBP is effective
method during TKA.
Trial registration: The trial was with ClinicalTrials.gov (NCT01993758) on November 25, 2013.
Keywords: Knee, Arthroplasty, Tourniquet, Inflation pressure, Complication

Background
A tourniquet is commonly used during total knee arthroplasty (TKA) to have a clear bloodless field, which potentially reduces operative time, decreases intra-operative
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blood loss, and better prepares the cement-bone interface,
despite the possible adverse effects associated with its use
[1, 2]. Several aspects related to tourniquet use remain
debatable; one among them is the pressure used to inflate
the tourniquet. An optimal tourniquet pressure should be
determined to balance safety and efficacy. A higher
tourniquet pressure ensures the reliable function of the
tourniquet; however, it may lead to a greater incidence of
complications [3]. These complications are commonly
related to both the duration of its use and the inflation
pressure. While a lower tourniquet pressure is safer [4], it
may not provide a bloodless operative field. However, no
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consensus exists regarding the optimal target inflation
pressure among orthopedic surgeons [5].
The pressure used to inflate the tourniquet varies
among surgeons. While some prefer a uniform tourniquet inflation pressure for all patients [6–8], others vary
it based on the systolic blood pressure (SBP) [9–11]. The
prior approach does not take the SBP into account and
may result in the use of higher tourniquet pressures. On
the other hand, the reported safe margin added to the
SBP ranges widely, from 100 to 250 mmHg in the literature [12–15]. In our institution, adding 150 mmHg to
the patient’s SBP was the routine method for determining the tourniquet inflation pressure; therefore, the mean
inflation pressure was far lower than the fixed high tourniquet pressure such as 300 or 350 mmHg. Considering
that higher tourniquet pressures are a risk factor for
tourniquet-related complications, we sought to further
reduce the tourniquet inflation pressure from our
conventional method, SBP + 150 mmHg. Although there
were studies which determined the tourniquet pressure
as SBP + 100 mmHg [14–16], a report of 17% of failure
of achieving bloodless surgical field after sharp SBP rise
seemed to be not acceptable to the authors [17]. Thus,
we set the target amount of reduction in the tourniquet
inflation pressure as 30 mmHg rather than 50 mmHg.
We aimed to determine whether a lower tourniquet
pressure [systolic blood pressure (SBP) + 120 mmHg] is as
effective as conventional tourniquet pressure (SBP + 150
mmHg) in providing a bloodless surgical field and decreasing blood loss We also questioned whether lowering
the tourniquet pressure can decrease tourniquet-related
complications compared to conventional inflation pressure. We hypothesized that lower tourniquet pressures
may achieve a bloodless surgical field similar to that
achieved with conventional inflation pressure and present
comparable blood loss, and that it may lead to a decrease
in tourniquet-related complications.

rate when the power was set at 0.8, and the alpha value
was set at 0.05. Accounting for a dropout rate of 10%, a
total of 160 consecutive knees were enrolled in this
study (80 in each group). This study was approved by
the institutional review board of our institution. Written
informed consent was obtained from all the participants
in this study. This study was registered at www.clinicaltrials.gov (NCT01993758).
Patients scheduled to undergo primary TKA (unilateral
or staged bilateral TKA) for advanced knee osteoarthritis
were considered eligible for inclusion. We assessed 168
knees in 130 patients undergoing unilateral or staged bilateral primary TKA between November 2013 and March
2014 for eligibility. From these patients, we excluded six
patients who fulfilled at least one of the following exclusion criteria: (1) SBP measured in the ward > 200 mmHg
(n = 0); (2) Thigh circumference > 78 cm (n = 0); (3)
Anesthesia other than spinal anesthesia (n = 6); (4) peripheral vascular disease (n = 0); (5) refusal to participate in
this study (n = 2) [4, 7]. The remaining 160 knees in 124
patients were randomly allocated to the conventional
tourniquet pressure group (SBP + 150 mmHg, n = 80) or
the lower tourniquet pressure group (SBP + 120
mmHg, n = 80) using a computer-generated randomized Table. A randomization table was created by an
independent statistician, which had permuted blocks
of four and six. No patients were excluded for any
reason after allocation; therefore, 80 knees remained
in each group in the final analysis (Fig. 1). The
patients, operator and an independent investigator
who collected all the information prospectively
remained blind to the randomization until final data
analysis. Demographic characteristics, thigh circumference, the prevalence of hypertension, diagnosis, preoperative hemoglobin, operated side, operation type,
used implant, and the operation method were not
different between the two groups (Table 1).

Methods

Perioperative management and surgical technique

Study design

A femoral nerve block was conducted preoperatively in
the operating room. A bolus dose of 30 mL of 0.375%
ropivacaine was administered through an indwelling
catheter, followed by a continuous infusion of 0.2% ropivacaine, and the catheter was kept remained until the
third post-operative day. Spinal anesthesia was used in
all the patients with 10–15 mg of 0.5% bupivacaine and
20 μg of fentanyl.
Tourniquet was applied in all patients with identical
manner. A layer of elastic stockinet and three layers of
cotton padding were used under the tourniquet cuff
[18]. The extremity was exsanguinated with an Esmarch
wrap, and the automated pneumatic tourniquet (ATS
2000, Zimmer Inc., Warsaw, IN, USA) was inflated.
Based on the allocation of the subjects, the inflation

This study was a single-center, double-blinded, randomized controlled trial). The sample size was calculated
based on the difference in the primary outcome, namely
the failure rate of the bloodless field. In previous literature, an incidence rate of 17% has been reported for the
failure of achieving a bloodless field when the tourniquet
pressure was determined to be 100 mmHg above the
SBP [17]. We borrowed this result for the lower tourniquet pressure group (SBP + 120 mmHg) in our study,
because no other data are currently available for this
pressure. In addition, we experienced a 2% failure rate in
the conventional pressure group (SBP + 150 mmHg) in
the pilot study. Seventy-three subjects were required in
each group to detect 15% of the difference in the failure
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Fig. 1 Flowchart showing enrollment of patients

pressure was set at 120 mmHg, or 150 mmHg above the
last SBP measured just before tourniquet inflation (pre-inflation SBP). The surgeons were blinded to the
allocation, and the inflation pressure was set by the
circulating nurses who identified patient allocation from
the concealed envelope. The cuff size was identical in all
patients with 10 cm wide and 86 cm long.
All the operations were conducted by a single surgeon
(senior author) with same manner. A midline longitudinal skin incision was used with followed medial parapatellar arthrotomy. One of the following two posterior
stabilized implants were used according to the operator’s
discretion: Genesis II (Smith & Nephew, Memphis, TN,
USA), or e.motion PS PRO (Aesculap AG & Co. KG.,
Tuttlingen, Germany). Patella was resurfaced routinely
in all patients. All the implants were fixated with cement
(Palacos® R, Heraeus Medical, Wehrheim, Germany).
After the cement was completely polymerized, the tourniquet was deflated and arterial bleeding was controlled
by electrocautery. A multimodal drug cocktail were
injected in the periarticular tissue for the postoperative
analgesia [19]. A vacuum-assisted drain was indwelled

subcutaneously. Once the hemostasis and patellar tracking
was confirmed, the tourniquet was reinflated and kept
inflated until the completion of the dressing [20].
All patients were given intravenous patient-controlled
analgesia (PCA). All the patients underwent thromboprophylaxis according to our pre-determined protocol,
which is an individualized-approach strategy. Patients
were assessed pre-operatively for the risk of pulmonary
embolism (PE) or bleeding, then were classified into four
risk-stratified categories, to tailor post-operative thromboprophylactic therapies. The proportion of risk-stratified
groups for venous thromboembolism (VTE) prophylaxis
did not differ between two groups. Rivaroxaban, 10 mg,
was given orally, once a day for ten days, to patients with
a standard risk for both PE and bleeding and to patients
with an elevated risk for PE and a standard risk for bleeding. In patients with a standard risk for PE and an elevated
risk for bleeding, an intermittent pneumatic compression
(IPC) device was used for seven days. In patients with an
elevated risk for both PE and bleeding, an IPC device was
used for seven days along with aspirin 100 mg orally once
a day for six weeks. Continuous passive movement (CPM)
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Table 1 Demographic features and baseline data of study groups
Conventional Lower
[SBP + 150]
Pressure
(n = 80)
[SBP + 120]
(n = 80)

P value

Age (years)

71.0 (6.2)

71.8 (6.8)

0.424

Sex: female

73 (91%)

68 (85%)

0.222

Height (cm)

152.4 (6.3)

152.8 (7.8)

0.784

Weight (kg)

63.3 (9.9)

64.0 (11.1)

0.646

2

BMI (kg/m )

27.1 (3.3)

27.4 (4.0)

0.647

Thigh circumference (cm)

47.2 (5.1)

49.2 (5.5)

0.145

Hypertension

55 (70%)

53 (66%)

0.647

Primary osteoarthritis

78 (97%)

76 (94%)

0.330

Secondary osteoarthritis

0 0%)

2 (3%)

Diagnosis

Inflammatory arthritis

2 (3%)

3 (3%)

35 (44%)

42 (53%)

0.268

Unilateral TKA

38 (48%)

28 (35%)

0.261

Staged TKA: 1st

22 (28%)

29 (36%)

Staged TKA: 2nd

20 (25%)

23 (29%)

e-motion PS Pro®

57 (71%)

64 (80%)

Genesis II®

23 (29%)

16 (20%)

Conventional

63 (79%)

68 (85%)

Navigation

17 (21%)

12 (15%)

Operated side: Right
Operation type

Implant
0.197

Operation method
0.305

Pre-inflation SBP (mmHg)

105.1 (15.9)

111.2 (14.8)

0.012

Initial tourniquet pressure
(mmHg)

255.0 (18.1)

233.9 (15.5)

< 0.001

Tourniquet time (min)

83.1 (9.1)

82.1 (9.2)

0.486

Operative time (min)

99.3 (16.0)

99.5 (15.7)

0.925

Maximum intraoperative SBP
(mmHg)

124.1 (16.8)

121.4 (15.1)

0.278

Preoperative hemoglobin (g/dL)

12.4 (1.96)

12.1 (2.1)

0.406

Data are presented as mean with the standard deviation in parentheses or
number with the percentage in parentheses
BMI body mass index, TKA total knee arthroplasty, SBP systolic blood pressure

and weight bearing with an assistive device were initiated
beginning on day 2 and gradually increased over time. Patients undergoing unilateral TKA were discharged at
seven days, and those who underwent staged bilateral
TKA were discharged at 14 days (the 7th postoperative
day after the 2nd surgery).
Outcome measurement

The outcome measures included both intra-operative
and post-operative parameters, which were evaluated
within seven days after surgery. The primary efficacy

outcome was the provision of a bloodless surgical field
at the initiation of TKA (after skin incision, before
arthrotomy). It was recorded as either present or absent.
If the surgical field was obscured by blood oozing due to
a sharp rise in SBP at any point after the initial exposure
till the point of tourniquet deflation, it was recorded.
The tourniquet pressure was increased additionally at
this point by 30 mmHg at a time, for a maximum of
three times. The secondary efficacy outcomes were
hemoglobin drop on postoperative 2nd and 5th day,
drained amount and total blood loss, which was calculated using a formula based on patient blood volume
and a decrease in hemoglobin that described in several
previous studies [21–23]. The secondary safety outcome
measures were pain in the thigh and knee, thigh complications, and other tourniquet-related complications. The
pain levels were assessed on post-operative day 2.
Patients were questioned where is the most painful site
among knee, thigh, or equal pain in the knee and thigh.
In addition, pain level in the knee and thigh was evaluated by the patients using a visual analogue scale (VAS)
from 0 to 10, with 0 indicating no pain and 10 indicating
the worst pain imaginable, and a 5-point Likert scale of
increasing severity (no pain to extremely severe pain).
Complications at the thigh were evaluated within seven
postoperative days and recorded as ecchymosis, bullae,
and skin necrosis. Ecchymosis was graded as follows:
Grade 0 - none; Grade 1 - present but limited to the
tourniquet site, < 3 cm wide; Grade 2 - > 3 cm but still
confined to the tourniquet site; Grade 3 - extending
beyond the thigh. Patients were evaluated for other
complications such as nerve palsy, symptomatic deep
vein thrombosis (DVT), PE, and delayed rehabilitation
defined as the inability to perform straight leg raise
(SLR) for seven days after surgery.

Statistical analysis

Statistical analyses were conducted with SPSS® for
Windows® (version 20.0, IBM, Chicago, IL, USA) and
p values < 0.05 were considered significant for all
comparisons. The initial achievement of a bloodless
surgical field and the incidence of intraoperative
blood oozing owing to a sharp SBP rise, hemoglobin
drop, drained volume, calculated blood loss was compared between the two groups to reveal the efficacy
of the lower tourniquet inflation pressure. The postoperative knee and thigh pain, thigh complications,
and other tourniquet related complications were
compared between the groups to confirm the safety
of each method. Statistical significance was determined using the Chi square test or Fisher’s exact test
for categorical variables and the Student’s t-test for
continuous variables.
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Results
The pre-inflation SBP was lower in the conventional
group, but the difference was only 6.1 mmHg (105.1 vs.
111.2 mmHg, p = 0.012) (Table 1). The initial tourniquet
inflation pressure was significantly lower in the lower
tourniquet pressure group than in the conventional
group (255.0 vs.233.9 mmHg; p < 0.001). However, the
two groups did not differ with respect to tourniquet
time, operative time, and the maximum intra-operative
SBP.
The lower tourniquet pressure (SBP + 120 mmHg)
provided a bloodless surgical field comparable to that
provided using conventional tourniquet pressure (SBP +
150 mmHg), and the blood loss was similar between the
two groups (Table 2). The initial quality of the bloodless
surgical field was good in both groups. A bloodless
surgical field was achieved in 80 knees (100%) in the
conventional group and 79 cases (99%) in the lower
tourniquet pressure group (p = 1.000). Only one patient
in the lower tourniquet pressure group did not have a
bloodless surgical field at the initial exposure, which was
addressed by increasing the tourniquet pressure by 30
mmHg. One patient in the conventional group and two
patients in the lower tourniquet pressure group had
episodes of intraoperative blood oozing owing to a sharp
increase in SBP, which obscured the initial bloodless
surgical field. The maximum intraoperative SBP in the
three patients was 136 [in the conventional group], 143
and 194 mmHg [in the lower pressure group], with the
pre-inflation SBP of 100, 110, and 140 mmHg, respectively. These patients required one instance of increase in
the tourniquet pressure by 30 mmHg and achieved
adequate control of hemostasis. In addition, there was
no difference in the hemoglobin drop on the 2nd and
5th day after surgery, drained volume and the calculated
blood loss (all p > 0.05) (Table 1).
In terms of the safety outcomes, the two groups did
not differ in any parameters, namely the pain level, thigh

complications, or other tourniquet-related complications
(Table 3). The VAS score and Likert scale for pain
showed that there was no difference between the two
groups regarding both the knee and thigh pain. The
proportion of patients who suffered more severe pain in
the thigh than in the knee did not differ between the
groups. There was no difference in the frequency of the
tourniquet-site ecchymosis between the two groups.
One patient in each group developed bullae on the
thigh. In addition, none of the patients developed thigh
skin necrosis, nerve palsy, symptomatic DVT/PE, or
delayed rehabilitation.

Discussion
The pneumatic tourniquet is widely used during TKA
despite its use being a topic of debate [24, 25]. Considering the complications associated with higher tourniquet
pressures, lower inflation pressures may theoretically
lead to reduced post-operative pain levels and reduced
incidence of tourniquet-related complications. We
undertook this study to determine if the lower tourniquet inflation pressure would be as efficacious as the
conventional inflation pressures and with a lower
incidence of complications. We hypothesized that a
lower tourniquet pressure has comparable efficacy to
conventional inflation pressure, in terms of achieving a
bloodless surgical field, and that it may lead to a
decrease in tourniquet-related complications.
Our findings support our hypothesis that lower tourniquet pressure would provide a bloodless surgical field
comparably to conventional inflation pressure. The
rationale behind inflating the tourniquet beyond the SBP
allowing a certain amount of safety margin is that it
accounts for the intra-operative fluctuations in blood
pressure and prevents oozing in the surgical field, which
might obscure the surgical field. However, using a
higher inflation pressure is one of the most important
reasons for complications following tourniquet use [3, 26].

Table 2 Comparison of the efficacy of the tourniquet in both groups
Conventional
[SBP + 150]
(n = 80)

Lower Pressure
[SBP + 120]
(n = 80)

P value

Bloodless surgical field (initial)

80/80 (100%)

79/80 (99%)

1.000

Intra-operative blood oozing after sharp rise in SBP

1/80 (1%)

2*/80 (3%)

1.000

Total failure of providing bloodless surgical field

1/80 (1%)

2*/80 (3%)

1.000

Hemoglobin drop on 2nd day

2.7 (1.1)

2.4 (1.3)

0.184

Hemoglobin drop on 5th day

2.8 (1.3)

2.4 (1.8)

0.076

Drained volume (ml)

23 (35)

27 (47)

0.482

Calculated blood loss (ml)

744 (256)

708 (283)

0.404

Data are presented as a number of patients with the percentage or mean values with the standard deviation in the parenthesis
*
One patient in the lower tourniquet pressure group failed to achieve a bloodless surgical field initially and showed intraoperative blood oozing after a sharp rise
in SBP
SBP systolic blood pressure
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Table 3 Comparison of safety parameters among groups
Conventional
[SBP + 150]
(n = 80)

Lower Pressure
[SBP + 120]
(n = 80)

P value

Knee

59 (74%)

60 (75%)

0.731

Thigh

15 (19%)

12 (15%)

Knee = Thigh

6 (7%)

8 (10%)

2.8 (1.4)

3.0 (1.6)

0.451

35 (44%)

37 (46%)

0.751

More painful site

Knee pain (VAS)
Knee pain (Likert)
No or Slight
≥ Moderate

45 (56%)

43 (54%)

Thigh pain (VAS)

1.5 (1.7)

1.3 (1.6)

0.270

No or Slight

61 (76%)

64 (80%)

0.566

≥ Moderate

19 (24%)

16 (20%)

Grade 0–1

77 (96%)

73 (91%)

Grade 2–3

3 (4%)

7 (9%)

Thigh bullae

1 (1%)

1 (1%)

1.000

Thigh necrosis

0 (0%)

0 (0%)

N/A

Thigh pain (Likert)

Thigh ecchymosis
0.191

Nerve palsy

0 (0%)

0 (0%)

N/A

Symptomatic DVT

0 (0%)

0 (0%)

N/A

Symptomatic PE

0 (0%)

0 (0%)

N/A

Delayed rehabilitation

0 (0%)

0 (0%)

N/A

Data are presented as a number of patients and the percentage, except for
the knee and thigh pain (VAS), the data for which are presented as mean and
standard deviation
VAS visual analog scale, DVT deep vein thrombosis, PE pulmonary embolism

Hence, use of the lowest possible inflation pressure is
recommended, provided the tourniquet inflation pressure
is sufficient to provide a bloodless surgical field. The mean
pressure in the lower tourniquet pressure group (SBP +
120 mmHg) was 234 mmHg, which is considerably lower
than the conventional group (SBP + 150 mmHg) or the
fixed pressure of 300 or 350 mmHg used in other studies
[6–8]. Additionally, only two patients in the lower tourniquet pressure group had an inadequate tourniquet pressure, with the incidence of tourniquet failure similar to
that of a previous study [4]. This failure to achieve a
bloodless surgical field was addressed by increasing the
tourniquet pressure by 30 mmHg. Previous prospective
randomized controlled studies that compared the lower
tourniquet pressure with the higher tourniquet pressure
reported that, the lower tourniquet pressure could provide
a sufficient bloodless surgical field that is comparable to
that provided by the higher tourniquet pressure (Table 4)
[4, 12, 14–16, 27]. The mean inflation pressures in the
lower inflation pressure groups were in the 223–260
mmHg range, which is similar to our result (234 mmHg),
except for the mean initial inflation pressure of 182

mmHg in a study by Tuncali et al., which used arterial
occlusion pressure (AOP) estimation method [27]. In
addition, a previous study reported an inflation pressure
of 250 mmHg as being adequate for lower extremity surgery [28], and another study found that a mean inflation
pressure of 231 mmHg was adequate for the provision of a
bloodless field [29]. The use of limb occlusion pressure
(LOP) estimation can help individualize and decrease
tourniquet inflation pressures, and modern tourniquet
systems permit an automated estimation of LOP through
a probe incorporated in the tourniquet system itself [4].
However, these devices may not be available at every institution, and LOP measurement involves performing an
additional procedure and more time. An AOP estimation
method was introduced which reported to be more simple
than LOP estimation method, but this method also
require measurement of extremity circumference to use
estimation equation [27, 30]. Our method of adding 120
mmHg to the SBP is simple and practical in its application
and has comparable results to those with conventional
tourniquet inflation pressures. The efficacy of the lower
tourniquet pressure, SBP + 120 mmHg, is also supported
by the no difference result in the hemoglobin drop,
drained volume and calculated blood loss between the two
groups.
Contrary to our expectations, using the lower tourniquet pressure did not decrease the incidence of
tourniquet-related complications. However, the incidence
of complications in both the study groups was rare. This
may be related to the lower tourniquet pressure as well as
lower ischemia time. The mean ischemia time in both our
study groups was less than 100 min. A tourniquet time
more than 100 min has been shown to increase complications [9]. Additionally, lower tourniquet pressures have
been shown to decrease the incidence of complications
following tourniquet use [4, 31]. A probable reason for the
lack of difference in the incidence of complications among
the two groups in our study is that our study was
underpowered to detect serious complications following
tourniquet use, which have a low incidence rate of one in
4200 [32]. Similarly to our findings, a study comparing
lower tourniquet pressures to conventional inflation
pressures (mean 252 mmHg) found no difference in
post-operative pain levels [4]. However, lesser pain levels
have been reported in the lower tourniquet pressure
groups compared to conventional (300 or 350 mmHg)
pressure groups [14, 33]. This might stem from the extent
of the difference in the inflation pressures of the lower
and conventional pressure groups in each study. The
inflation pressure differences between the lower and
conventional pressure groups in the two studies, which
reported different pain levels between the groups, were
120 and 135 mmHg of mean tourniquet pressure, respectively. In the current study, the pressure difference was

HTP [SBP + 150 mmHg] (80)
vs. LTP [SBP + 120 mmHg]
(80)

[LOP + adequate margin]
(46) vs. [estimated AOP +
20mHg] (47)

[350 mmHg] (30) vs.
[SBP + 100 mmHg] (30)

[400 mmHg] (41) vs.
[SBP + 100 mmHg] (45)

255 vs. 234

350 vs. 238

400 vs. 260

83 vs. 82

50 vs. 48

77.4 vs. 73.7

52–94 vs. 45–91

Combined
spinal
epidural

Spinal or
General

Spinal

Spinal

General

Spinal

Anesthesia

Early (&
Spinal
reinflation)

NA

NA

Early

Late

NA

Early

Release
timing*

1/80 (HTP) 2/80 (LTP)

0 (Total)

3/159 (Total)

NA

2/45 (LTP)

0/10 (HTP) 1/11 (LTP)

NA

Tourniquet failure

Provide bloodless operative field,
No difference in postoperative pain,
thigh complication, VTE, and delayed
rehabilitation

Excellent or good tourniquet
performance in all patients,
No tourniquet related complications

No postoperative infections and less
wound complications in cuff
pressure < 225 mmHg

Provide bloodless operative field,
No difference in perioperative blood
loss

Less postoperative pain, Provide
bloodless operative field,
Fast recovery of ROM

Less postoperative wound hypoxia

Provide bloodless operative field,
Less thigh pain

Effect of lower tourniquet pressure

Timing of the tourniquet release was defined as one of two methods: late release (tourniquet was released after wound closure) or early release (tourniquet was released after implant fixation and before wound
closure). In the current study, the tourniquet was released early after implant fixation for the arterial hemostasis and reinflated after hemostasis [20]
HTP higher tourniquet pressure, LTP lower tourniquet pressure, RCT randomized controlled trial, SBP systolic blood pressure, LOP limb occlusion pressure, AOP arterial occlusion pressure, NA not applicable, ROM range
of motion, HSS Hospital for Special Surgery, SLR straight leg raise, VTE venous thromboembolism

*

Korea

200 vs. 182

The current study

70 vs. 66

Sweden [SBP + adequate margin] (76) 252 vs. 246
vs. [LOP + safety margin] (83)

Olivecrona (2012) [4]

Turkey

Japan

Ishii (2005) [15]

Tuncali (2018) [27]

87 vs. 87

Spain

Manén Berga (2002) [16]

352 vs. 223

23 vs. 22

England [SBP + 250 mmHg] (10) vs.
[SBP + 125 mmHg] (11)

350 vs. 230

Clarke (2001) [12]

[350 mmHg] (28) vs.
[SBP + 100 mmHg] (28)

USA

Worland (1997) [14]

Actual tourniquet Duration (min)
pressure (mmHg)

Country Group [HTP] (N) vs. [LTP] (N)

Author (Year)

Table 4 Prospective randomized controlled trials reported the effect of tourniquet pressure during total knee arthroplasty
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only 21 mmHg. One patient in each of our study groups
developed skin bullae. This was probably due to frictional
burns caused by an ill-fitted tourniquet. We did not
experience any major complications such as thigh bullae
or necrosis, nerve palsy, symptomatic DVT/PE, or delayed
rehabilitation. This finding supports both methods of
determining the tourniquet pressure as safely applicable in
clinical practice, even when using the conventional
method of 150 mmHg above the SBP.
Our study has the following several limitations: First,
the majority of patients in both the groups were women.
However, those selected were consecutive patients of
our institute, typically showing about 90% of female
predominance. This female predominance of patients
undergoing TKA in the Korean population is well documented [34, 35]. Second, uniform thrombo-prophylaxis
was not given to all the participants, but a risk-stratified
individualized approach was used following the routine
protocol of the authors’ institute. However, we think that
this issue did not seriously skew the results, because all
patients were randomly allocated regardless of their risk
for PE and bleeding. Actually, none of the patients
suffered symptomatic DVT or PE. We did not expect a
considerable difference among the two groups concerning blood loss, as has been documented previously [15].
Third, the quality of the surgical field was evaluated in a
subjective manner relying on the operator’s decision.
However, it is difficult to rate the quality of the bloodless
surgical field objectively; therefore, previous studies also
employed a subjective evaluation method [4, 17, 29].
Olivecrona et al. used VAS graded by the operator after
surgery regarding the quality of the bloodless surgical
field and the technical difficulty caused by the quality of
it [4]. Ishii et al. rated the quality of the bloodless field
as poor, fair, good, or excellent, and noted any changes
in the quality of the surgical field throughout the operation [17]. In the report by Reid et al., hemostasis was
rated by the operating surgeon as good, adequate or
failed during operation [29]. We only considered the
blood oozing that definitely interfere with the surgical
procedure as a failure of achieving bloodless surgical
field, rather than rating into several categories or rating
using visual analog scale, to minimize the effect of the
subjective evaluation. In addition, there was no difference
in the bleeding-related parameters, such as hemoglobin
drop, drained volume, and calculated blood loss, which indirectly support the equivalent bloodless surgical field
quality of the two groups. Fourth, the dosage of the spinal
anesthesia was not identical to all the patients but was
modified based on the body weight, which was entirely
determined by the anesthesiologist. The amount of
anesthetic drug may affect the pre-inflation SBP. However,
there was no difference in the body weight and the BMI
between the two groups, the difference of the dosage may
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not affect the result significantly. Fifth, there was significant difference in the pre-inflation pressure between the
two groups, although the patients were randomly
allocated. The difference of the pre-inflation pressure
affected the difference of the initial inflation pressure,
which was determined based on the pre-inflation SBP:
About 21 mmHg of difference was noted, rather than
mathematically anticipated 30 mmHg of difference between the two methods. Sixth, clinical significance of this
study may be limited, as previous studies reported even
lower tourniquet pressure method, SBP plus 100 mmHg,
rather than SBP + 120 mmHg of this study [14–16]. However, considering the high failure in achieving bloodless
surgical field in a study which used SBP + 100 mmHg [17],
our study add an evidence of using the SBP + 120 mmHg
as an alternative method.

Conclusion
The use of lower tourniquet inflation pressure, 120
mmHg above the SBP, successfully provides a bloodless
field comparable to that provided by the conventionally
used higher pressure of 150 mmHg above the SBP, with
a similar incidence of complications. Therefore, we
recommend using a tourniquet inflation pressure of 120
mmHg above the SBP during TKA.
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The current manuscript sets out a series of guidelines for blood flow restriction exercise,
focusing on the methodology, application and safety of this mode of training. With the
emergence of this technique and the wide variety of applications within the literature,
the aim of this review is to set out a current research informed guide to blood flow
restriction training to practitioners. This covers the use of blood flow restriction to
enhance muscular strength and hypertrophy via training with resistance and aerobic
exercise and preventing muscle atrophy using the technique passively. The authorship
team for this article was selected from the researchers focused in blood flow restriction
training research with expertise in exercise science, strength and conditioning and sports
medicine.
Keywords: blood flow restriction exercise, kaatsu training, occlusion training, BFR exercise, resistance training

INTRODUCTION
Blood flow restriction (BFR) is a training method partially restricting arterial inflow and fully
restricting venous outflow in working musculature during exercise (Scott et al., 2015). Performing
exercise with reduced blood flow achieved by restriction of the vasculature proximal to the muscle
dates back to Dr. Yoshiaki Sato in Japan, where it was known as “kaatsu training,” meaning “training
with added pressure.” Kaatsu training is now performed all over the world and is more commonly
referred to as “BFR training” and achieved using a pneumatic tourniquet system (Wernbom et al.,
2008; Loenneke et al., 2012d).
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The technique of BFR in the muscle using a pneumatic
tourniquet system involves applying an external pressure,
typically using a tourniquet cuff, to the most proximal region
of the upper and/or lower limbs. When the cuff is inflated,
there is gradual mechanical compression of the vasculature
underneath the cuff, resulting in partial restriction of arterial
blood flow to structures distal to the cuff, but which more
severely affects venous outflow from under the cuff that
is proposed to also impede venous return. Compression of
the vasculature proximal to the skeletal muscle results in
inadequate oxygen supply (hypoxia) within the muscle tissue
(Manini and Clark, 2009; Larkin et al., 2012). Furthermore,
the diminution of venous blood flow results in blood pooling
within the capillaries of the occluded limbs, often reflected
by visible erythema. The level of blood pooling may be
influenced by the amount of pressure applied. In addition
to this, when muscular contractions are performed under
conditions of BFR, there is an increase in intramuscular
pressure beneath the cuff (Kacin et al., 2015), which further
disturbs blood flow.
Whilst the number of research groups and studies
investigating BFR have grown, so too has the number of
practitioners using this mode of training (Patterson et al.,
2017). This is positive, however, evidence from Patterson et al.
(2017) suggests that practitioners are unclear on how to use and
apply BFR in line with current research informed standards.
For example, there was a wide range of pressures applied by
practitioners that resulted in unintended consequences such as
a large incidence of numbness following BFR. Therefore, the
aim of this review is to provide a current, research informed
guide to BFR from a group of world leading experts in the field.
It is envisaged that this will facilitate practitioners to be more
informed and clearer in deciding the reasons why they should
apply BFR, how they should apply BFR as well as understanding
the safety issues associated with this BFR training. For a more
detailed understanding of the mechanisms of BFR exercise we
refer readers to the following review articles (Wernbom et al.,
2008; Pearson and Hussain, 2015).

BFR-RE
Increases in muscle hypertrophy and strength with BFR-RE are
extensively documented. In recent years, a number of systematic
reviews and meta-analyses have demonstrated BFR-RE to
effectively increase skeletal muscle strength and/or hypertrophy
in healthy young (Loenneke et al., 2012d; Slysz et al., 2016;
Lixandrão et al., 2018) and older (Centner et al., 2018a;
Lixandrão et al., 2018) populations, as well as load compromised
populations in need of rehabilitation (Hughes et al., 2017).
Various measures of muscle strength have been shown to
improve in response to BFR-RE interventions, including dynamic
isotonic (Burgomaster et al., 2003; Moore et al., 2004), isometric
(Takarada et al., 2000a; Moore et al., 2004) and isokinetic strength
(Takarada et al., 2000c, 2004 Burgomaster et al., 2003; Moore
et al., 2004), as well as rate of force development/explosive
strength capacity (Nielsen et al., 2017b). It is well documented
that muscle hypertrophy and strength adaptations with BFR-RE
are significantly greater than those achieved with low-load
resistance exercise (LL-RE) alone in most (Takarada et al.,
2002, 2004; Abe et al., 2005a,b,c; Yasuda et al., 2005) but not
all studies (Farup et al., 2015). Such adaptations have been
observed after only 1–3 weeks (Abe et al., 2005a,b, 2006;
Fujita et al., 2008; Nielsen et al., 2012; Yasuda et al., 2005).
These timescales for early increases in strength are mirrored
in high-load resistance exercise (HL-RE) research (Blazevich
et al., 2017), however, this is not typically the case for muscle
mass where adaptations are not usually observed in 1–3 weeks
following HL-RE (Damas et al., 2016).
Although increases in muscle size may be partly a result of
the acute edema observed during and after BFR-RE (Loenneke
et al., 2012c; Pearson and Hussain, 2015), improvements are
still observed between 2 and 10 days post-training (Abe et al.,
2005a; Fujita et al., 2008; Nielsen et al., 2012). Thus, it appears
that BFR-RE allows for early addition of skeletal muscle mass; it
should be noted though that this early muscle growth is likely
due to the ability to use BFR-RE with a high training frequency,

TABLE 1 | Model of exercise prescription with BFR-RE.

APPLICATION OF BFR

Guidelines

BFR is applied during both voluntary resistance exercise
(BFR-RE) and aerobic exercise (BFR-AE), and also passively
without exercise (P-BFR). More recent research has examined
the combination of BFR with non-traditional exercise modalities,
such as whole-body vibration techniques and neuromuscular
electrical stimulation.

Protocols for Enhanced Muscle Strength
and Hypertrophy
In the following section, an overview of the BFR literature
aiming at increasing maximal skeletal muscle strength and
muscle mass will be provided. Tables 1, 2 provide an overview
of the recommendations for the application of BFR-RE and
BFR-AE, respectively.
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2

Frequency

2–3 times a week (>3 weeks) or 1–2 times per day
(1–3 weeks)

Load

20–40% 1RM

Restriction time

5–10 min per exercise (reperfusion between
exercises)

Type

Small and large muscle groups (arms and legs/uni
or bilateral)

Sets

2–4

Cuff

5 (small), 10 or 12 (medium), 17 or 18 cm (large)

Repetitions Pressure

(75 reps) – 30 × 15 × 15 × 15, or sets to failure
40–80% AOP

Rest between sets

30–60 s

Restriction form

Continuous or intermittent

Execution speed

1–2 s (concentric and eccentric)

Execution

Until concentric failure or when planned rep
scheme is completed
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2004). Despite some researchers recommending the pressure
be made relative to the exercised limb, the majority of early
studies applied the same absolute pressure to each individual,
independent of cuff width and limb size. These pressures have
ranged from absolute pressures as low as 50 mmHg (Kubota et al.,
2011) to as high as 300 mmHg (Cook et al., 2007). Although
the majority of studies have produced beneficial muscular
adaptations with the same absolute pressures applied to each
individual, it appears that greater BFR pressure can augment the
cardiovascular response and often induces discomfort associated
with this type of exercise (Jessee et al., 2017; Mattocks et al., 2017).
It is therefore recommended to set pressure during BFR exercise
based on measurement of AOP, with pressures ranging from 40
to 80% of AOP having evidence to support their efficacy.

which is not always possible with HL-RE. For example, the lower
loads used during BFR-RE to not take as long to recover from as
HL-RE and thus due to these lower mechanical demands this may
allow for a higher training frequency. Muscle hypertrophy with
conventional training frequency (2–3 times per week) has been
observed following longer training durations of 3 weeks (Ladlow
et al., 2018), 5 weeks (Manimmanakorn et al., 2013), 6 weeks
(Thiebaud et al., 2013), and ≥8 weeks of training (Moore et al.,
2004; Libardi et al., 2015; Yasuda et al., 2016; Cook et al., 2017).
BFR-RE improves muscle strength in comparison to LL-RE alone
(Hughes et al., 2017) but generally show less gain in muscle
strength compared to HL-RE (Loenneke et al., 2012d; Hughes
et al., 2017; Lixandrão et al., 2018). Recent meta-analysis of
Lixandrão et al. (2018) showed superior muscle strength gains
for HL-RE as compared with BFR-RE, even when adjusting for
potential moderators [e.g., test specificity (dynamic or isometric),
cuff width, absolute occlusion pressure and occlusion pressure
prescription method]. On the other hand, the same meta-analysis
showed that BFR-RE induces comparable increases in muscle
mass when compared to HL-RE, regardless of cuff width,
absolute occlusion pressure and occlusion pressure prescription
method. Thus, we suggest that although the muscle strength
gains observed in BFR-RE are lower compared to HL-RE, the
BFR is more effective than LL-RE alone and can be used
when HL-RE is not advisable (e.g., post-operative rehabilitation,
cardiac rehabilitation, inflammatory diseases, and frail elderly).
When considering muscle mass growth, both BFR-RE and HL-RE
seem equally effective. Disuse atrophy is a frequent complication
in clinical populations making BFR-RE a potential alternative to
HL-RE specifically for muscle mass loss.

Cuff Width
The amount of pressure required to cease blood flow to a
limb (i.e., AOP) is largely determined by the width of the
cuff being applied to the limb; a wider cuff requiring a lower
pressure (Crenshaw et al., 1988; Loenneke et al., 2012b; Jessee
et al., 2016), essentially due to the greater surface area to which
pressure has been applied. This is an important point as there
are a wide range of cuff widths (3–18 cm) used in the BFR
literature and setting two differently sized cuffs to the same
pressure may produce a completely different degree of limb
BFR (Rossow et al., 2012). It is noted that applying a relative
pressure of 40% AOP does not result in a 40% reduction in blood
flow (Mouser et al., 2017b). Nevertheless, a recent study found
that applying pressure as a % of AOP to three different sized
cuffs produce a similar change in resting blood flow (Mouser
et al., 2017a). This study found that a wider cuff required less
absolute pressure to restrict blood flow at any given % of AOP,
but that a narrow cuff inflated to a higher absolute pressure
(but same % of AOP as wide cuff) had a similar reduction in
blood flow. Although lower pressures can be used with a wider
cuff, this does not necessarily equate to a safer stimulus but
reflects each cuff size’s inherent ability to apply pressure through
layers of tissue within a limb (Crenshaw et al., 1988). Lastly,
we acknowledge that there may be some attenuation of growth
directly under where the cuff is applied (Kacin and Strazar,
2011; Ellefsen et al., 2015), although one study suggests that
this attenuation of growth may be prevented if a % of AOP is
applied (Laurentino et al., 2016). Therefore, it is recommended
that a wide variety of cuff widths can be used if pressure
is set appropriately by using AOP. It should be noted that
the wider the cuff the lower overall pressure will be needed,
however, the use of extremely wide cuffs may limit movement
during exercise.

Determining Cuff Pressure
The amount of pressure required to cease blood flow to a limb
[i.e., arterial occlusion pressure (AOP)] is related to a range
of individual limb characteristics; tourniquet shape, width and
length, the size of the limb or an individual’s blood pressure
(Loenneke et al., 2012b, 2015; Jessee et al., 2016; McEwen
et al., 2018). A bigger limb will require a greater cuff pressure
to fully restrict arterial blood flow, and this is true across a
range of cuff widths (Loenneke et al., 2012b). Some researchers
have suggested that the pressure could be set relative to the
individual, cuff width, and cuff material by setting the pressure
relative to the arterial occlusion pressure of the cuff that will
be utilized during exercise (% AOP; Patterson et al., 2017;
McEwen et al., 2018). This can be done by inflating the cuff
being used during exercise up to the point where blood flow
ceases (100% AOP) and using a percentage of that pressure
(e.g., 40–80% of AOP) during exercise. Although some have
applied pressures relative to brachial systolic blood pressure
(SbP) (traditional blood pressure; Brandner et al., 2015), this
may not provide a consistent reduction in blood flow unless the
cuff used for traditional blood pressure is the same cuff used
during exercise (Loenneke et al., 2012b). How well traditional
blood pressure in the arm applies to a leg (larger limb) is
also something to consider with this method (Loenneke et al.,
2016). Additionally, SbP has been found to correlate poorly with
measurements of arterial occlusion pressure (Younger et al.,
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Cuff Material
Throughout the literature, both elastic and nylon cuffs are
commonly utilized. In the lower body (Loenneke et al., 2013,
2014b), there appears to be little difference in resting arterial
occlusion or repetitions to concentric failure (surrogate for
blood flow) using cuffs of the same width but made of two
different materials (elastic vs. nylon). In the upper body (Buckner
et al., 2017), using cuffs of different material but similar size
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still needs further clarity. Therefore, it is suggested 75 repetitions,
across four sets (30, 15, 15, 15) is sufficient volume to lead
to adaptations in most people. Working to failure is another
possibility to induce adaptations but may not always be required.

(3 vs.5 cm), there were large differences in resting AOP that
seem unlikely explained by the slight difference in cuff width.
However, when the pressure was made as a % of AOP to each
cuff, the repetitions to volitional failure were similar between
the two different cuff materials. This provides some evidence
that the reduction of blood flow during the exercise was likely
similar between cuff sizes. It appears that any difference in cuff
material could be corrected for by simply applying a pressure
relative to the total AOP specific for each cuff. Although studies
have never directly compared cuff materials over the course
of a training study, there is no available evidence to suggest
that one cuff material would be superior to another. Further,
both elastic and nylon cuffs have been utilized in the literature
and have shown beneficial muscular adaptations (Fahs et al.,
2015; Kim et al., 2017). Considering these collective findings
together, the material of the cuff does not appear to impact the
outcomes of BFR-RE.

Rest Periods
Inter-set rest periods used during BFR-RE are generally short
and typically the restriction is maintained throughout this
period. For example, Loenneke et al. (2012d) conducted a
meta-analysis that demonstrated strength adaptations with both
30 and 60 s inter-set rest periods. Some acute research has
used rest periods as long as 150 s (Loenneke et al., 2010),
but this was not found to increase metabolic stress any more
than LL-RE, and thus may not provide training benefits.
However, rest periods of both 30 s (Yasuda et al., 2010a,
2015b; Loenneke et al., 2011a) and 30–60 s (Madarame et al.,
2010; Patterson and Ferguson, 2010, 2011; Yasuda et al., 2015b;
Loenneke et al., 2016; Ladlow et al., 2018) are common within
the BFR literature, which reflects the recommendations for
achieving skeletal muscle hypertrophy (Kraemer and Ratamess,
2004). On occasions it is not always required to maintain
pressure during rest periods. For example, Yasuda et al. (2013)
demonstrated similar muscle activation with both continuous
and intermittent pressure during rest periods, but only when
a high cuff pressure was applied. Overall we recommend rest
periods should constitute 30–60 s, however, intermittent BFR
may reduce swelling/metabolic stress compared with continuous,
which could limit the stress for adaptation.

Exercise Load, Volume, Rest Periods,
Duration, and Frequency
Exercise Load
The pressure applied during exercise may also be dictated
to some degree by the relative load lifted during resistance
exercise. For the majority of individuals exercising with loads
corresponding to 20–40% of an individual’s maximum strength
level (e.g., 1-RM) will likely maximize muscle growth and
strength (Lixandrao et al., 2015; Counts et al., 2016). When
loads used are at the bottom end of this recommendation
(e.g., ∼20% of 1-RM), a higher pressure (∼80% AOP) may be
required necessary to elicit muscle growth (Lixandrao et al.,
2015), however, further study is warranted to confirm this. The
majority of studies have investigated the elbow flexors and knee
extensors and it is unknown whether different muscle groups
require different pressure recommendations. For example, it has
been suggested that targeting muscle groups proximal to the cuff
may require a higher applied pressure for maximal adaptation
(Dankel et al., 2016). In conclusion, we suggest that exercise
loads between 20 and 40% 1RM be used because this range
of loads has consistently produced muscle adaptations when
combined with BFR.

Frequency
Traditionally, it is recommended to perform resistance training
2–4 times per week to stimulate skeletal muscle hypertrophy
and strength adaptations (Fleck and Kraemer, 2004; Kraemer
and Ratamess, 2004). Increases in muscle hypertrophy and
strength have been reported with BFR-RE twice weekly (Takarada
et al., 2000b, 2002; Laurentino et al., 2008; Madarame et al.,
2008), with a recent review advocating that 2–3 BFR-RE
sessions per week with progressive overload is sufficient for
enhanced strength and hypertrophy adaptations (Scott et al.,
2015). Some BFR research has implemented training twice daily
(Abe et al., 2005b; Yasuda et al., 2005, 2010b; Nielsen et al.,
2012), which may be used to accelerate recovery in a clinical
rehabilitation setting (Ohta et al., 2003; Ladlow et al., 2018).
In conclusion, high frequency approaches (1–2 times per
day) may be used for short periods of time (1–3 weeks),
however, under periods of normal programming, 2–3 sessions
per week are ideal.

Volume
In the BFR-RE literature, a common and frequently used set
and repetition scheme exists that involves 75 repetitions across
four sets of exercises, with 30 repetitions in the first set and 15
repetitions in each subsequent set (Yasuda et al., 2006, 2010a,b,
2011a,b, 2012; Madarame et al., 2008; Rossow et al., 2012; Ozaki
et al., 2013; Loenneke et al., 2016; May et al., 2017). It is also
common to complete 3–5 sets to concentric failure during BFRRE (Takarada et al., 2002; Cook et al., 2007, 2013; Loenneke
et al., 2012a; Manini et al., 2012; Nielsen et al., 2012; Ogasawara
et al., 2013; Fahs et al., 2015). Furthermore, repetitions to failure
may not be needed in practical settings, such as post-surgery
rehabilitation of clinical populations. For example, doubling this
volume of load lifted does not appear to augment any adaptations
(Loenneke et al., 2011b; Martín-Hernández et al., 2013), although
the dose-response relationship between volume and adaptation
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Duration of Training Programmes
Regarding duration of BFR-RE programmes, muscle
hypertrophy and strength adaptations have been observed
in short time frames, such as 1–3 weeks (Abe et al., 2005b,c;
Yasuda et al., 2005; Fujita et al., 2008; Nielsen et al., 2012).
Most studies have examined muscle hypertrophy and
strength adaptations over time frames >3 weeks duration
(Burgomaster et al., 2003; Moore et al., 2004; Abe et al.,
2006; Iida et al., 2011; Nielsen et al., 2012; Yasuda et al.,
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2012; Martín-Hernández et al., 2013; Luebbers et al., 2014;
Kang et al., 2015).

gain greater understanding of the muscle adaptations to
training with BFR-AE.

BFR-AE

Protocols for Prevention of Strength
Loss and Atrophy

BFR-AE has been systematically reviewed (including a
meta-analysis) demonstrating the effectiveness of increased
strength and hypertrophy in young (Slysz et al., 2016) and
older populations (Centner et al., 2018a). The application of
BFR-AE usually occurs during either walking (Abe et al., 2006)
or cycling exercise (Abe et al., 2010a; Conceição et al., 2019).
Adaptations for strength and skeletal muscle hypertrophy have
been demonstrated as early as 3 weeks (Abe et al., 2006) but
most effective after at least 6 weeks of training (Slysz et al.,
2016). Skeletal muscle strength has been shown to increase
by 7–27% (Abe et al., 2006, 2010a,b; Ozaki et al., 2011a,b; de
Oliveira et al., 2016; Clarkson et al., 2017a; Conceição et al.,
2019) and hypertrophy by 3–7% (Abe et al., 2006, 2010a,b;
Ozaki et al., 2011a,b; Sakamaki et al., 2011; Conceição et al.,
2019) following BFR-AE. Furthermore, this mode of exercise
also improves functional ability in a range of tasks (Clarkson
et al., 2017a), demonstrating the impact of increased strength
and muscle mass from BFR-AE on activities relevant to daily
living, health and wellbeing. Alongside these changes BFR-AE
can also lead to significant improvements in aerobic capacity
across young (Slysz et al., 2016), old (Abe et al., 2010a), and
even trained individuals (Park et al., 2010) but this is not always
the case. The intensities used during BFR-AE are generally
low in nature (45% heart rate reserve or 40% VO2 max; Abe
et al., 2010a; Clarkson et al., 2017a; Conceição et al., 2019),
and in some cases have not been standardized (Abe et al.,
2006, 2010b; Clarkson et al., 2017a) or have been implemented
with a wide variety of cuff widths and pressures. A smaller
body of literature has examined a variation on BFR-AE,
wherein the BFR is applied immediately after the aerobic
effort. Adaptations reveal an exaggerated improvement in
VO2 max, and the potential for greater aerobic adaptations
as a result of an acute upregulation of protein signaling
(Taylor et al., 2016), as has also been shown in highly trained
athletes comparing BFR-AE with matched systemic hypoxia
(Christiansen et al., 2018). Unlike BFR-RE there has been
a lack of standardization of pressure during BFR-AE which
should be a focus in the future to optimize responses and

In the following section, an overview over the BFR literature
aiming at reducing the loss of skeletal muscle strength and muscle
mass will be provided.

P-BFR
Another strategy for the use of BFR involves applying the
cuffs to limbs without undertaking exercise (i.e., P-BFR).
Although these approaches have not received substantial
research attention, available data indicates that intermittent
application of P-BFR may offset muscle atrophy and strength
loss during periods of bed rest or immobilization (Takarada
et al., 2000b; Kubota et al., 2008, 2011). This could theoretically
provide benefits for patients following orthopedic surgeries
such as anterior cruciate ligament (ACL) reconstruction and
total knee arthroplasty, as less muscle mass and strength
need to be regained in the rehabilitation phase. P-BFR
is a similar technique to that performed during ischemic
preconditioning, namely periods of ischemia followed by
periods of reperfusion. To date this approach has been
used to attenuate the decline in muscle mass and strength
following ACL surgery (Takarada et al., 2000b), during cast
immobilization (Kubota et al., 2008, 2011), and in patients in
intensive care (Barbalho et al., 2018). Furthermore, P-BFR has
been shown to elicit enhanced local skeletal muscle oxidative
capacity and cardiovascular improvements such as increased
endothelial–dependent vasodilation and vascular conductance
(∼14%) in as little as 7 days (Jones et al., 2014; Jeffries et al., 2018).
Similar observations have also been made following intermittent
exposure over 4 weeks (Kimura et al., 2007) and 8 weeks
(Jones et al., 2015).
To date, P-BFR has been implemented following a standard
protocol that was originally developed by Takarada et al. (2000b).
This protocol consists of 5 min of restriction followed by
3 min of reperfusion applied for 3–4 sets. Researchers have
so far implemented this P-BFR once or twice per day and
for a duration of 1–8 weeks (Takarada et al., 2000b; Kubota
et al., 2008, 2011; Jones et al., 2014, 2015; Jeffries et al., 2018).

TABLE 2 | Model of exercise prescription with BFR-AE.

TABLE 3 | Model of exercise prescription with P-BFR.

Guidelines

Guidelines

Frequency

2–3 times a week (>3 weeks) or 1–2 times per day
(1–3 weeks)

Frequency

1–2 times per day (duration of bed
rest/immobilization)

Intensity

<50% VO2 max or HRR

Restriction time

5 min intervals

Restriction time

5–20 min per exercise

Type

Type

Small and large muscle groups (arms and legs / uni
or bilateral)

Small and large muscle groups (arms and legs/uni
or bilateral)

Sets

3–5

Sets Pressure

Continuous or intervals 40–80% AOP

Cuff

5 (small), 10 or 12 (medium), 17 or 18 (large)

Cuff

5 cm (small), 10 or 12 cm (medium), 17 or 18 cm
(large)

Rest between sets
Pressure

3–5 min Uncertain – higher pressure may be
needed (70–100% AOP)

Exercise mode

Cycling or walking

Restriction form

Continuous
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active muscle that provides adequate distribution of CO (Saltin
et al., 1998), and these factors are known to be affected by BFR-RE
(Mouser et al., 2017a; Credeur et al., 2010). The uniqueness of
BFR-RE arises from the externally applied pressure compressing
blood vessels and the surrounding soft tissue that could mediate
an altered cardiovascular response. Henceforth, evidences of
the main central and peripheral short- and long-term vascular
adaptations are presented.

It should be acknowledged though that studies have not yet
investigated other protocols using different durations of BFR
and reperfusion or altering the ratio of time spent with the
cuff inflated vs. deflated. The pressures used during P-BFR have
varied from 50 mmHg (Kubota et al., 2011) to 260 mmHg in
some participants (Takarada et al., 2000b). As it stands, there
is no definitive pressure allocated in the literature investigating
P-BFR, although it does appear that relatively high pressures may
provide the most potent protective effects against disuse atrophy
given the associated complete occlusion to flow (Takarada et al.,
2000b; Kubota et al., 2008). Unlike BFR exercise, the use of
AOP has not been prevalent in this section of the research.
It is likely that the high pressures used in some research can
completely occlude blood flow to and from the limb, but this
is also dependent on other factors such as cuff and limb size
(Loenneke et al., 2012b).

Central Vascular Response to BFR-RE
The effect of BFR-RE on the central cardiovascular response is
dependent upon the level of BFR (Rossow et al., 2012), mode
of exercise (i.e., BFR-RE vs. BFR-AE) (Staunton et al., 2015)
and mode of application (i.e., continuous vs. intermittent BFR)
(Brandner et al., 2015; Neto et al., 2016). BFR acutely affects
central hemodynamic parameters when it is combined with RT
(Takano et al., 2005; Rossow et al., 2011, 2012; Fahs et al.,
2012; Vieira et al., 2013; Downs et al., 2014; Brandner et al.,
2015; Staunton et al., 2015; Neto et al., 2016; Poton and Polito,
2016; Libardi et al., 2017; May et al., 2017), AE (Renzi et al.,
2010; Kumagai et al., 2012; Sugawara et al., 2015; Staunton
et al., 2015; May et al., 2017) or even in the absence of exercise
(Iida et al., 2007). Whilst there is an increase in the central
cardiovascular response during exercise, this returns to baseline
acutely (5–10 min) post-exercise cessation.
The studies that have maintained pressure during rest
intervals (continuous BFR) have generally found the externally
applied pressure to increase HR, SbP, diastolic blood pressure
(DbP) or double product (HR × SbP) compared with the same
exercise in free flow conditions (Takano et al., 2005; Renzi et al.,
2010; Kumagai et al., 2012; Vieira et al., 2013; Poton and Polito,
2015; Sugawara et al., 2015; May et al., 2017). Recent works
have reported contrary evidence, potentially due to the fact that
occlusion pressure was set relative to AOP (Neto et al., 2016;
Libardi et al., 2017). Cardiac output seems not to be affected by
BFR during exercise, as BFR groups proportionally increased HR
and decreased SV compared to non-BFR groups (Takano et al.,
2005; Renzi et al., 2010; Sugawara et al., 2015). The removal of
the BFR cuff during rest intervals (intermittent BFR) appear to
mitigate cardiovascular differences between BFR and non-BFR
exercise (Neto et al., 2016). Studies removing the cuff between
sets or between exercises have found no further variations in HR,
(Rossow et al., 2011; Fahs et al., 2012; Downs et al., 2014; Neto
et al., 2016), SbP or DbP (Rossow et al., 2011; Neto et al., 2016),
CO or SV (Rossow et al., 2011; Downs et al., 2014) in the BFR
group compared with the non-BFR group.
Changes in central hemodynamic response are lower
following BFR-RE as compared to HL-RE (Rossow et al., 2011;
Fahs et al., 2012; Downs et al., 2014; Brandner et al., 2015; Poton
and Polito, 2015; Libardi et al., 2017), especially if the BFR
stimulus is combined with AE (May et al., 2017). However, there
is evidence that alterations to the peripheral flow BFR during
light walking augments both peripheral (11%) and aortic (43%)
systolic pressure compared to similar exercise without occlusion.
Interestingly this effect appears to be centrally mediated as BFR
exerts influence only on the outgoing, but not reflected, pressure
waves (Sugawara et al., 2015). Of note, pressure handling

BFR With Electrical Stimulation (BFR-ES)
Recently evidence has emerged for the use of BFR-ES. To date
there is very little evidence in this area. Natsume et al. (2015)
demonstrated increased muscle thickness and strength over a
2 weeks period in untrained male participants following twice
per day BFR-ES. Intensity appears to have a dose-response
relationship with muscular adaptation, with significant strength
gains observed when a maximally tolerable stimulation intensity
is used (Slysz and Burr, 2018), and positive associations between
training intensity and increased in strength (r = 0.8) as
well as cross-sectional area of both fast (r = 0.9) and slow
(r = 0.7) fibers (Natsume et al., 2018). Furthermore, 6 weeks
of unilateral low-intensity BFR-ES increased the CSA of the
extensor carpi radialis longus by 17% more than ES alone in the
contralateral arm of spinal cord injury patients (Gorgey et al.,
2016). Alongside this, these patients also demonstrated improved
vascular function, as evidenced by an increase in flow mediated
dilatation (FMD). While BFR-ES is an interesting new avenue
in this field, more research is needed before evidence-based
recommendations for practitioners can be made.

SAFETY
The following sections will cover the safety aspects that need to
be considered when implementing BFR.

Cardiovascular Response to BFR-RE
During exercise the rise of oxygen demand in the active skeletal
muscles is matched by both central and peripheral vascular
responses. Heart rate (HR) and stroke volume (SV) determine the
total cardiac output (CO) that is distributed by vascular resistance
(Hogan, 2009). Mechanisms regulating blood flow (BF) involve
the central nervous system (i.e., modulation of sympathetic
tone) and peripheral feedback arising from regional (i.e., venules
and arterioles) and local mechanisms (i.e., the capillary beds)
(Murrant and Sarelius, 2015). Local control of vasomotor
tone is dependent upon metabolic, mechanical and endothelial
factors. The integrated responses of increased metabolic stress,
external compression of the arterial wall and shear stress of the
endothelium limit autonomic sympathetic control of vasomotor
tone eventually leading to a balanced level of vasodilation within
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can happen during hospitalization or prolonged travel, can
stimulate thrombus formation. A thrombus large enough to
block blood flow, especially if located in the smaller vessels,
can result in local tissue ischemia and subsequent tissue death.
If dislodged it is termed an embolus and can result in a
pulmonary embolism (PE) which can be life-threatening (Heit,
2015). Collectively, deep vein thrombus (DVT) and PE are
termed venous thromboembolism (VTE).
Incidence rates of VTE have been estimated at 10 million
cases annually (Raskob et al., 2014). Western Europe, North
America, Australia and Southern Latin American yield consistent
VTE results ranging from 0.75 to 2.69 per 1000 individuals
per year. The incidence increases with age, 2–7 per 1000 in
individuals >70 years old. The incidence is lower in Chinese and
Korean ethnicity, however, the aging population may factor into
an increasing VTE burden (Raskob et al., 2014). Several VTE
risk factors have been identified and include medical conditions
such as major orthopedic surgery, major general surgery, lower
extremity paralysis due to spinal cord injury, pelvic, hip or
long bone fractures, poly-trauma and cancer (Anderson and
Spencer, 2003; Cionac Florescu et al., 2013). Additional risk
factors include a history of prior VTE, obesity, immobility,
oral contraceptives, family history of VTE, physical inactivity
and genetic conditions that affect blood clotting (Anderson and
Spencer, 2003). Pregnancy carries an elevated risk both in the
perinatal and post-natal periods (Heit et al., 2005). It is much
more common to develop a DVT in the lower extremities
compared to the upper extremities, with approximately 10% of
DVT formations being found in the upper extremities (Kucher,
2011). Finally, the insertion of central catheters during medical
procedures make up the largest risk factor in upper extremities
thrombus formations (Grant et al., 2012).

affects the cardiovascular response to BFR-RE. Higher relative
restrictive pressures induce higher cardiovascular responses to
BFR-RE (Rossow et al., 2012) and may increase the potential risk
associated with BFR-RE. Additionally, if pressure cuffs are not
removed during rest intervals, BFR-RE could maintain blood
pressure elevated as compared to HL-RE (Downs et al., 2014).
On the other hand, BFR-RE results in greater post-exercise
hypotension than HL-RE (Domingos and Polito, 2018).

Peripheral Vascular Response to BFR-RE
BFR exercise has been shown to affect arterial compliance
and endothelial function. Vascular compliance has most
frequently been tested following BFR-RE (Credeur et al., 2010;
Clark et al., 2011; Fahs et al., 2012; Hunt et al., 2012, 2013).
In the short term, Fahs et al. (2012) found four sets of four
different lower limbs exercises to affect both large and small
artery compliance. BFR-RE increased large artery compliance
to the same extent as LL-RE and HL-RE, whereas small artery
compliance was more affected by HL-RE with no differences
between LL-RE and BFR-RE groups. These data suggest a
transient improvement of endothelial function following
BFR-RE. However, this acute response does not seem to preclude
long-term adaptations of vascular reactivity (Clark et al., 2011;
Hunt et al., 2012, 2013) which may in contrast be negatively
affected by chronic low intensity BFR-RE (Credeur et al., 2010).
Other forms of application of the BFR stimulus have received
less attention in the literature. BFR-AE has acutely shown to
impair flow mediated dilatation (FMD) (Renzi et al., 2010),
whilst others have reported BFR-AE to increase FMD in the long
term (Iida et al., 2011).
Systemic vascular resistance (SVR) falls in muscle exercise due
to vasodilation. The threat of the systemic pressure not meeting
new regulatory set-point during exercise is compensated by an
increased CO and sympathetic vasomotor tone. A mismatch
between CO, sympathetic control of vasomotor system and local
mechanisms of active hyperemia could result in hypotensive
syncope (Hogan, 2009). Syncope episodes have not frequently
been reported in BFR-RE literature (Nakajima et al., 2006), but
they seem to be more frequent among practitioners and clinical
settings where the threat is greater in any case (Patterson and
Brandner, 2017). The application of BFR in the absence of any
other stimulus increases SVR with a concomitant decrease of
CO (Iida et al., 2007). SVR has shown to increase or to remain
unchanged following BFR-RE (Takano et al., 2005; Rossow et al.,
2011; Staunton et al., 2015; Libardi et al., 2017) or BFR-AE (Renzi
et al., 2010; Staunton et al., 2015) and to be reduced following
exercise (Fahs et al., 2012). Although the relationship between
CO and SVR does not seem to represent a cardiovascular threat
in BFR exercise, a steady CO coupled with an increased SVR
could drive an increase in blood pressure, and adverse individual
responses may not be discarded.

BFR-RE and Venous Thromboembolism:
Acute Measures
There is an inherent concern in the formation of a DVT due
to the external compression on vasculature via an occlusive cuff
during BFR-RE. Many of the published BFR-RE trials do not
directly measure for VTE formation or use diagnostic imaging.
However, the totality of the literature reveals minimal adverse
events pertaining to VTE and clinically reported events have
not been reported.
Most studies that have assessed for VTE after the application
of BFR-RE have used direct blood markers for coagulation.
Acute studies have not demonstrated a significant increase
in blood coagulations via D-dimer and values, one of the
most utilized clinical tests to rule out the presence of a
DVT, after BFR-RE exercise (Nakajima et al., 2007; Fry et al.,
2010; Madarame et al., 2010; Clark et al., 2011). Madarame
et al. (2013) included prothrombin fragment (PTF) and
thrombin-antithrombin III complex (TAT) testing to assess for
increased thrombin generation immediately after training and
found no significant increase. Additionally, C-reactive protein
(CRP), a protein that has been linked to clot formation, was
also assessed in one study and was not significantly elevated
(Clark et al., 2011). Subjects performing BFR-RE at simulated

Venous Thromboembolism
A thrombus is a solid mass of platelets, red blood cells, and
fibrin mesh that typically forms as a response to vessel wall
injury and is part of the normal healing cascade (Furie and
Furie, 2008). Pooling of blood during episodes of stasis, which
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study is lower than the reported in the general population in
Asia (0.2–0.26%) which assumes a very low population risk
(Klatsky et al., 2000).
The total time frame for chronic studies measuring VTE
potential after BFR ranges from 4 to 12 weeks over four studies.
There is much less gender bias in the chronic studies with
a total of 35 men and 37 women tested. One study, utilized
Doppler Ultrasound to personalize cuff pressure to 80% of AOP
in the lower extremities and wide cuffs (11.5 cm; Tennent et al.,
2017). The additional three studies used narrower cuffs on lower
extremities (3–6 cm) and two used standard absolute pressure at
an average of 196 ± 18 mmHg and the other utilized 130% of SbP
(Clark et al., 2011; Yasuda et al., 2015a,b).

elevation (8,000 ft) and at 6 degrees head down positioning
did not demonstrate a significant rise in D-dimer, fibrin
degradation product (FDP) or plasminogen activator inhibitor
(PAI) (Nakajima et al., 2007). Only one study has assessed
blood coagulation markers in a clinical population (Madarame
et al., 2013). Nine subjects (7 men and 2 women) with a
confirmed history of ischemic heart disease performed bilateral
lower extremity knee extensions at 20% 1-RM with or without
BFR. D-dimer, FDP and CRP were assessed before, immediately
after and again 1 h after both exercise conditions. D-dimer
and CRP was significantly elevated in both BFR-RE and free
flow conditions, however, the values remained within a clinically
normal range. Once adjusted for plasma volume (PV) the changes
in each group’s values were no longer statistically elevated. CRP
demonstrated the same non-clinically significant rise and after
PV adjustment was not significant. FDP was not statistically
elevated in either group.
Most of the acute studies have been performed on healthy
populations [4 healthy (Nakajima et al., 2007; Fry et al., 2010;
Madarame et al., 2010; Clark et al., 2011) vs. 1 clinical (Madarame
et al., 2013)]. Furthermore, sex characteristics have trended
toward male vs. female subjects (38 males and 4 females),
and all have been performed on the lower extremities only
(Nakajima et al., 2007; Fry et al., 2010; Madarame et al., 2010,
2013; Clark et al., 2011). All studies except for one, which
compared BFR-RE at 30% 1RM to an 80% 1RM free flow
control group, utilized LL-RE in both BFR-RE and free flow
conditions (Clark et al., 2011). Standard pressures between
150 and 200 mmHg were used in all studies (Nakajima
et al., 2007; Fry et al., 2010; Madarame et al., 2010, 2013)
except for one study that used a pressure equal to 130% SBP
(Clark et al., 2011). Future acute studies that focus on relative
pressures, the upper extremities, clinical populations and female
subjects are warranted.

BFR-RE and the Fibrinolytic System
Clotting in the vascular system after injury is part of the normal
healing cascade and short periods of stasis can produce thrombus
formation without adverse events. One mechanism to control
the advancement of thrombus formation is through stimulation
of the fibrinolytic system. Resistance training has demonstrated
the ability to up-regulate the fibrinolytic pathway and has been
demonstrated after just one exercise session and in healthy
young participants and aged patients with coronary artery disease
(CAD) (El-Sayed, 1993; de Jong et al., 2006). It would appear
that BFR-RE stimulates the fibrinolytic system, as application of
lower extremity BFR-RE increased tissue plasminogen activator
(tPA, a thrombus-degrading protein in the epithelial cell) in
healthy participants (Nakajima et al., 2007; Madarame et al.,
2010). Additionally, the application of vascular occlusion without
exercise has demonstrated a significant increase in fibrinolytic
factors (Stegnar and Pentek, 1993; Nakajima et al., 2007).
However, variables such as age, sex, and obesity may alter the
fibronolytic response to exercise (Stegnar and Pentek, 1993).

BFR-RE and at Risk Populations for VTE
Identifiable risk factors for VTE have been established and are
a combination of endogenous characteristics such as obesity
and genetic factors or exogenous triggering factors such as
major surgery or pregnancy (Cushman, 2007). Advancing age
is a non-modifiable risk factor for VTE formation. After the
fourth decade of life, rates of incidence increase rapidly from
1 per 10,000 annually up to 5–6 per 1000 annually by age 80
(Silverstein et al., 1998). Studies addressing blood coagulation
factors after BFR-RE, including D-dimer, FDP and CK, in elderly
subjects have not demonstrated adverse effects. Three studies
have included subjects with age ranges between 61 and 85
years and comprise both lower and upper extremities BFRRE training (Fry et al., 2010; Yasuda et al., 2015a,b). One
study has addressed BFR-RE in an aged clinical population
(ischemic heart disease), and did not demonstrate an increase
in blood coagulation factors (Madarame et al., 2013). Other
risk factor group’s coagulation status after BFR-RE has not been
directly studied. However, ongoing BFR-RE clinical trials in at
risk populations (dialysis patients, femur fractures and joint
arthroplasty) are ongoing (Takano et al., 2013; ClinicalTrials.gov,
2016; Clarkson et al., 2017b). Established clinical prediction rules
to assess VTE probability in at risk subjects can be utilized prior

BFR-RE and Venous Thromboembolism:
Chronic Measures
Most applications of BFR-RE in the clinical and research settings
are done in a chronic manner over weeks and even months.
Several papers have addressed VTE concerns in a chronic model.
After 4 weeks of bilateral lower extremities exercise at 30%
1RM no changes in D-dimer, fibrinogen or CRP were noted
(Clark et al., 2011). Similarly, 2 days a week for 12 weeks of
BFR-RE at 20–30% 1RM did not significantly increase FDP,
D-dimer or creatine kinase (CK) values in elderly subjects (ages
61–84 years; Yasuda et al., 2015a). The same authors found
after 12 weeks of bilateral elbow extension and elbow flexion
elastic band exercises no significant increase in D-dimer, FDP,
or CK levels (Yasuda et al., 2015b). Chronic BFR-RE after knee
surgery, 12 sessions over an average of 6 weeks, revealed no
signs of thrombus formation as measured by duplex ultrasound
scans (Tennent et al., 2017). A large epidemiologic questionnaire
in Japan of over 12,000 subjects reported the incidence rate
of venous thrombus at 0.055% and PE at 0.008%, of note a
true medical diagnosis for PE was not confirmed (Nakajima
et al., 2006). The value reported for DVT incidence in this
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(Pizza et al., 2002). Given these effects, damage to the muscle
can be determined directly via muscle biopsy, or it can be
inferred indirectly through quantifying the symptoms thought to
associate with a damaged muscle (Clarkson et al., 1986). These
markers include a decrease in force production, decreased range
of motion, muscle soreness, edema, and by measuring circulating
levels of CK and/or myoglobin.
In extreme cases, exercise can be associated with a
breakdown of striated skeletal muscle tissue, termed exertional
rhabdomyolysis, that can lead to secondary pain, swelling
and potential end organ damage (Tietze and Borchers, 2014).
Cases of exertional rhabdomyolysis are typically associated
with an exercise load that greatly exceeds the fitness and
normal physical exertion of the participant, but have also been
associated with high thermal loads, dehydration, or the use of
certain medications (Zimmerman and Shen, 2013). It has been
suggested that an exaggerated risk of rhabdomyolysis might
occur as a result of BFR training, wherein metabolic stress is
magnified despite the use of low-loads. Indeed, there are isolated
case reports of rhabdomyolysis occurring through the use of
BFR-RE (Iversen and Rstad, 2010; Clark and Manini, 2016;
Tabata et al., 2016), however, analysis of the incidence rate
from the published literature suggests the risk remains very low
(0.07–0.2%) (Thompson et al., 2018). Survey data from Japan,
where Kaatsu training has been practiced by a greater number of
people, suggests a, similarly, low incidence of 0.008% (Nakajima
et al., 2006). Thus, while exertional rhabdomyolysis during BFR
exercise is possible, evidence does not currently suggest that the
risk is inflated compared to traditional exercise.
A common concern of applying BFR with or without exercise
is the possibility that this stimulus may lead to or even augment
muscle damage through ischemic-reperfusion injury. Although
ischemia-reperfusion injury is most commonly associated
with long durations of severe ischemia (Blaisdell, 2002), it
is possible that the combination of short duration BFR with
muscle contraction could elevate the possibility of muscle
damage with this type of exercise. The exercise-induced muscle
damage response to BFR has been investigated in both the upper
and lower body (Loenneke et al., 2014a). Muscle soreness, an
indirect marker of muscle damage, is consistently elevated above
baseline in the days following LL-RE in combination with BFR
(Umbel et al., 2009; Wernbom et al., 2012; Thiebaud et al.,
2013; Wilson et al., 2013; Sieljacks et al., 2016; Nielsen et al.,
2017a). Large decreases in maximal torque production are often
observed immediately post-exercise, however, the majority of
studies suggest that torque returns back to or near baseline in
the following days (Umbel et al., 2009; Wernbom et al., 2012;
Thiebaud et al., 2013; Loenneke et al., 2014a). Muscle edema is
consistently increased immediately post-exercise, but this edema
decreases over time and is often back to baseline by 24–48 h
(Thiebaud et al., 2013; Farup et al., 2015). Further, the few studies
which looked at changes in range of motion found no differences
across time (Thiebaud et al., 2013, 2014). While some studies have
reported prolonged decrements in torque and prolonged edema,
these changes are not usually different from a repetition matched
control without BFR (Umbel et al., 2009; Wernbom et al., 2012)
indicating that these changes are a result of LL-RE,

to the application of BFR-RE to assist clinicians and researchers
in appropriate candidates (Wells et al., 2000).

BFR-RE and Reactive Oxygen Species
Oxidative stress can occur when the generation of reactive
oxygen species (ROS) exceeds the ability of the antioxidant
system to reduce the molecules (Garten et al., 2015). Deflation
of a tourniquet cuff is associated with an increase in ROS and
has been directly associated with ischemic reperfusion injuries
after orthopedic surgery (Cheng et al., 2003). Additionally,
resistance exercise can induce generation of ROS (Reid and
Durham, 2002; Rodriguez et al., 2003; Nikolaidis et al., 2007).
Moderate exposure to ROS is necessary to induce adaptive
antioxidant defense mechanisms, however, chronic or high
levels of exposure have been linked to disease conditions and
signaling the blood coagulation system (Alfadda and Sallam,
2012; He et al., 2016).
Blood markers of oxidative stress include protein carbonyls,
lipid peroxides and blood glutathione as well as antioxidants
systems. The application of BFR-RE (20% 1RM) to bilateral
lower extremities did not significantly raise lipid peroxide
levels (Takarada et al., 2000a). When comparing BFR, in
combination with LL-RE (30% of 1RM) and moderate resistance
exercise (70% 1RM) only the BFR and moderate resistance
groups demonstrated increases of protein carbonyls and blood
glutathione (Goldfarb et al., 2008). Similarly, BFR alone increased
oxidative stress but the addition of low-level exercise to BFR
(30% 1RM) significantly attenuated protein carbonyls and
glutathione status. Furthermore, one exercise bout or 1 week
of high-frequency BFR-RE (1–2 sessions per day/3 weeks;
20–30%-1RM) does not appear to augment oxidative stress or
antioxidant enzyme response (Nielsen et al., 2017a; Centner
et al., 2018b). However, moderate intensity (70% 1RM) exercise
with or without BFR both significantly elevated oxidative
stress (Garten et al., 2015). Thus, overall the addition of BFR
to LL-RE does not appear to increase oxidative stress or
antioxidant defense, thus oxidative stress formation may be
load, rather than BFR-dependent. Further work to understand
the effect of BFR exercise on the oxidative stress responses,
and thus the potential roll for this to act as a stimulus for
adaptation, are required.

Muscle Damage
Traditional HL-RE can induce muscle damage, particularly in
those who are not experienced with exercise (Damas et al., 2016).
This damage can be documented by direct and indirect markers
and is most often associated with the eccentric phase of the
exercise (Nosaka and Newton, 2002). The initial damage response
is thought to occur due to overstretching of the sarcomere,
resulting in z-line streaming as well as eventual disruption
of the cytoskeletal matrix (Proske and Morgan, 2001). Muscle
damage may also lead to activation of stretch-activated calcium
channels or transient receptor potential channels which can
increase intracellular calcium which can lead to destruction of
sarcomeric proteins via calpain activation (Allen et al., 2005;
Yeung et al., 2005). Following the initial damaging bout, there is
often a secondary damage caused by the inflammatory response
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not the application of BFR. Although CK and myoglobin are
not often measured in the studies designed to assess the time
course of muscle recovery, the majority of studies do not
find a change in the days following exercise or training (Abe
et al., 2006; Yasuda et al., 2015a; Nielsen et al., 2017a). It is
noteworthy that a recent study did observe a more prolonged
decrement in torque, edema, and increases in blood proteins
(CK and myoglobin) following 5 sets of blood flow restricted
exercise to volitional failure (Sieljacks et al., 2016). In line,
applying a high frequent protocol (1–2 sessions/day) for 2
bouts of 5 consecutive exercise days interspersed by 10 days
of rest recently showed an increase in CK levels during and a
decline in torque production after the first 5 days of exercise
(Bjornsen et al., 2018). Notably, when these protocols were
followed by a second bout of exercise 10–14 days later, there
were minimal changes from baseline suggesting that there may
be a repeated bout effect with this type of training (Sieljacks
et al., 2016; Bjornsen et al., 2018). However, two studies
applying a strenuous high frequent protocol (1–2 sessions/day)
for 10–15 exercise days have shown delayed (12–20 days
post-intervention) muscle mechanical adaptations presumably as
a result of prolonged myocellular stress (Nielsen et al., 2017a;
Bjornsen et al., 2018). To our knowledge, only two studies have
investigated damage directly at the fiber level and report that
although there are signs of stress, there appeared to be no or
only minor damage to the actual muscle (Cumming et al., 2014;
Nielsen et al., 2017a).
In summary, the available evidence suggests that the
application of BFR does not appear to induce a muscle damage
response to LL-RE using single exercise protocols of up to 5 sets
to volitional failure. We recognize that there may be individuals
who are more susceptible to muscle damage than others, however,
this would seem to be driven more by inherent differences in
the individual than the application of BFR. Nevertheless, easing
an individual into the exercise program while documenting
indirect markers of muscle damage may help to better identify
those who may be more susceptible to muscle damage and
help the practitioner to mitigate risk not only to BFR but

exercise in general. To this point, the one study that did note
damage (Sieljacks et al., 2016), observed a robust attenuation
with indirect markers of muscle damage in response to the next
exercise bout. The majority of the studies investigating muscle
damage have applied the same pressure to each individual so it
is presently unknown what impact applying a relative pressure
(e.g., percentage of limb occlusion) may have on this response.
In addition, most studies have been designed to investigate
the time course of muscle damage following a single bout
of low load resistance exercise. Thus, little is known about
how this time course would be impacted by additional bouts
of resistance exercise within the same week, however, current
evidence suggests that 1 or 3 weeks of strenuous high-frequent
(1–2 sessions/week) BFR training does not induce apparent
myocellular damage in recreational active individuals (Nielsen
et al., 2017a). Lastly, although there is evidence that low intensity
aerobic exercise in combination with BFR may be beneficial
for augmenting muscular adaptations over time, it is presently
unknown if there is a damage response to this mode of exercise.
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Effects of Unilateral Tourniquet Used in Patients
Undergoing Simultaneous Bilateral Total Knee
Arthroplasty
Pei-lai Liu, PhD, De-qiang Li, PhD, Yuan-kai Zhang, PhD, Qun-shan Lu, PhD, Liang Ma, MD, Xue-zhi Bao, MD,
Meng Zhang, MD
Department of Orthopaedics, Qilu Hospital, Shandong University, Jinan, China

Objective: To assess the beneﬁts of use of a tourniquet in one limb in patients undergoing simultaneous bilateral
total knee arthroplasty (TKA).

Methods: A prospective randomized trial was designed to evaluate the outcomes of unilateral tourniquet use during
simultaneous bilateral TKA. A total of 52 (36 women and 16 men) patients with osteoarthritis who underwent simultaneous bilateral primary TKA between January 2010 and January 2015 were assigned randomly to tourniquet (TG) or
non-tourniquet (NG) groups prior to surgery. Operating time, pain score, range of motion, ﬁrst active straight-leg raise
time, swelling, wound healing, deep vein thrombosis, and Knee Society score were observed.

Results: Mean operating time in the TG group was shorter than that in the NG group (P < 0.05). Postoperative pain
was measured by a visual analog scale (VAS) and straight-leg raise time, which was lower and shorter in limbs operated without the use of a tourniquet (P < 0.05). In addition, this group had less postoperative swelling and lower incidence of wound complications in the early postoperative period (P < 0.05). There was no signiﬁcant difference in the
range of motion (ROM), deep venous thrombosis incidence, and Knee Society scores between the two groups.

Conclusions: Tourniquet use in bilateral TKA can reduce intraoperative time but was associated with a higher incidence of wound complications and larger postoperative knee swelling.
Key words: Deep vein thrombosis; Non-tourniquets; Total knee arthroplasty; Tourniquets; Wound complications

Introduction
otal knee arthroplasty (TKA) is a major orthopaedic procedure that is commonly performed in patients with
knee joint function that has been severely restricted. TKA
could signiﬁcantly improve the quality of life for these
patients by relieving disabling joint pain and restoring
mobility. For this reason, the number of TKA has steadily
increasing in recent years worldwide. TKA, especially simultaneous bilateral TKA, can cause massive blood loss and
increase the incidence of many complications. Therefore, a
number of measures have been used in TKA to reduce blood
loss, such as tourniquets, hemostatic drugs (e.g. tranexamic
acid), and careful operative procedures. The use of a tourniquet during TKA has evolved considerably over the past few

T

decades. Its beneﬁts include improved intraoperative visualization due to the bloodless ﬁeld, which theoretically provides
a better cement–bone interface between the bone surface and
prosthesis in cemented TKA, and, thus, reduces the surgical
time and intraoperative blood loss1–5.
Despite the fact that use of an intraoperative tourniquet is widespread among orthropaedic surgeons, tourniquet
use in TKA is always a controversial issue. There are many
studies that have shown that the use of a tourniquet has not
resulted in improved clinical outcomes, especially with
respect to range of movement, pain, and established Knee
Society score in the long-term6–9. Indeed, use of a tourniquet
was shown to increase the incidence of venous thromboembolism (VTE) due to venous stasis, direct trauma to the
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vessel wall, and/or increased platelet adhesion in the valve
pockets after distal limb ischemia. Although serious VTE is
rare, fatal pulmonary embolism and arterial occlusion have
been reported. Other problems also arise with its use, especially neuromuscular injury secondary to the ischemia of
neural and muscular tissues, and direct compressive injury to
nerves8. Furthermore, it has been shown to cause wound
problems, such as ooze and soakage, and to delay recovery of
muscle power10,11. The change in circulatory volume associated with limb exsanguination and the reactive hyperaemia
induced by release of the tourniquet can also cause serious
circulatory and respiratory complications, particularly in
patients with poor cardiac function. The potential severity of
these volume changes and the accompanying alterations in
acid–base balance is demonstrated by reports of acute pulmonary edema and cardiac arrest immediately after tourniquet release. The relatively higher morbidity and mortality of
bilateral procedures may be related to simultaneous release
of both tourniquets.
There are variations in the proﬁle of its use. Some surgeons use the tourniquet throughout the procedure, some
use it for part of the procedure, and other surgeons use no
tourniquet at all. Increasing awareness of the risks associated
with the use of tourniquets requires a reevaluation of their
potential beneﬁts and complications. Most level I studies
have evaluated the use of tourniquets in subjects undergoing
unilateral TKA.
It is very difﬁcult to implement a complete control
study in different individual cases for evaluating the beneﬁts
of tourniquet use during TKA. There is a paucity of adequate
evidence to either accept or reject the use of tourniquets in
simultaneous bilateral knee arthroplasty. Although bilateral
simultaneous TKA is associated with more peri-operative
complications and varied outcomes, the current use of tourniquets in such cases is an extrapolation from unilateral
cases, which is a procedure either with or without use of
tourniquets in both limbs. We designed a protocol in which
a tourniquet was applied only to one limb in patients undergoing simultaneous bilateral TKA, in order to reduce the
limb ischemia time and to minimize secondary complications. The objective of this study was to evaluate the effects
of the protocol and to compare the outcomes achieved with
and without use of a tourniquet in a prospective randomized
trial.
Patients and Methods
Inclusion and Exclusion Criteria
Inclusion criteria were bilateral severe osteoarthritis with
pain, accompanied with or without signiﬁcant deformity and
failure of conservative treatment. Exclusion criteria were
recent or current knee sepsis, extensor mechanism discontinuity or severe dysfunction, age >70 years, coagulation disorder or treatment with drugs known to inﬂuence coagulation,
diabetes, renal or liver disease, severe cardiovascular problems, lung disease, neurological disorders, or cancer. For
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elderly patients (age >70 years) with bilateral osteoarthritis,
we prefer staged TKA owing to their frailty, compromised
cardiopulmonary function, and the increased risk of postoperative complications associated with bilateral simultaneous
TKA in these patients, so they are excluded from the current
study.
Patients
A total of 56 consecutive patients underwent simultaneous
bilateral primary TKA between January 2010 and January
2015. Finally, 52 (36 women and 16 men) patients with osteoarthritis were included in the study.
Using a random number table, the left and right knees
of 52 patients were assigned randomly to tourniquet (TG) or
non-tourniquet (NG) groups prior to the surgery. Despite
random group allocation, there was unequal distribution in
the TG and NG groups owing to the small sample size.
Finally, a total of 27 left knees and 25 right knees were
included in the TG group, while 25 left and 27 right knees
were included in the NG group. TKA for all patients was
performed by the same surgical team, using a standard surgical protocol under general anesthesia. Based on randomization, a tourniquet was used during the surgery in 1 knee
only. Bilateral simultaneous TKA was carried out and as a
matter of habit of the operating surgeon the left knee was
operated on ﬁrst. Right knee surgery was initiated by the
operating surgeon while the closure process on the left side
was completed by the assisting surgeon.
Surgical Technique and Postoperative Treatment
The tourniquet was applied on a layer of cotton wool padding applied over the thigh. Both right and left thighs were
prepared with a tourniquet prior to surgery and only the
limb of the TG side was elevated and exsanguinated with a
rubber limb Eschmarch’s bandage. The tourniquet was then
inﬂated to a pressure of 125-mm Hg above the systolic blood
pressure (SBP) just prior to the incision. Longitudinal incisions were made at the midline with the knee positioned in
90 ﬂexion, from 4-cm proximal to the upper end of the
patella up to the tibial tuberosity. The tourniquet was
inﬂated for less than 120 min, until wound closure was done
and compressive dressing was applied. For the NG knees,
SBP was maintained at a level of approximately 100 mm Hg
at the time of cementation with antihypertensive drugs. The
posterior stabilized knee prostheses (26 GENESIS II [Smith &
Nephew, Memphis, Tenn, USA]; 26, Vanguard [Biomet,
Warsaw, IN, USA]) were used in the surgery. Peri-articular
injection of ropivacaine (200 mg), adrenaline hydrochloride
(0.1 mg), and morphine (5 mg) was administered just prior
to skin closure. All wounds were closed using staples with a
drain. Drains were inserted into the joint and connected to
Stryker CBC II (Stryker, Kalamazoo, MI, USA) auto-transfusion. Allogeneic allograft blood transfusion was performed,
when postoperative hemoglobin was less than 8.0 g/L.
Intravenous patient control analgesia (PCA) with morphine was started postoperatively. All patients received
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rivaroxaban (10 mg, once a day) from the ﬁrst postoperative
day, for 2 weeks, as prophylaxis against thromboembolic
complications. Getting out of bed for physiotherapy was permitted on the second postoperative day. On the third day,
continuous passive motion (CPM) was started, after which
patients were allowed to walk and exercise, as tolerated,
under the supervision of a physical therapist.

Evaluation
All assessments were performed by a trained observer; however, the aim and details of the study were not disclosed to
the observer, to minimize bias. The assessments carried out
included:
Operating Time: Length of every knee procedure from
skin incision to the wound closure.
Pain Score: Pain scores were measured using a visual
analog scale (VAS) of 0 to 10 preoperatively and on postoperative days 1, 3, 5, 7, 14, and 3012.
Range of Motion (ROM): ROM was measured with a
standard handheld goniometer preoperatively and on
postoperative days 7, 14, 30, and 9013,14. Its center of
rotation was placed in line with the center of the knee,
the ﬁxed arm of the goniometer aligned with the greater
trochanter, and the mobile arm aligned with the lateral
malleolus. ROM was assessed at the edge of the bed with
the patient sitting with his/her thighs parallel and horizontal to the ﬂoor. Two trials were performed for all
measurements. If the difference was less than 5 , then an
average was taken. A third measurement was performed
in case the difference was more than 5 and the average
of the two closest measurements was taken.
First Active Straight-leg Raise Time: The time to achieve
the ﬁrst straight-leg raise of each leg was recorded.
Swelling: It was assessed from the change in suprapatellar
girth (cm). With the knee fully extended, suprapatellar
girth was measured with a standard tape measure at the
superior margin of the patella preoperatively and on
postoperative days 3, 7, 14, and 30. Postoperative change
in suprapatellar girth was the difference compared from
postoperative to preoperative values.
Wound Healing: Postoperatively, the surgical wound was
examined for wound length, ooze, soakage, erythema,
skin blister, and ecchymosis.
TABLE 1 Visual analog scale scores in the tourniquet (TG) and
non-tourniquet (NG) groups (mean  standard deviation)
Time-point
Preoperation
Day 1
Day 3
Day 5
Day 7
Day 14
Day 30

TG
6.53  0.75
6.17  0.92
5.73  0.60
4.30  0.59
2.45  0.57
1.18  0.45
0.45  0.53

6.54
5.32
4.92
3.92
1.95
1.14
0.39

NG

P-value

 0.76
 0.80
 0.57
 0.54
 0.55
 0.47
 0.51

0.946
0.000
0.000
0.001
0.000
0.659
0.558
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Deep Vein Thrombosis (DVT): In case of any suspicion of
DVT on clinical grounds, a duplex sonography was performed for conﬁrmation of VTE.
Knee Society Score: Knee Society scores were calculated
preoperatively and postoperatively at 3 months and at
the last follow-up.
Statistics
Data were expressed as mean  standard deviation. Paired ttests and χ 2-tests were used for statistical analysis and a risk
rate of P < 0.05 was considered signiﬁcant. SPSS Statistics
19.0 software (SPSS, Chicago, USA) was used for data
analysis.
Results
General Results
The mean age of patients was 67  8 years (range,
58–70 years). The mean height of patients was 161.4 
0.4 cm (range, 149.7–178.1 cm); the mean weight was 63.1
 14.5 kg (range, 50.2–76.4 kg); and the mean body mass
index (BMI) was 28.1  5.5 kg/m2 (range, 20.6–36.8 kg/m2).
The mean duration of follow-up was 25 months (range,
19–36 months). A total of 4 cases were lost to follow-up;
2 sustained severe injury from accidents and lost normal
function of the knee, 1 died from pulmonary embolism
(PE) 11 days after surgery, and 1 patient relocated to a foreign country. The total operating time in the TG (80 
4 min) was approximately 2 min shorter than that in the
NG (82  5 min) group; the between-group difference was
statistically signiﬁcant (P < 0.05).
Visual Analog Scale Scores
Preoperative and postoperative pain scores were measured in
both the TG and NG group. Postoperative pain scores in the
ﬁrst operative day both in the TG and NG groups (6.17 
0.92 vs 5.32  0.80) were lower than preoperative pain scores
(6.53  0.75 vs 6.54  0.76). In the ﬁrst operative week, pain
scores in the TG group were decreased from 6.17  0.92 to
2.45  0.57; pain scores in the NG group were decreased
from 5.32  0.80 to 1.95  0.55. Pain scores in the TG
group were signiﬁcantly higher than those in the NG group
in the ﬁrst postoperative week (P < 0.05). After postoperative
day 14, no signiﬁcant between-group difference was observed
in this respect (Table 1).
Range of Motion
The postoperative ROM of two groups within a month was
not as high as the preoperative ROM (approximately 110 ).
Around postoperative day 30, the ROM of the two groups
returned to the preoperative level (approximately 110 ). The
ROM continued to improve gradually and the ROM of the
two groups was approximately 123 at postoperative day 90.
There was no signiﬁcant difference in terms of ROM
between the two groups, both preoperatively and postoperatively (Table 2).
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TABLE 2 Range of motion in the tourniquet (TG) and nontourniquet (NG) groups (mean  standard deviation)
Time-point
Preoperation
Day 7
Day 14
Day 30
Day 90

TG

NG

P-value

101.2  8.6
80.2  5.5
91.3  3.8
101.5  6.5
123.3  6.5

101.4  7.8
81.3  5.7
92.0  3.9
101.7  5.9
123.4  6.6

0.901
0.319
0.356
0.870
0.938

Time to First Straight-leg Raise
From day 1 postoperatively, patients were encouraged to
raise their leg. Patients in the NG group were able to perform active straight-leg raise signiﬁcantly sooner than those
in the TG group (3.2  0.8 days vs 3.9  0.8 days, respectively; P < 0.05).
Mean Change in Suprapatellar Girth
Change in suprapatellar girth demonstrated the degree of
knee swelling. Mean change in suprapatellar girth in the
tourniquet (TG) and non-tourniquet (NG) groups on days
3 and 7 were 2.89  1.42 versus 1.61  1.23 and 2.52  1.32
versus 1.43  0.89, respectively. The knee swelling with tourniquet was greater than that without use of tourniquet
among 2 weeks after TKA (P < 0.05). The between-group
difference was statistically signiﬁcant at this time point (1.56
 1.25 vs 1.20  0.74; P = 0.08). However, no signiﬁcant difference was observed at 30 days postoperatively (0.90  0.52
vs 0.86  0.48; P = 0.68) (Table 3).
Wound Healing
The average lengths of skin incision at full extension in TG
and NG groups were 13.3 cm (range, 12–15 cm) and
12.8 cm (range, 12–14 cm), respectively. The between-group
difference was not statistically signiﬁcant. The TG group
experienced more wound-related problems as compared to
the NG group. The incidence of wound ooze was 63.5%
(33/52) in TG and 26.9% (14/52) in the NG group. The incidence of erythema in the TG group (55.8%, 29/52) was
higher than that in the NG (28.8%, 15/52) group. At the
individual level, the severity of wound ooze or erythema in
TG limbs was equal to or greater than that in the NG limbs.
Skin blisters occurred in 9 (17.3%) TG knees and 2 (3.8%) in
NG knees. Skin ecchymosis occurred in 15 (28.8%) TG knees
and in 5 (9.6%) NG knees. One (1.9%) patient developed
TABLE 3 Mean changes in suprapatellar girth in tourniquet
(TG) and non-tourniquet (NG) groups (mean  standard
deviation)
Time-point
Day 3
Day 7
Day 14
Day 30

TG

NG

P-value

2.89  1.42
2.52  1.32
1.56  1.25
0.90  0.52

1.61  1.23
1.43  0.89
1.20  0.74
0.86  0.48

0.00
0.00
0.08
0.68
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skin necrosis and deep wound infection in the TG knee,
which was treated with antibiotics, irrigation, debridement
and change of polyethylene liner.
Deep Vein Thrombosis
Symptomatic DVT events occurred in 7 patients (13.5%),
8 knees (4 each in TG and NG limbs), as conﬁrmed on sonographic examination. There was no signiﬁcant betweengroup difference in this respect.
Knee Society Score
Knee Society scores were determined preoperatively and
postoperatively at 3 months and 1 year. Preoperative Knee
Society scores (51.2  5.0 vs 51.3  4.8; P = 0.9) and postoperative scores at 3 months (90.3  4.2 vs 90.2  3.9;
P = 0.9) and 1 year (93.2  2.3 vs 93.3  2.2; P = 0.8) were
comparable between the TG and NG groups, respectively. In
TG and NG groups, postoperative Knee Society scores at
3 months (90.3  4.2 vs 90.2  3.9) and 1 year (93.2  2.3
vs 93.3  2.2) were higher than preoperative Knee Society
scores (51.2  5.0 vs 51.3  4.8; P < 0.05), but there was no
difference between 3 months and 1 year. The Knee Society
scores were restored to the highest score in the third month
following surgery and remained at this level.
Discussion
he overall beneﬁts and risks of tourniquet use during
TKA are still widely debated. Tai et al. emphasize the
need for well-designed randomized controlled trials to clarify
the role of tourniquets and to compare the effects of different
methods for tourniquet application for TKA7. Much of the
current literature is limited to the use of tourniquets in
patients undergoing unilateral TKA. The evidence for use of
tourniquets for simultaneous bilateral TKA has largely been
extrapolated from these studies. As there is a lack of robust
evidence related to the use of tourniquets for bilateral TKA,
we conducted a prospective controlled study. It is easy to
implement a complete control study in the same patient
undergoing bilateral simultaneous TKA with tourniquet use
only in one limb.
In our study, TKA performed with the use of a tourniquet led to increased pain and swelling during the immediate
postoperative period. The group in which tourniquets were
used also experienced a higher incidence of wound complications and suffered from a delay in achieving unassisted
straight leg raise. These ﬁndings are similar to those of previous studies performed in the unilateral TKA setting6,10,15.
One of the causes of increased postoperative pain could be
the direct pressure of tourniquets on local soft tissues and
nerves. However, reactive hyperemia after tourniquet deﬂation causes a 10% increase in limb size and the resultant
increase in soft tissue tension around the knee is the likely
reason for aggravation of knee pain and swelling16. Tourniquet use could make wound edges hypoxic during the early
postoperative period, which affects angiogenesis and migration of macrophages and ﬁbroblasts. It also affects the
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cellular response to wound healing17,18. In the TKA with
tourniquets, the incidence and severity of wound ooze, erythema, blisters, and ecchymosis was higher. Persistent wound
healing problems such as ooze after joint arthroplasty have
been shown to be associated with increased risk of infection19,20. In this study, 1 knee (1.9%) with tourniquet developed deep wound infection, while no infectious
complications were observed in the non-tourniquet group.
Because of the low incidence of wound infection, a statistically valid between-group difference was not feasible. Thigh
pain and axonal compression due to tourniquets may lead to
postoperative quadriceps weakness and delay in nerve conduction, which may cause a lag in straight-leg raise time.
There was no signiﬁcant difference with respect to
ROM, DVT, and long-term Knee Society scores in the two
groups, which suggests that the use of tourniquets has no
long-term impact on ROM, VTE rates, and functional outcomes. Studies have shown that unilateral TKA performed
without use of a tourniquet facilitates early wound healing,
improved ROM, improved Knee Society scores, and lower
DVT incidence as compared to that with the use of a tourniquet6,10,15. There is asymmetry in the strength between limbs
before and many months after unilateral TKA21–23. Patients
with unilateral involvement rely on their “good” or healthy
limb to complete functional tasks. The knee function is
dependent on the operative technique and several other preoperative factors. In the current study, the ROM and Knee
Society scores were better in TKA without a tourniquet and
this was attributable to the use of a tourniquet. However,
patients who undergo simultaneous bilateral TKA do not
have this asymmetry before surgery or at 60 days post surgery24. Patients after simultaneous bilateral TKA attempt to
use both limbs in a symmetrical fashion during their recovery and rehabilitation period, which may explain the difference in outcomes from the studies done for unilateral
cases25,26.
Similarly, while evaluating the incidence of VTE for
bilateral TKA cases, the development of VTE, which is
dependent on multiple risk factors, may not be accurately
reﬂected as an outcome of the study. The period of immobility, surgical time, and postoperative events were similar in
both groups, and these risk factors did not impact the incidence of VTE, irrespective of the use of tourniquets in this
study. However, more detailed investigations are required to
draw deﬁnitive conclusions in this regard.
Several clinical trials have shown that the operating
time for TKA with tourniquets is almost the same as that for
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TKA without tourniquets6. In the current study, the mean
time saved with the use of a tourniquet was 2 min. The reason is that we just began to perform TKA without a tourniquet in this study and needed more time to control
intraoperative bleeding due to limited experience.
Yoon et al. observe an increase in incidence of general
complications (5% after simultaneous bilateral TKA vs 0.8%
after unilateral TKA), mainly in patients over 70 years of
age, with an American Society of Anesthesiologists (ASA)
grade of 3 or 427. They recommend that care be taken in elderly patients who are considered high-risk cases for general
anesthesia. Patients ≥70 years of age were excluded from this
study, taking into account the previously reported ﬁndings in
this arena.
A major limitation of this study is the small sample
size, which makes generalizations to the overall population
tenuous, and increases the probability of type II errors. To
detect differences in rare complications such as wound infection and DVT, larger studies are required. Another limitation was the inadequate randomization, because as is
standard routine, left knees were operated on ﬁrst, which
may have introduced a bias. Moreover, measurement of
intraoperative and postoperative blood loss was not included
in our study, which is an important parameter used to evaluate the effectiveness of tourniquets in the published literature. Because drains were inserted into the joint and
connected to a Stryker CBC II auto-transfusion device, it was
difﬁcult to precisely quantify the exact site of blood loss.
Despite these limitations, our data still provides valuable
information regarding tourniquet use in patients undergoing
simultaneous bilateral TKA.
In conclusion, the use of tourniquets during simultaneous TKA may save operating time but could also lead to
severe postoperative pain, swelling, a high incidence of
wound complications, and delayed mean straight-leg raise
time. Some ﬁndings of this study were similar to those
reported in studies performed in a unilateral TKA setting,
wherein the use of tourniquets did not affect the ROM,
DVT, and long-term Knee Society scores. Future studies with
large sample sizes are required to assess the inﬂuence of the
use of tourniquets on the incidence of uncommon
complications.
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