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Abstract

Background: The implementation of blood flow restriction (BFR) during exercise is becoming an increasingly useful
adjunct method in both athletic and rehabilitative settings. Advantages in pairing BFR with training can be observed
in two scenarios: (1) training at lower absolute intensities (e.g. walking) elicits adaptations akin to high-intensity ses-
sions (e.g. running intervals); (2) when performing exercise at moderate to high intensities, higher physiological stimu-
lus may be attained, leading to larger improvements in aerobic, anaerobic, and muscular parameters. The former has
been well documented in recent systematic reviews, but consensus on BFR (concomitant or post-exercise) combined
with high-intensity interval training (HIIT) protocols is not well established. Therefore, this systematic review evaluates
the acute and chronic effects of BFR+HIIT.

Methods: The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were used
to identify relevant studies. A systematic search on 1 February 2022, was conducted on four key databases: Scien-
ceDirect, PubMed, Scopus and SPORTDiscus. Quality of each individual study was assessed using the Physiotherapy
Evidence Database (PEDro) scale. Extraction of data from included studies was conducted using an adapted version of
the 'Population, Intervention, Comparison, Outcome’ (PICO) framework.

Results: A total of 208 articles were identified, 18 of which met inclusion criteria. Of the 18 BFR+ HIIT studies (244
subjects), 1 reported both acute and chronic effects, 5 examined acute responses and 12 investigated chronic

effects. Acutely, BFR challenges the metabolic processes (vascular and oxygenation responses) during high-intensity
repeated sprint exercise—which accelerates central and peripheral neuromuscular fatigue mechanisms resulting in
performance impairments. Analysis of the literature exploring the chronic effects of BFR+ HIIT suggests that BFR does
provide an additive physiological training stimulus to HIIT protocols, especially for measured aerobic, muscular, and, to
some extent, anaerobic parameters.

Conclusion: Presently, it appears that the addition of BFR into HIIT enhances physiological improvements in aerobic,
muscular, and, to some extent, anaerobic performance. However due to large variability in permutations of BFR+ HIIT
methodologies, it is necessary for future research to explore and recommend standardised BFR guidelines for each
HIIT exercise type.
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sibly impairing performance. However, the extent of
impairment differs between upper and lower limbs
due to differences in sensitivity to oxygenation and
vascular responses.

2. Implementing BFR into HIIT can enhance chronic
performance adaptations in aerobic and muscular
parameters, whereas improvements in anaerobic
components may only be limited to the inclusion of
BER in submaximal exercise interventions.

3. There is a necessity for future research to explore and
recommend standardised BFR guidelines for each
HIIT exercise type.

Introduction

High-intensity interval training (HIIT) is a power-
ful tool in developing an athlete’s cardiorespiratory and
metabolic function (aerobic and anaerobic capabili-
ties) which translates to better physical performance [1].
HIIT involves the repetition of short (~4-60 s) to long
(~1-8 min) bouts of high-intensity exercise interspersed
with recovery periods. HIIT approaches vary in nature
and can include submaximal effort long interval training
(LT), short interval training (ST), maximal effort sprint
interval training (SIT), repeated sprint training (RST),
and mixed-intensity small-sided games (SSG) [1]. Despite
the observed benefits of HIIT, athletes, coaches and sport
practitioners are still constantly looking for strategies
which can enhance and optimise the adaptive responses
to training.

In recent years, the implementation of blood flow
restriction (BFR) during common exercise modalities
(walking, running, cycling and resistance training) has
become an increasingly popular, accessible and useful
adjunct method in both athletic and rehabilitative set-
tings [2—6]. BFR training involves exercising with the
application of an external constricting device (usually
blood pressure cuffs or elastic wraps) on the proximal
limb musculature, i.e. on the upper arms and/or legs, to
restrict arterial blood flow and occlude venous return [7].

The advantages of pairing BFR with aerobic exercise
(especially low-intensity aerobic training) have been well
documented in recent systematic reviews [3-5]. The
advantages are evident in two scenarios: (1) training at
lower absolute intensities, for example, walking on gra-
dient with BFR, promotes similar internal training stress,
muscular and cardiovascular adaptations akin to that of
running-based HIIT [8, 9], and (2) at a similar mechani-
cal or external workload during moderate to high-inten-
sity aerobic training, higher physiological (internal load)
stress can be induced with the inclusion of BFR, poten-
tially leading to larger improvements in aerobic, anaero-
bic and muscular capacities [10-15].
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These observations lead into the potential question of
whether BFR can be similarly applied during HIIT ses-
sions to further enhance the physiological stimulus and
thus adaptive responses of athletes. Recently, literature
regarding the use of both BFR+ maximal effort sprint
training methods like SIT intervals [16] and RST inter-
vals [17], as well as BFR + submaximal effort intervals
like LT [11-14, 18], SSG [19, 20] and ST [10], has sug-
gested amplified training benefits in comparison with
HIIT without BFR. However, the consensus on the
acute mechanisms and chronic effects of these various
types of BFR+HIIT protocols (ST, LT, SIT, RST, SSG)
are not well-established. Therefore, the main objective
of this systematic review was to evaluate the available
scientific literature on the acute responses and chronic
adaptations to the various BFR+HIIT protocols. Acute
responses of BFR+ HIIT were analysed according to per-
formance, metabolic (vascular, oxygenation, biochemical
and molecular responses), neuromuscular and percep-
tual variables, while chronic effects of BFR+ HIIT were
evaluated based on performance (predominantly aerobic,
predominantly anaerobic and muscular) adaptations.

Methods

This systematic review was conducted in accordance
with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines [21].
A systematic literature search strategy was performed
on 1 February 2022, using a combination of these Eng-
lish descriptors: (occlusion training OR occluded train-
ing OR blood flow restricted OR blood flow restriction
OR kaatsu) AND (aerobic interval OR games OR inter-
val training OR repeated sprint OR short interval OR
long interval OR sprint interval OR run OR cycle OR
cycling OR row OR ski) NOT preconditioning. These
search terms were agreed on by investigators MC and
SB. The search was conducted on ScienceDirect, Pub-
Med, Scopus and SPORTDiscus. The main investiga-
tor (MC) conducted the search online independently.
All applicable titles and abstracts of the search were
uploaded onto Covidence systematic review software
(Veritas Health Innovation, Melbourne, Australia)
and further screened for relevance by MC and second
investigator (AS). Duplicate articles were removed
(refer to Fig. 1). The identified articles were then read
in entirety, and references of the articles were also
reviewed to identify other potentially relevant studies
not previously included. The full text review, quality
assessment and data extraction were conducted by two
independent reviewers (MC and AS), who met to dis-
cuss and resolve any discrepancy. If a consensus could
not be achieved, discrepancies were resolved with the
aid of the final investigator (SB). The inclusion criteria
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Fig. 1 Search strategy and study selection process

were: (1) original research with human subjects in the
age range of 16—50 years; (2) published from 1 Janu-
ary 2000 to 1 February 2022; (3) published in journals
indexed in selected databases; (4) evaluated the acute
and/or chronic responses effected by BFR interval
training; (5) use of practical-BFR (p-BFR), fixed occlu-
sion pressure, pulse elimination pressure (PEP) or arte-
rial occlusion pressure (AOP) methods during exercise;
(6) available in English. Articles excluded were: (1)
review articles; (2) articles of opinions/viewpoints; (3)
validation studies; (4) books or dissertations; (5) case
studies; (6) articles that involved the application of BFR
in low-moderate intensity interval training (repeated
bouts of exercise <60% VOZmaX [22, 23],<80%HRmax

[24]intensity interspersed with rest periods) or any
form of continuous training.

Methodology Quality Assessment: PEDro Scale

Quality assessment of each individual study was com-
pleted using the Physiotherapy Evidence Database
(PEDro) scale (http://www.pedro.ths.usyd.edu.au). The
PEDro scale objectively assesses experimental studies for
their methodological quality—risk of bias, evaluation of
internal validity and statistical analysis. It comprises 11
article evaluation items, with 1 point scored for each yes’
and O for each 'no’ indicated. As the first item is not cal-
culated in the PEDro score, the minimum and maximum
score each article can achieve ranges from 0 to 10, with
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higher scores indicating greater methodological quality.
Scores of <4 are considered ‘poor, 4 to 5 are considered
‘fair; 6 to 8 are considered ‘good’ and 9 to 10 are consid-
ered ‘excellent’

Data Extraction: PICO Framework

Extraction of data from included studies was conducted
using an adapted version of the 'Population, Interven-
tion, Comparison, Outcome’ (PICO) framework [25]. For
the BFR+HIIT studies, data were extracted and organ-
ised as: a) author and year of study, b) participant pro-
file, c) study design (groups), d) BFR methodology (site
of BFR, cuff pressure and application procedure), e)
exercise intervention (exercise protocol, number of ses-
sions), f) outcome measures, g) significance of outcome
measures (p-value). Acute responses of BFR+ HIIT were
evaluated in terms of performance, metabolic (vascular,
oxygenation and biochemical and molecular responses),
neuromuscular and perceptual variables. Chronic effects
of BFR+HIIT were evaluated in terms of performance
(predominantly aerobic, predominantly anaerobic and
muscular) variables. Findings were classified into the two
main categories of (1) acute responses and (2) chronic
effects of BER+HIIT.

Results

Of the 208 studies identified (Fig. 1), 55 duplicates were
removed, and 131 articles excluded after title and abstract
screening, leaving 22 studies to be assessed for eligibility.
Four studies were excluded due to exercise intervention
protocols which did not meet inclusion criteria. Of the
eighteen studies evaluated, one reported both acute and
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chronic effects, five reported acute effects while twelve
reported chronic effects of BFR + HIIT..

PEDro scores are evaluated in Table 1 (acute
BFR+HIIT studies) and Table 2 (chronic BFR+ HIIT
studies). In Table 1, all six studies [26-31] scored 6
(‘good’) out of a possible 10. In Table 2, six studies
[11-16] scored 5 (‘fair’) while seven studies [10, 17-20,
27, 32] scored 6 (‘good’). All articles did not meet crite-
ria 3 (‘concealed allocation’), 5 (‘blinding of subjects’), 6
(‘blinding of therapists’) and 7 (‘blinding of assessors’).
Of the six studies which scored 5, one [15] did not meet
criteria 4 (‘groups similar at baseline’) due to a lack of a
control (CON) group while one [16] did not meet cri-
teria 2 to randomly allocate the subjects to groups—as
participants were highly trained cyclists or triathletes
with VOymax of >60 ml e min~! kgfl, they were pair-
matched between groups upon initial VOsmax, maximal
aerobic power (MAP) and critical power (CP). The other
four studies [11-14] were derived from a single data col-
lection procedure which had 13 subjects—10 completed
(76.9%) and three dropped out. Thus, these studies did
not meet criteria 8 which is the 'measure of one key out-
come obtained from > 85% initial subjects!

Acute Responses of BFR-HIIT

Methodological Considerations

HIIT Exercise Intervention Six studies (Table 3) reported
the acute responses of BFR + HIIT. All six studies [26-31],
used maximal, all-out effort, sprint protocols. Five stud-
ies adopted RST protocols, four of which utilised repeated
sprint tests of 10-s maximal leg- or arm-cycling sprints
with 20-s active recovery till volitional exhaustion [26, 29—
31], while one used a sport-specific badminton repeated

Table 1 Methodological quality of included studies (acute effects of BFR+ HIIT) assessed with the PEDro Scale

PEDro* Taylor Willis et al. [29] Peyrard Valenzuela Willis et al. [30] Willis et al. [31]
etal. [27] etal. [26] etal. [28]
Eligibility criteria Yes Yes Yes Yes Yes Yes
Randomised allocation Yes Yes Yes Yes Yes Yes
Concealed allocation No No No No No No
Groups similar at baseline Yes Yes Yes Yes Yes Yes
Blind subjects No No No No No No
Blind therapists No No No No No No
Blind assessors No No No No No No
Measure of one key outcome obtained Yes Yes Yes Yes Yes Yes
from > 85% initial subjects
Intention-to-treat Yes Yes Yes Yes Yes Yes
Between-group comparisons Yes Yes Yes Yes Yes Yes
Point measures and measures of variability Yes Yes Yes Yes Yes Yes
TOTAL 6 6 6 6 6 6

" Eligibility criteria is not calculated in the scores
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Table 2 Methodological quality of included studies (chronic effects of BFR+ HIIT) assessed with the PEDro Scale

PEDro* Keramidas Taylor Behringer, Paton  Mitchell Amani- Amani- Christiansen Elgammal

etal.[18] etal. etal.[32] etal. etal. Shalamzari Shalamzari, etal.[11-14] etal.[17]
[27] [10] [16] etal.[15] etal.[19, 20]

Eligibility criteria Yes Yes Yes Yes Yes Yes Yes Yes Yes

Randomised allocation Yes Yes Yes Yes No Yes Yes Yes Yes

Concealed allocation No No No No No No No No No

Groups similar at baseline  Yes Yes Yes Yes Yes No Yes Yes Yes

Blind subjects No No No No No No No No No

Blind therapists No No No No No No No No No

Blind assessors No No No No No No No No No

Measure of one key Yes Yes Yes Yes Yes Yes Yes No Yes

outcome obtained

from > 85% initial subjects

Intention-to-treat Yes Yes Yes Yes Yes Yes Yes Yes Yes

Between-group compari-  Yes Yes Yes Yes Yes Yes Yes Yes Yes

sons

Point measures and meas-  Yes Yes Yes Yes Yes Yes Yes Yes Yes

ures of variability

TOTAL 6 6 6 6 5 5 6 5 6

" Eligibility criteria is not calculated in the scores

sprint protocol—3 sets of 10 x 10-s all-out sprinting with ~ Performance Response

20-s rest [28]. Taylor and colleagues [27] employed a SIT
protocol of 4 x 30-s maximal cycling sprints, with 4.5-min
recovery.

Participants The total number of participants was 64:
48 (75%) were male and 16 (25%) were female. Number
of participants per study ranged from 7 [30] to 16 [31].
Participants’ age range was between 18 and 39 years. Type
of population varied from recreationally active adults [26,
29-31] to well-trained cyclists [27] and elite badminton
athletes [28].

BFR Application Sites of BER application were depend-
ent on the exercise, i.e. BFR on the upper thigh for leg
cycling [27-30] and BFR on the upper arm for arm cycling
[26, 30, 31]. All studies used pneumatic cuffs, and mate-
rial was either nylon [26, 27, 29, 30] or not stated [28,
31]. Width of cuffs ranged from 11 to 13 cm (lower limb)
[27-30] and 3 to 4 cm (upper limb) [26, 31]. Diameter of
cuffs ranged from 85 to 124 cm (lower limb) [27, 29, 30]
and 70 cm in upper limbs [30, 31]. Methods of cuff pres-
sure applied were different across studies—fixed pressure
[27], PEP [26, 29-31] and AOP [28]. All studies adopted
continuous BFR application (participants with BER cuffs
inflated throughout exercise) except for Taylor et al. [27],
where an intermittent BFR application was employed
(the cuffs were only inflated within 15 s after each sprint,
remained inflated for 2 min into rest and deflated before
the next bout).

Number of Sprints and Work Done The total number of
sprints done to volitional exhaustion during the repeated
sprint ability (RSA) tests seemed to be significantly
affected with the inclusion of BER during leg-cycling exer-
cise. All three studies which included BER on lower limbs
with RS-type exercises (leg-cycling or badminton-specific
movement) reported a significant decrease of sprints and/
or work done [28-30]. The studies of Willis et al. [29] and
Willis et al. [30] exemplified that when 45%PEP BEFR was
adopted with RS leg-cycling exercise, total number of
sprints and work done decreased by ~47-56% (~17-18
sprints) and~53-61% (~95-111kj), respectively, com-
pared with the CON conditions. A further increase in
BER pressure to 60%PEP caused larger impairments in
the number of sprints and work done—decrease of ~ 66%
(~22 sprints) and ~69% (~ 120kj) ,respectively, as com-
pared with the CON condition [29]. Similarly, during RST
where the number of badminton-specific sprints (3 sets of
10 x 10-s all-out sprints with 20-s rest) were fixed, total
distance achieved was significantly lower in the BFR con-
dition (~ 1243 m) than CON condition (~ 1353 m) [28].
For SIT protocol of 4 sets of 30-s maximal cycling (with
4 min 30 s of passive recovery), total work done was simi-
lar between the BFR and CON group [27]. It is impor-
tant to highlight that in this last study, participants in the
BER condition only had cuffs inflated within 15 s after the
maximal sprints, and 2 min into rest, which may have pos-
sibly preserved performance.
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These results from lower body exercise contrast with
the inclusion of BFR on upper limbs for RS exercise (arm
cycling) to exhaustion. Two out of three studies utilis-
ing arm cycling reported that the number of sprints and
work done were similar to CON [30, 31], while one study
reported a significant decrease in number of sprints per-
formed (~23%; BFR: 10 vs CON: 13 sprints) with BFR
[26]. The differences between lower and upper body
exercise do not appear to be explained by cuff pressure,
period of cuff inflation, or types of sprints performed
which were similar. Potential reasons for the differ-
ence between repeated sprint performance in lower and
upper limbs will be discussed in the Metabolic Responses
section.

Power Output Peak power output (PPO) during exer-
cise was only measured in one study [27], and was similar
between conditions (BFR: ~1147 W vs CON:~ 1149 W).
As mentioned above, BFR pressure was gradually applied
after the 30-s maximal sprint effort and for only part of the
rest period which may have allowed for sufficient recovery
of energy systems between exercise bouts. Three studies
reported similar mean power output (MPO) throughout
RSA (leg- and arm-cycling) tests in both BFR and CON
conditions [29-31]. However, in the study of Peyrard
et al. [26], when MPO of the best arm-cycling sprint was
compared between BFR and CON conditions, it was sig-
nificantly reduced by occlusion (BFR: ~ 520 W vs CON:
~ 547 W).

Metabolic Responses

Oxygen Uptake Three studies measured the peak VO,
response (highest 30-s oxygen uptake) during the RSA test
in both BFR and CON conditions [29-31]. These stud-
ies noted a disparity between peak VO, achieved when
BFR was included with a leg-cycling RSA test compared
with BFR during an arm-cycling RSA test. Willis and col-
leagues [29] investigated BER leg cycling during RSA test
at 0%, 45% and 60% PEP and observed that peak VO, in
the 45% and 60% BFR condition were ~ 12.6% and ~ 18.2%
lower than CON condition. With higher and more severe
occlusion pressure, it was observed that participants
were unable to exhaust both the cardiovascular and res-
piratory systems due to possible limitations and fatigue
at the peripheral level [29]. Likewise, another study by
Willis et al. [30] found a~12.8% decrease in peak VO,
compared with CON, when BER at 45% PEP was included
during leg-cycling RST. However, when arm-cycling RST
was conducted on the participants, peak VO, was similar
in both BFR and CON conditions [30, 31]. The difference
between oxygen uptake in BFR+ RS arm and leg cycling
was hypothesised for several reasons. First, arms display
greater sensitivity to oxygenation than legs during maxi-
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mal exercise due to higher oxygen demand per unit of
muscle. Given that relative workload was similar (maxi-
mal effort and same exercise duration), the characteris-
tics of the arms, i.e. smaller muscle mass, vessel diameter
and lower vascular conductance, would generally lead to
lower oxygen extraction and lower perfusion per kg in
arms than legs [33, 34]. However, a greater hyperaemic
effect and vascular regulation were observed in the skel-
etal muscle of arms than legs—higher blood volume con-
centrations, activation of muscle pump, and higher con-
duit vessel dilation of the brachial arteries of the arm (as
compared to femoral arteries in the legs) during dynamic
exercise—which maintained the oxygen delivery of the
arms more so than the legs [35, 36]. During BFR condi-
tions, the vascular regulation of blood flow in the arms
versus legs was accentuated, appearing to be at a higher
rate in the arms than legs. The greater vascular resistance
(ratio of mean arterial pressure to blood flow) imposed by
BER likely caused an increase in blood volume in the mus-
cle tissue, which altered the perfusion pressure to increase
oxygen extraction [30].

Oxygenation/Vascular Responses—Pulse, Cerebral, Mus-
cle Acute oxygenation responses measured at the pulse,
cerebral and muscular level during exercise allow scien-
tists to better understand and interpret the physiological
mechanisms that underpin adaptations after a training
intervention—in this case, BER+ RS exercise.

All five studies that measured pulse oxygen saturation
(Sp O3) via an oximeter (attached to the finger or earlobe)
during RS exercise on either lower and/or upper limbs
reported that it was not impacted by the use of BFR when
compared to a CON condition [26, 28—31]. Unlike in con-
ditions of systemic hypoxia where a reduction in Sp O3
and higher post-exercise blood flow (caused by hypoxia-
induced vasodilation) after RS exercise were observed,
BFR (localised hypoxia) conditions demonstrated simi-
lar Sp O3 levels and seemingly lower post-exercise blood
flow as compared to CON conditions [31]. Willis et al.
[31] suggested that under partial BFR occlusion where
blood flow is limited, different haemodynamic and vascu-
lar responses are elicited to control the changes of blood
flow and alteration in oxygen delivery during RS exercise.
A possible response to control the increased changes in
blood volume and maintenance of Sp Oy during BFR and
RST was proposed to be the continual shifts in perfusion
pressure gradient, rather than cardiac output and local
muscle vasoconstriction, which are both limiting factors
of blood flow during high-intensity exercise [37].

Near-infrared spectroscopy (NIRS) was used to meas-
ure cerebral and muscular oxygenation. Three studies
measured cerebral oxygenation responses during RS
exercise [26, 29, 30], one study during both arm and leg
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cycling [30]. During leg-cycling RS exercise, two stud-
ies observed no significant differences between BFR and
CON conditions in measurements of changes in con-
centration for total haemoglobin (AtHb), deoxyhaemo-
globin (AHHD), oxyhaemoglobin (AO,Hb) and absolute
maximum tissue saturation index (TSI) [29, 30]. It was
suggested that in leg-cycling RS, changes in cerebral
blood volume AtHb increase near exhaustion no matter
the condition [29] and are likely due to neural-vascular
regulatory coupling which causes an increase in cerebral
blood flow to maintain oxygen delivery [38]. In the two
studies that investigated arm-cycling RST, one observed
no differences between BFR and CON conditions for
measurements of cerebral AHHb, AO,Hb and TSI [30],
and one observed no differences in the changes in tissue
saturation index on the pre-frontal cortex (ATSIpfc) [26].
These results indicated that the use of BFR did not induce
any noteworthy changes in central oxygenation responses
[26].

With regard to muscle oxygenation responses, there
were mixed results. In badminton-specific RST, muscle
oxygen saturation (Sm O3) was not different between BER
and CON conditions [28]. This differed from a previous
study that reported a lower Sm O3 in individuals perform-
ing leg extensions with BFR [39]. The authors debated
that the lack of Sm O, differences between BFR and CON
may be due to the maximal intensity of RS-exercise over-
shadowing the "hypoxic’ effects of BFR+RST, or the
biomechanical nature of badminton RS movements alter-
ing Sm O, kinetics [28]. Three studies reported findings
in BFR+RS arm cycling [26, 30, 31], while two studies
investigated leg-cycling BFR+RS [29, 30]. Both Peyrard
et al. [26] and Willis et al. [31] observed that tissue satu-
ration index of the biceps brachii (TSIP) was impacted
by BER (lower muscle oxygenation) at rest (pre-RSA test)
as compared to CON. However, there was disagreement
between the two studies in the ATSIP® after BFR+RS,
as compared with CON. Peyrard et al. [26] reported that
ATSI?®® was not impacted by BER and attributed this
observation to the mechanisms of maximal exercise—
which induced vasodilation and an increase in arterial
pressure sufficient to counteract the action of BFR on
tissue oxygenation parameters. However, in the study of
Willis et al. [31], a significantly lower ATSI® and greater
AtHb were observed in BFR compared with CON after
RST. It was proposed that BFR may have increased mus-
cle oxygen extraction closer to maximal capacity and per-
fusion pressure could have been the main mechanism for
increased changes in blood volume, rather than cardiac
output or local muscle vessel vasoconstriction.

In the study of Willis et al. [30], comparisons of mus-
cle oxygenation for arm- and leg-cycling RSA tests were
conducted. Investigators observed a greater AtHb in the
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biceps brachii and vastus lateralis in BFR as compared to
CON in arm and leg cycling, respectively. This observa-
tion substantiates the idea that BFR conditions accen-
tuate vascular regulation of blood flow due to higher
vascular resistance, increasing blood volume, and thus
perfusion pressure to increase oxygen extraction. Fur-
thermore, two BFR conditions (45%PEP and 60%PEP)
were also compared with CON in leg-cycling RST [29].
Like arm cycling, greater AtHb was observed in the vas-
tus lateralis in both 45% and 60%BFR compared with
CON.

Absolute maximal TSI values of the vastus lateralis
were significantly lower in the 60%BEFR than the 45%BFR
and CON conditions. A significantly lower AHHb of
the vastus lateralis and a significantly greater AO,Hb
were observed at 60% BFR compared with CON. Col-
lectively, these observations depict that as severity of
BFR increases, a possible increase in oxygen extraction is
required to maintain maximal sprint performance.

Biochemical Responses Four studies compared blood
lactate (bLa) response during RS exercise in BFR and CON
conditions [28-31]. There were no differences between
bLa responses between BFR and CON conditions during
RS exercise using arm-cycling [30, 31], leg-cycling [29, 30]
or badminton-specific movements [28]. Moreover, Valen-
zuela et al. [28] observed that there were no differences
between BFR and CON in creatine kinase (CK) activity,
despite increases in both conditions 24- and 48- h after
the session.

Molecular Responses In the study of Taylor et al. [27],
activation of p38 mitogen-activated protein kinases
(p38MAPK) and angiogenic messenger ribonucleic acid
(mRNA) expression were investigated post-exercise.
These measures were conducted to identify if exer-
cise-induced capillary growth (angiogenesis) would be
potentially induced in response to different physiologi-
cal stresses during intense exercise. Phosphorylation of
P38MAPK as well as mRNA expression, peroxisome pro-
liferator-activated receptor y coactivator-la (PGC-1la),
vascular endothelial growth factors (VEGF) and its recep-
tors (VEGFR-2) significantly increased immediately after
both CON and BER exercise interventions, and returned
to baseline at 3 h post-exercise, but there were no differ-
ences between the two conditions. Hypoxia-inducible
factor-la (HIF-1a) mRNA expression—known to upreg-
ulate several genes to promote adaptations to metabolic
stresses imposed by hypoxic conditions—increased at 3 h
only after BFR, which may suggest possible stimulus for
hypoxia-mediated skeletal muscle remodeling to increase
capillary density.
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Neuromuscular Responses

It is understood that both peripheral and central
fatigue contribute to the decrease of maximal volun-
tary contraction (MVC) force after leg-cycling [40]
and arm-cycling sprints [41], Two studies evaluated
neuromuscular responses during RST—one on leg
cycling [29], and one on arm cycling [26]. Willis et al.
[29] reported a significant decrease in MVC and vol-
untary action level (VAL) in 45%PEP and 60%PEP BFR
as compared with CON. Between 45%PEP and 60%PEP,
60%PEP demonstrated a larger decrease in MVC and
VAL. The root mean square of muscle compound
action potential (RMS/M-wave), the summated action
potentials of stimulated motor neurons, in 60%PEP BFR
was also significantly lower compared with CON. The
ratio of resting stimulations at 10 Hz over stimulation
at 100 Hz (P10/P100) significantly decreased across all
conditions, aligning with the decrease in leg-cycling RS
performance over time due to peripheral fatigue.

As depicted in the heavily impacted sprint perfor-
mance, the BFR conditions may have also impacted
supraspinal fatigue, as demonstrated in the reduction
in responses of central parameters (VAL, RMS/M-
wave), which could have been caused by inhibitory
signals from type III and IV afferents after the large
increase in cerebral blood volume [42-44]. In the study
by Peyrard et al. [26] using RS arm cycling, the inves-
tigators observed no significant differences between
BFR and CON conditions in neuromuscular measure-
ments from central indices. However, they did find a
difference in two peripheral indices—change in force
amplitude for paired electrical muscle stimulation
at 10 Hz (ADb10) and change in amplitude of muscle
compound action potential (A Mmax) were impacted by
occlusion to a greater extent from pre- to post-exercise
with BFR (ADb10: — 40.8 £4.7% (BFR) vs. —27.9+4.5%
(CON), AM,,:—94£19% (BFR) vs+0.8£2.0%
(CON)). The higher decrease of ADb10 indicates that
the onset of peripheral fatigue occurred more rapidly
in the BFR than CON condition and indicates that this
occurred at and/or beyond the sarcolemma, partially
due to impairments in muscle excitation—contraction
coupling. This is potentially due to increased severity
of metabolic processes like intracellular accumulation
of hydrogen ions [45], reduction in bLa removal [46]
and faster phosphocreatine breakdown [47]. Also, the
greater impairment of the amplitude of muscle com-
pound action potential (Mpax) in BFR, in contrast to
CON, could be attributed to the imbalance of ion con-
centrations across the muscle membrane, likely due to a
larger increase in sarcolemmal permeability [48], which
is imposed by additional muscle damage in BFR condi-
tions [49].
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In a badminton RS protocol, there was a significantly
greater decrement in jump height from pre to post in a
countermovement jump test with BFR as compared to
CON conditions [28]. The investigators similarly pro-
posed that BFR RS exercise led to greater fatigue asso-
ciated with marked accumulation of intramuscular
metabolites and greater decrease in muscle pH.

Thus, it appears that BFR during lower-limb RS per-
formance may be heavily impaired by factors affecting
both peripheral and central fatigue etiology while for BER
upper-limb RS, the extent of performance impairment is
comparatively lower, and more likely by factors influenc-
ing peripheral fatigue than central mechanisms. More
investigations are required to confirm the fatigue etiology
within lower-limb and upper-limb RS exercise.

Perceptual Responses

Four studies investigated the ratings of perceived exer-
tion (RPE) between CON and BFR conditions during RS
exercise protocols [28—31]. During arm-cycling RST, RPE
arms and RPE breathing were not significantly affected
by BER occlusion compared with CON [30, 31]. In leg-
cycling RST, results were mixed. One study reported that
RPE legs and RPE breathing were not affected by occlu-
sion [30], while another study observed that despite no
significant differences in RPE breathing, RPE legs were
significantly affected by occlusion at 45% PEP (RPE:
19.5+0.7) and 60% PEP (RPE: 19.540.6) as compared
to CON (17.7+£2.0) [29]. In a badminton RS protocol,
RPE legs were reported to be significantly higher in BFR
(9.540.5) than CON (7.0£1.3), although overall RPE
was similar in both conditions [28]. As observed, per-
ceptual responses were not affected during upper-limb
BFR-RS exercise and likely to be negatively affected when
lower-limb BFR-RS protocols were adopted—which may
be due to the differences in metabolic, oxygenation and
vascular responses between the upper and lower limbs.

Chronic Effects of BFR+HIIT

Methodological Considerations of Included Studies

BFR+ HIIT Exercise Intervention There were 13 studies
included (refer to Table 4) which investigated the chronic
effects of BER+HIIT, all of which employed different
BFR + HIIT exercise protocols [10-20, 27, 32]. Four stud-
ies incorporated BFR into sprint-based exercise protocols
like cycling SIT [16, 27], submaximal effort sprint train-
ing (running) [32] and basketball-specific RST [17]. Seven
studies adopted a combination of BFR and submaximal
aerobic intervals—six of which utilised LT in cycling [11—
15, 18], and one employed ST in running [10]. Four papers
from Christiansen et al. [11-14] were published based on
data derived from a single study data collection. The last
two studies [19, 20] likewise obtained data collected from
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the same data collection process, where BFR was included
into a futsal SSG protocol.

Participants The total number of participants was 180,
128 (71.1%) were male, 52 (28.9%) were female. The num-
ber of participants per study ranged from 10 [11-14] to 32
[15]. Participants’ age range was between 18 and 39 years.
Participants included in the studies were categorised
based on a participant classification framework devel-
oped by McKay et al. [50]-which sorts participants into
various tiers based on factors including sporting perfor-
mance, training exposure, biometric attributes, and gen-
eral fitness level. The types of participants ranged from
untrained [18] to recreationally active [10-15, 32] and
highly trained subjects [16, 17, 19, 20, 27]. All studies com-
pared a BFR and CON (no BER application) group except
for the study of Amani-Shalamzari, et al. [15] which did
not have a CON group but compared four training pro-
tocols of different exercise intensities and BFR occlusion
pressures.

BFR Application The site of BFR application was simi-
lar across all studies—at the proximal portion of each
thigh. Methods of BFR application involved the use of
pneumatic cuffs either through fixed occlusion pressures
[11-18, 27] or percentage of systolic blood pressure (SBP)
[19, 20] and use of elastic wraps through the practical
BFR (p-BFR) method [10, 32]. Material of cuffs was either
stated as nylon [11-14, 16, 27] or not mentioned [10, 15,
17-20, 32, 51]. Width of cuffs ranged from 5 to 13 cm
[10-16, 19, 20, 27, 32] and diameter of cuffs ranged from
120 to 200 cm [15, 16, 19, 20, 27, 32]. Due to the differ-
ences in exercise protocols, the procedures in inflation/
deflation of pneumatic cuffs and application of the elastic
wraps (p-BFR) were varied. Most of the studies adopted
an intermittent BFR application protocol whereby pres-
sure was applied only during sets of work intervals and
removed during rest/recovery periods [10—15, 18-20]. In
SIT protocols, BER was applied using pneumatic cuffs up
to a pressure of ~ 130 mmHg, inflated within 15-s [27] and
25-s [16] after each sprint, and 2 min into recovery time
before deflation. It was determined during pilot work that
participants were not able to tolerate BER throughout the
entire 30-s all-out interval, even at moderate cuff pres-
sures of 100 mmHg [27]. In the other two studies which
also adopted sprint-based type exercise, continuous BFR
application was used with pressure applied throughout
the entire exercise duration [17, 32].

Aerobic Performance

Out of seven studies which investigated changes in aero-
bic performance, five studies reported positive outcomes
[10, 15-17, 20, 27] and one study reported no additive
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outcomes [18] of including BER into HIIT exercise pro-
tocols. The seventh study by Amani-Shalamzari et al.
[15] did not have a CON (non-BFR) group, but they like-
wise observed positive outcomes in aerobic performance
across all BFR groups and provided evidence on how dif-
fering progressions of occlusion pressures and exercise
intensities during a BFR+HIIT exercise intervention
may affect chronic performance adaptations.

Maximal Aerobic Capacity Two studies [16, 27]
observed a~4.5% and~5.9% increase in maximal oxy-
gen uptake (VOZmax) of trained male cyclists only in the
BER group—this was after 8 sessions (2 sessions per week
across 4 weeks) of SIT (4 to 7 sets of 30-s maximal sprint
cycling and 4.5-min recovery). Earlier work attributed
performance improvements after SIT to peripheral adap-
tations—i.e. an increase in arterial-venous oxygen differ-
ence, rather than an increase in cardiac output [52, 53].
However, Mitchell et al. [16] conducted muscle biopsies
on the trained cyclists and noticed that peripheral quali-
ties like skeletal muscle capillary density or mitochon-
drial protein content were unchanged, and hence con-
cluded that the increase in VOgyax in the BFR group was
instead attributable to central adaptations (e.g. cardiac
output). The differing conclusions among studies may be
attributed to the methods of investigation (acetylene non
re-breathing techniques to measure cardiac output ver-
sus muscle biopsy) and future studies should clarify the
impact of HIIT on central versus peripheral adaptations
[16, 53], while using standardised methods for clearer
comparisons.

The combination of BFR+RST also seemed to be sig-
nificantly more effective than RST alone in increasing
VOomax (20-m shuttle run test) in highly trained univer-
sity basketball players (BFR:+ ~20.6% vs CON: + ~ 15%)
[17]. This was achieved after 12 sessions (3 sessions per
week for 4 weeks) of RST (3 sets of 8 repetitions of maxi-
mal effort 15 m by 15 m sprints with 20-s recovery).

In the study of Paton et al. [10], investigators observed
significant improvements in VOomay in both groups after
8 sessions (2 sessions per week for 4 weeks) of a running
intervention (2-3 sets of 5-8 repetitions of 30-s running
at 80% peak running velocity (PRV), 30-s rest). Despite
a greater percentage increase in VOgmax in the BFR
(6.4%) than CON (4.0%) group, the difference between
the groups was not significant (p-value=0.33). Likewise,
Amani-Shalamzari et al. [20] found that inclusion of BFR
in SSG training of male futsal players (10 sessions across
3 weeks of 3-a-side high-intensity futsal game, 4-8 sets
of 3-min activity, 2-min rest) resulted in a significant
increase in VOymay (treadmill test), with a non-signifi-
cant trend toward an increase over the CON group (BFR:
~ 11.1%; CON: ~ 6.8%, p-value between groups: 0.11).
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One study [18] reported no differences in the VOomax
of untrained subjects after 18 sessions (3 sessions per
week for 6 weeks) of training. This could be due to dif-
ferences in intensities of the 2-min intervals—intensity
of 90%VOsmax for CON group vs 90%VOzmax PRESS
(intensity derived after a similar graded exercise test with
BFR cuffs) for BFR group.

In the study of Amani-Shalamzari et al. [15], 32 healthy
active collegiate females were randomly allocated into
four BFR groups—increasing BFR pressure with constant
exercise intensity (IP-CE), constant partial BFR pressure
with increasing exercise intensity (CPp-IE), constant
complete BFR pressure with increasing exercise inten-
sity (CPc-IE) and increasing BFR pressure with increas-
ing exercise intensity (IP-IE). Exercise intervention lasted
for 4 weeks (total of 12 sessions, 3 sessions per week for
4 weeks) and consisted of 10 sets of 2-min running with
1-min recovery except for IP-IE group (10, 8, 6 and 5 sets
in each week). All groups observed significant increases
in VOZmax after the training intervention.

As observed, significantly positive improvements
in VOzmax were evident with the addition of BFR into
sprint-based protocols of SIT [16, 27] and RST [17].
However, these differences in improvements were not
reflected with the inclusion of BFR into submaximal aer-
obic [10] and SSG [20] training protocols although non-
significant trends of greater improvements in BFR were
observed.

Maximal Aerobic Power, Critical Power, Velocity
at VOgmax, and Peak Running Velocity Six out of seven
studies assessed and compared changes in measurements
of maximal aerobic function after BFR+HIIT inter-
ventions. In Taylor et al. [27], there were no significant
improvements of MAP in trained cyclists in BFR (2.9-
4.4%) or CON (0.2-0.3%) groups.

Four studies observed positive improvements in BFR
and CON groups, but with no differences between them
[10, 16, 18, 20]. The study by Mitchell et al. [16] which
adopted a similar BFR+SIT protocol as Taylor et al
[27], saw improvements in CP and relative MAP with
training, but without any differences between CON and
BFR groups. Amani-Shalamzari et al. [20] also observed
improvements in velocity at VOomax (Vv VOomax) in
both BFR (~ 4.2%) and CON (~ 2.2%) groups after SSG
training. In untrained subjects, although there were no
observed changes in VOgmax, MAP was increased in both
the BFR (~25%) and CON (~ 15%) training interventions
[18]. Likewise, the study by Paton et al. [10] demonstrated
that PRV and incremental run time improved in both
BER (~ 3.6% and ~ 6.1%, respectively) and CON group
(~ 1.5% and ~ 2%, respectively). In Amani-Shalamzari
et al. [15]’s research, they observed that v VOymax also
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increased significantly in all BFR groups (no CON group)
despite different BFR + LT protocols.

Although the inclusion of BFR into HIIT was observed
to promote greater adaptations in maximal aerobic
function [10, 16, 18, 20], more evidence and clarifica-
tion is needed. It is important to standardise the study
designs—type of HIIT protocol, total duration of inter-
vention, exercise mode, type of participants, etc.—to bet-
ter understand how the interaction of BFR and HIIT can
affect chronic adaptations in maximal aerobic function.

Time Trial Performance, Submaximal Tests, Time
to Fatigue Tests, and Running/Cycling Economy Five
studies investigated aerobic performance outcomes
beyond VOgmax and maximal aerobic function [10, 15,
18, 20, 27]. In trained male cyclists undergoing eight ses-
sions of SIT, although VOgmax improved in the BFR+ SIT
group but not in the CON group, neither group achieved
a faster time in a 15 km cycling time trial (TT) [27]. It
was suggested that a 15 km TT (~20-25 min) may have
lacked sensitivity to reflect the improvement associated
with an increase in VOgmax—TT distance must be con-
sidered during evaluation of self-paced performance, i.e.
exercise would predominantly be constrained by periph-
eral fatigue during short, high-intensity (~ 6 min) TTs or
central fatigue during long, lower-intensity (> 30 min) T'Ts
[27, 54].

In the study of Keramidas et al. [18], cycling VO, was
significantly reduced (~78% to~72%) during a 6-min
submaximal aerobic test at a fixed workload (80%V O2max
of pre-test) in both groups. Moreover, time to fatigue
(TTF) at 150% MAP was significantly improved without
any differences between groups. The inclusion of BFR
into SSG was observed to significantly improve both
TTF at 100%v VOomax and running economy (RE) as
compared to SSG alone (BFR: ~ 10.3% and — ~ 22.7% vs
CON: ~ 3.9% and — ~ 4.2%) [20]. Although there were no
TTF measurements, Paton et al. [10] also observed that
RE was only improved in the BFR+ ST group (— ~ 6.7%)
but not the CON (4 ~ 2.1%) group. The small additional
enhancements between BFR and CON groups in various
aerobic tests (e.g. VOsmax, TTE RE, PRV or v VOomax)
in these two studies [10, 20] were interpreted to be due
to an increase in internal training load (i.e. exercise HR,
increase in bLa, etc.) during training sessions. It was sug-
gested that the increased training load led to adaptations
in the anaerobic and muscular systems—increase in mus-
cle cross-sectional area, activation and strength, delay in
recruitment of type II muscle fibres (thus delay in rise of
bLa levels), increases in muscle buffering capacity and
higher lactate tolerance [8, 55]. In Amani-Shalamzari
et al. [15], all BFR groups experienced significant
improvements in TTF at 100%v VOZmaX, but RE was only
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significantly improved in the IP-CE (— ~ 5.6%), CPp-IE
(— ~9.6%) and CPc-IE (— ~ 17.6%) groups and not in the
IP-1IE group (— ~ 6.3%).

The current pool of evidence indicates that while maxi-
mal effort BFR+ SIT may not improve cycling TT per-
formance, the implementation of BFR into submaximal
effort and mixed intensities HIIT, e.g. ST, LT and SSG,
may likely enhance improvements in exercise economy
and TTF during both submaximal and supramaximal
aerobic exercise due to an increased internal load during
training sessions [10, 15, 18, 20].

Anaerobic Performance

Out of six studies which measured anaerobic perfor-
mance, five reported positive outcomes from pre- to
post-tests for anaerobic performance in either both CON
and BFR groups [16, 27, 32] or in all BFR groups [15], and
one study reported no differences after the exercise inter-
vention [17]. Differences in improvements between CON
and BFR groups were observed in two studies [20, 32],
while differences in improvements between BFR groups
were observed in one study [15].

Peak Power Output, Mean Power Output, and Sprint
Speed Elgammal et al. [17] reported that both BFR and
CON groups did not improve their anaerobic capabilities,
measured as performance on a basketball-specific suicide
test, after 12 sessions of RST. In the studies of Taylor et al.
[27] and Mitchell et al. [16], after eight sessions of SIT,
both BFR and CON groups improved in the cycling sprint
PPO, but without any between-group differences (BFR:
~ 6.8% and ~ 7.2% vs. CON: ~ 6.8% and ~ 5.2%, respec-
tively). However, the use of BFR in submaximal effort SIT
elicited significantly greater improvements in maximal
sprint speed than CON—mean 100 m sprint times were
reduced by 0.38-s (~ 3%) in BFR vs 0.16-s (~ 1.3%) in CON
group [32].

In Amani-Shalamzari et al. [20], after 10 sessions
of SSG, futsal players in the BFR group exhibited sig-
nificantly greater improvements in mean power out-
put (MPO) on a Wingate test as compared with the
CON group (BFR: ~ 12.2% vs CON: ~ 1.7%). There was
also a trend toward greater improvement in PPO in the
BER group (BFR: ~ 12.7% vs CON: ~ 4.8%). The study
of Amani-Shalamzari et al. [15] showed that all four
BFR+ LT protocols were effective in improving the PPO
and MPO of female students in a Wingate test, but CPc-
IE was significantly superior in promoting anaerobic
adaptations in PPO (as compared to IP-IE group) and
MPO (as compared to IP-IE and CPp-IE groups).

Sprint-based protocols which require all-out maximal
efforts do not appear to induce additional benefits when
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BFR was administered [16, 27]. This contrasts with the
application of BFR 4+ submaximal sprint efforts (60—-70%
of maximal sprint speed), which improve maximal sprint
speed more than that of CON [32]. The addition of BFR
to HIIT protocols of SSG and LT was beneficial in pro-
moting greater anaerobic adaptations of MPO and PPO
as compared to HIIT alone.

Muscular Performance

Of eight studies which investigated muscular perfor-
mance, all reported positive outcomes from pre- to post-
tests in muscular performance in both BFR and CON
groups [11-14, 17, 19, 32], and with multiple BER groups
[15]. The seven studies with both BFR and CON groups
also reported significant benefits in certain muscular per-
formance parameters after BER + HIIT exercise interven-
tion as compared to just HIIT exercise itself. Note that
in the studies by Christiansen and colleagues [11-14],
participants underwent training with BFR on one leg
and no BER on the other (CON). Although there was no
CON group in the study by Amani-Shalamzari et al. [15],
investigators found that the type of BFR+HIIT protocol
prescribed had a huge impact on the extent of muscular
performance gains.

Muscular Strength and Power  After 12 sessions of sub-
maximal effort sprint training, it was observed that rate
of force development (RFD) during a leg press test was
significantly improved with BFR (25%) compared with a
CON group (1.7%) [32]. Behringer and colleagues [32]
mentioned that implementing BFR with submaximal
effort sprint training could recruit more type II muscle
fibres, and a higher metabolite accumulation in blood flow
restricted muscles would cause a reflex inhibition of alpha
motoneurons via group III and group 1V afferents, result-
ing in increased type II motor unit activation to maintain
force output [56]. The knee extension and flexion test
on the isokinetic dynamometer conducted by Amani-
Shalamzari et al. [19] also showed greater improvements
in peak torque in BER (~ 30.9% and ~ 23.8%) than in CON
(~ 14.9% and ~ 8.1%, respectively) after 10 sessions of
SSG training. Furthermore, higher internal training load
(HR and bLa) was observed with the addition of BFR
into SSG during the first training session—this led to sig-
nificantly higher levels of testosterone, growth hormone
(GH) and testosterone to cortisol ratio in BFR than CON
(~54.2%, ~ 28.8% and ~ 30.4%, respectively). With greater
physiological stress, elevated testosterone and GH levels,
it was likely that participants in the BFR group experi-
enced greater training adaptations as they recovered from
each SSG session, leading to greater improvements in
muscular, aerobic, and anaerobic performances compared
to CON [19, 20].
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In an incremental knee extensor performance test
(iPPO), it was observed that the power output of the
BFR-leg (23+£9%) improved significantly more than
the CON-leg (12+6%) within subjects after 18 sessions
of training [11-14]. It was also reported that the rela-
tive intensity at 90% pre-training iPPO was reduced to a
significantly greater extent in the BFR-leg (~ 18%) than
in the CON-leg (~ 9%), and power output at 25% iPPO
was ~ 11% greater in the BFR-leg than in the CON-leg
after training. The authors suggested that the improved
muscular performance in the BFR-leg stemmed from
several chronic physiological adaptations: (1) enhanced
potassium ion regulation [14], (2) higher thigh net glu-
cose uptake [13], (3) increases in thigh oxygen (O,) deliv-
ery, uptake and femoral artery diameter [11] and (4)
increased capacity for hydrogen ion exchange via lactate
dependent hydrogen ion transport and blood hydrogen
ion buffering capacity [12].

Elgammal et al. [17] reported that BFR -+ basketball-
specific RST aided in the improvements of 1-repetition-
max half-squat over just RST itself (BFR: ~ 17.8% vs
CON: ~ 11.4%). Of four different BFR-LI protocols in
Amani-Shalamzari et al. [15], constant complete occlu-
sion with increasing exercise intensity (CPc-IE) was the
most potent for improving muscular strength in the legs
(CPc-IE: ~ 31.0% vs IP-CE: ~ 18.8% vs CPp-IE: ~ 20.0% vs
IP-1E: ~ 20.5%).

Notably, the application of BER into HIIT interventions
amplified the improvements made in muscular strength
and power assessed via various muscular strength tests
[11-14, 17, 19, 20, 32]—these results were consistent
throughout most types of HIIT protocols, i.e. LT, SSG,
submaximal effort SIT and RST.

Muscular  Hypertrophy, Endurance, and Activa-
tion Behringer et al. [32] also reported that the muscle
thickness of the rectus femoris with BFR (~ 5.7%) training
increased significantly compared with CON (~ 0.4%), and
there was also a non-significant trend towards a difference
in biceps femoris muscle thickness (BFR: ~ 5.7% vs CON:
~ 2.7%). This aligns with previous literature which indi-
cated an increase of 4—7% volume of thigh muscles after
3 weeks of BFR low-intensity walk training [57].

In terms of muscular endurance, it was also observed
that BFR+LT training substantially increased time to
exhaustion during exhaustive exercise (BFR-leg lasted
11 +5% longer than CON-leg) [14].

The improvements in knee flexion and extension tests
in Amani-Shalamzari et al. [19] were accompanied by an
increase in integrated electromyography (iEMG) signals
in the vastus lateralis, vastus medialis and rectus femoris
of both groups, but with the improvements of iEMG rec-
tus femoris being significant more in the BER than in the
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CON group (~ 60.5% vs ~ 19.0%, respectively). This was
deemed as a result of increased metabolite accumulation
during BEFR training, which led to greater recruitment of
type II fibres through an increase in motor units engaged
[58—60].

Present evidence affirms that BFR elicits greater
improvements in interrelated muscular parameters, i.e.
strength, power, endurance, hypertrophy, and muscle
activation.

Discussion

The aim of this systematic review was to evaluate the
available scientific literature regarding the acute per-
formance, metabolic (vascular, oxygenation, biochemi-
cal and molecular), neuromuscular and perceptual
responses, as well as chronic performance (aerobic,
anaerobic and muscular) adaptations of the various
BFR+HIIT protocols. This section presents and dis-
cusses the consensus summary derived from the results.

Acute Responses of BFR+HIIT
The six studies that investigated acute responses of
BFR + HIIT mainly adopted the use of BFR with maximal
effort sprint-based exercise either in the form of RST [26,
28-31] or SIT [27]. Evidence from the current literature
suggests that there are indeed differences when BFR was
included into sprint-based exercise: (1) including BFR
into sprint-based protocols may accelerate fatigue mech-
anisms associated with RS exercise protocols impair-
ing performance, (2) there are differences in upper-limb
and lower-limb (arm vs leg cycling) BFR 4 RS responses,
and (3) high occlusion pressures may not be suitable for
sprint-based training method. Firstly, for lower-limb RST,
it was evident that performance measures of total num-
ber of sprints and work done were negatively affected
when BFR was applied during exercise [28-30]. This
was different from those of upper-limb RST where there
were mixed results—two studies observed no significant
performance impairments [30, 31], and one showed sig-
nificant performance impairment in number of sprints
performed [26]. BFR may have accelerated neuromus-
cular fatigue during RST through both peripheral and
central mechanisms—due to the accentuation of vascu-
lar regulation of blood flow and thus greater changes in
oxygenation responses (particularly at the muscular level,
refer to Fig. 2), as well as a possible increase in the sever-
ity of metabolic processes (intracellular accumulation of
hydrogen ions, reduction in bLa removal, and phospho-
creatine breakdown at the muscular level) (refer to the
Neuromuscular Responses section).

Secondly, the disparity in performance responses
observed between upper and lower-limb BFR+RS
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Inclusion of BFR into
RS Exercise

1‘}
P4

Performance Response
Lower limb — {, Number of sprints, work done,

L5

M Severity with 1 BFR pressure

Oxygenation Response
N Demand in muscle oxygen
delivery and extraction -
N Metabolic stresses
 Sensitivity to oxygenation
response in upper > lower limbs

< ﬁ
Neuromuscular Response
Lower limb — 1 Central fatigue and

jump height
Upper limb — = /J, Number of Sprints, work done

peripheral fatigue
Upper limb — 1 Peripheral Fatigue

Fig. 2 Flowchart of main acute responses when including blood flow restriction (BFR) into repeated sprint (RS) exercise. The implementation of BFR
into RS exercise amplifies oxygenation responses—there is higher demand for muscle oxygen delivery and extraction which causes an increase in
metabolic stresses. This leads to comparatively quicker onset of neuromuscular fatigue and thus decrease in RS performance (i.e. number of sprints,
work done, and jump height). The decrease in RS performance is more evident in BFR+ lower-limb than BFR + upper-limb-based RS exercise. This is
due to the higher sensitivity to oxygenation and greater hyperaemic effect in upper limbs as compared to lower limbs, which allow upper limbs to
react better to the increased oxygen demand caused by BFR. As such, any decrease in upper-limb RS performance is likely to be caused by increase
in peripheral fatigue induced by BFR. On the other hand, the decrease in lower-limb RS performance is possibly induced by increase in central and
peripheral fatigue brought about by BFR. Lastly, the increase in BFR pressure will lead to an increased severity of oxygenation responses, higher

neuromuscular fatigue and thus greater decrease in performance response

cycling could likely be the consequence of varying
metabolic responses that occurred within the arm and
leg musculature [30]. As mentioned in the Metabolic
Responses section, the smaller musculature of the
arms may be more sensitive to oxygenation and have
a greater hyperemic effect than the larger leg mus-
culature. This would have affected the overall oxygen
delivery and uptake of the working muscles and hence
performance outcomes (refer to Fig. 2).

Finally, high occlusion pressures were observed to
limit performance and may not be suitable for sprint-
based exercise. For leg-cycling BFR+RST exercise, a
higher occlusion pressure of 60%PEP vs 45%PEP was
observed to cause more severe oxygenation responses,
impairing participants’ ability to fully exhaust the cardi-
ovascular and respiratory system [29]. Similarly, during
cycling BFR+SIT which included maximal sprints of
30 s, investigators observed that in the pilot tests con-
ducted, participants were unable to sprint maximally
even with a reduced occlusion pressure of ~100 mmHg
applied at the start of exercise, and thus had to alter
their protocol accordingly [27].

Chronic Effects of BFR+ HIIT
The weight of evidence suggests that implementing BFR
into HIIT can enhance chronic performance adaptations

in aerobic and muscular parameters, whereas improve-
ments in anaerobic components may only be limited to
the inclusion of BFR in submaximal effort exercise inter-
ventions. Figure 3 presents a summary of the chronic
effects of BER+ HIIT vs solely HIIT.

From the perspective of aerobic adaptations (refer
to the Aerobic Performance section), addition of BFR
into sprint-based (SIT or RST) protocols elicited signifi-
Cantly greater improvements in VOgmax as compared to
CON groups [16, 17, 27]. Given that past research on
sprint-based protocols demonstrated that SIT and RST
interventions promote improvements in VOomax via
peripheral adaptations like mitochondrial biogenesis and
angiogenesis [52, 61], it was unexpected that Mitchell and
colleagues [16] did not observe any changes in capillary
density or any significant changes at the muscular level in
both SIT groups. They thus postulated that central adap-
tations (i.e. increased cardiac output) might have con-
tributed to the increased VOomax only in the BFR+ SIT
group. However, participants in both SIT studies [16, 27]
were well-trained cyclists, and thus a similar intervention
protocol may elicit different adaptations in less trained
individuals.

Inclusion of BFR into mixed intensities (SSG), or
submaximal aerobic (ST) protocols resulted in greater
improvement in VOomax compared with CON but these
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Fig. 3 Overview of the chronic effects (aerobic, anaerobic, and muscular adaptations) of implementing blood flow restriction into high-intensity
interval training (BFR+HIIT) vs HIIT (CON) based on present evidence. The terms‘maximal’and ‘submaximal’relate to exercise intensities based

on the level of exertion/effort. The symbol ’E'/’signiﬁes significantly greater improvements vs CON, (Aa) signifies some evidence of greater
improvements vs CON, while '—'signifies no/insufficient evidence to provide a conclusion. BFR+ sprint protocols, including sprint interval training
(SIT) and repeated sprint training (RST) improve maximal aerobic capacity (VOsmax)- BFR 4 submaximal effort SIT improves running sprint speed,
muscular strength, power, and hypertrophy. There are greater improvements in strength and power after BFR+ RST. For BFR 4 small-sided games
(SSG), there are greater improvements in exercise economy, mean power output (MPO), muscular strength, power, and activation, as well as some

evidence of greater improvements in VO,may, maximal aerobic function and peak power output (PPO). BFR can also be paired with submaximal
effort HIIT methods like short intervals (ST) and long intervals (LT). For BFR 4 ST, there is some evidence of a greater improvement for VOoma,
maximal aerobic function and exercise economy. For BFR + LT, muscular parameters of strength, power and endurance are significantly improved

differences were non-significant. Moreover, trends in
greater improvements were also observed in other indi-
cators of aerobic performance including RE, PRV and
TTF tests [10, 20]. The authors proposed that these
changes were due to increases in internal training load
(i.e. HR and bLa) imposed by BFR during HIIT, which
caused higher metabolic stresses and possibly pro-
moted peripheral adaptations to a greater extent than
CON in terms of muscle buffering capacity, lactate tol-
erance and muscular strength. The only study which did
not exhibit additive aerobic adaptations of BFR + HIIT
was that of Keramidas et al. [18]. As mentioned in the
Maximal Aerobic Capacity section, in this study, the
absolute training intensities for both BFR+ HIIT and
CON group were different—prescription of exercise
intensity for BFR group was based upon a graded exer-
cise test with BFR, rather than a normal graded exercise
test in the case of the CON group—thus comparisons
may not be valid.

Regarding chronic anaerobic adaptations (refer to the
Anaerobic Performance section), BFR did not seem to
elicit any additive effects in basketball-specific suicide
test [17] or cycling sprint PPO [16, 27] as compared to
CON, when maximal sprint-based protocols like RST or
SIT were adopted. However, BFR was effective in elevat-
ing 100 m sprint speed [32] and MPO during Wingate
tests [20] after training interventions which include sub-
maximal (70% of fastest sprint speed) SIT or SSG (mixed
intensities), respectively. The anaerobic improvements
made after implementing BFR into submaximal/mixed
intensity protocols may be a consequence of increased
neural involvement and muscle activation—as BFR was
shown to increase iIEMG during lower intensity exercise
[59, 60]. This is in contrast to all-out or maximal exercise,
where BFR seems to impair, rather than increase muscle
activation levels as depicted in the acute BFR 4+ RST stud-
ies [26, 29].

An undisputed, distinctive advantage of implement-
ing BFR into HIIT exercise is the enhanced muscular



Chua et al. Sports Medicine - Open (2022) 8:122

adaptations that are achieved after a block of training
intervention. All seven BFR+ HIIT studies which meas-
ured muscular performances revealed significant
improvements with BFR compared to CON group (refer
to the Muscular Performance section) in one or more
areas of muscular strength, power, activation, hyper-
trophy, and endurance. These studies encompassed
BFR + HIIT interventions of RST [17], submaximal effort
SIT [32], submaximal aerobic intervals [11-15] and SSG
[19]. The mechanisms responsible for these improve-
ments in muscular performances with BFR are suggested
to include: (1) increased metabolic stresses and thus
internal load of exercise leading to higher type II motor
unit activation, elevated growth hormone concentration,
potassium ion regulation, thigh net glucose uptake and
muscle buffering capacity [12-14, 19, 32], and (2) limiting
O, delivery to working muscles which leads to increased
vascular regulation and improved oxygen uptake [11].

Standardisation of BFR + HIIT Intervention Methods

In studies included in this review, a plethora of BFR
methodologies were adopted—from the various types
of BFR application, i.e. SBP, PEP, AOP, fixed occlusion
pressure or p-BFR, to the approaches in application
of pressure, i.e. continuous (applied throughout exer-
cise duration) or intermittent (applied during exercise
and removed during recovery). As the different types of
HIIT protocols (e.g. SIT, RST, LT, ST or SSG) also con-
sist of a wide spectrum of intensity profiles, sport scien-
tists may have to alter and modify BFR methodologies
for each mode of training. For example, Taylor et al. [27]
found that even at an occlusion pressure of 100 mmHg,
cyclists could not tolerate a 30 s maximal effort sprint
and thus adjusted to applying BFR pressure (130 mmHg)
within 15-s after each 30 s maximal sprint for a period
of 2 min into a 4.5 min recovery period. However, the
limitation was that the percentage of blood flow restric-
tion (at 130 mmHg) of each participant was not quanti-
fied [27]. Considering individual variations in maximal
limb occlusion pressure, fixed occlusion pressure, SBP
or p-BFR methods may pose safety risks, as a predeter-
mined occlusion pressure may result in varying degrees
of BER stimulus imposed to different participants. There-
fore, to ensure a consistent and safe BFR stimulus while
exercising, it is recommended that individualised limb
occlusion pressure methods, i.e. AOP and PEP, through
the use of pneumatic cuffs should be employed by sports
practitioners [7]. The standardisation in the use of indi-
vidualised BFR pressures would subsequently allow a
basis of comparison between future investigations into
BFR 4 HIIT—e.g. acute responses of intermittent vs. con-
tinuous BFR, differences in higher vs lower %AOP during
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exercise, or chronic effects of various BER+HIIT train-
ing interventions, etc.

The extent of chronic performance adaptations can be
significantly affected by the prescription of BFR meth-
odology and HIIT exercise intensities. In the study of
Amani-Shalamzari et al. [15], investigators demonstrated
that magnitude of BFR pressure and exercise intensities
did alter aerobic, anaerobic, and muscular gains derived
by collegiate women after 12 sessions of BFR+LT—
complete occlusion pressure and progression of exer-
cise intensities throughout the weeks were shown to be
the most effective. Moreover, pressure was only applied
intermittently during exercise work bouts and removed
during rest periods, which would possibly reduce swell-
ing and perception of pain but still allow for a similar
amount of muscle fatigue to occur [62, 63].

It is also critical to note that in order to elicit an
increased training stimulus throughout the training
sessions, there has to be a progression in BFR+HIIT
sessions—either through increase in BFR stimulus (occlu-
sion pressure), exercise intensity, or duration [10, 15-20,
27]. However, given the many training variables associ-
ated with BFR + HIIT, there is a need for future investi-
gations to explore, recommend and provide standardised
guidelines in BFR methodology. These should be targeted
at recommending exercise intensity progressions for each
type of HIIT protocol, mode of training and specific mus-
cle groups (i.e. upper body vs lower body).

Limitations of Research to Date

It is important to note that there are limitations within
the research articles included in this systematic review
(refer to the Results section). These were reflected in
the quality assessment scores (PEDro scale) of the arti-
cles— 6 out of 18 studies scored 5 (‘Fair’), while 12 out of
18 studies scored 6 (‘Good’), out of a possible 10 points
(Tables 1 and 2). Although all studies except for one [16]
did provide evidence of random allocation of conditions
or groups (criteria 2 of PEDro scale) either in the abstract
or methodology sections, the randomisation process was
not clearly described.

Moreover, it was clear that all the articles did not
meet criteria 3 (‘concealed allocation’), 5 (‘blinding of
subjects’), 6 (‘blinding of therapists’) and 7 (‘blinding of
assessors’) —all four criteria may have threatened the
internal validity of the findings. Future research should
make every effort to meet criteria 3, which is possible
to achieve, while criteria 5, 6 and 7 may be more chal-
lenging due to the application of BFR cuffs/wraps as the
‘treatment’ condition/group, which is difficult to con-
ceal from subjects, therapists, and assessors. One way to
achieve criteria 6 and 7 would be to have different indi-
viduals assessing the outcome of the intervention from
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those delivering it but this may be challenging for some
research groups.

Another possible limitation of this research would be
the inclusion of research articles with BFR+HIIT exer-
cise intensities of > 60% VOymax [22, 23] and > 80%H R pmax
[24]. Exercise intensities at the range of 60—80% VOomax
in Christiansen et al. [11-14], 60—85%V Oamax in Amani-
Shalamzari et al. [15], and 80% VOgmax in Paton et al.
[10], could be viewed as more moderate than high inten-
sity exercise. However, due to lack of a clearly agreed
categorial definition of HIIT that is widely accepted, the
authors based the inclusion criteria on current expert
definitions [22-24] which tend to capture a broader
range of BFR+HIIT studies. Although this provides
the advantage of a full review of available studies, there
is a potential of incorrectly categorising the intensity of
exercise.

Recommendations for Future Research

The investigations which reported findings on acute
responses of BFR+HIIT were only limited to maximal
sprint-based protocols (SIT and RST). As these sprint-
based HIIT modalities are of an all-out, maximal inten-
sity and highly anaerobic nature, the acute responses
(metabolic, neuromuscular, perceptual, etc.) observed
may be very different from that of submaximal exer-
cise [63-66]. Hence, there is a need to compare acute
responses of other BFR+HIIT protocols, e.g. submaxi-
mal exercise intervals at different ranges of intensities—
which will provide valuable insight into the underlying
mechanisms behind possible chronic physiological adap-
tations after a block of BFR + HIIT intervention.

In contrast, investigations on the chronic effects of
BFR+HIIT solely explored lower-limb (cycling, run-
ning, repeated suicide sprints), but not upper-limb-based
exercise modalities (e.g. arm cycling, rowing, etc.). As
observed in Willis et al. [30], although similar BFR +RST
cycling protocols were conducted on different mus-
cle groups (arms vs legs) within the same participants,
acute vascular and oxygenation responses significantly
differed—this implies that the long-term adaptations
induced by the same training method on different body
parts may be vastly different. Moreover, differences in
exercise modes and movements (e.g. cycling vs. running
vs. rowing vs other sport-specific modalities) may affect
acute responses during exercise due to variations in oxy-
gen (O3) uptake kinetics, peak Oy consumption, skeletal
muscle Oy capacity and neuromuscular responses, thus
leading to varying magnitudes of physiological adapta-
tions [67]. Therefore, it is critical to examine both short
and long-term responses of BFR+HIIT protocols spe-
cific to a type of exercise.
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Although it is evident that including BFR into HIIT
does promote positive chronic adaptations as compared
with solely HIIT (Fig. 3), it is of necessity to conduct
more research to investigate into the effects of different
BFR+HIIT protocols on the three main parameters of
physiological adaptations—aerobic, anaerobic, and mus-
cular—to present new evidence or substantiate current
findings.

An interesting aspect of this review was the examina-
tion of the application of lower-limb BFR into intermit-
tent sport-specific methods like futsal SSG [19, 20],
basketball and badminton RST [17, 28]. Based on these
studies, BFR seemed to amplify participants’ internal
training load and promoted positive training adaptations
in both SSG [19, 20] and RST [17] compared to those
exercising without BFR. More research investigations
are to be conducted to confirm the effectiveness of occlu-
sion combined with these exercise modalities. There are
also a variety of factors to consider in the application of
BER into sport-specific HIIT modalities. These include:
(1) which types of sport-specific HIIT methods will ben-
efit from BFR, e.g. lower-limb BFR on change of direction
movements, upper-limb BFR on ball throwing or racket
swinging movements in both field and racket sports, (2)
whether the attachment of occlusion cuffs on the upper
or lower limbs may impede and alter biomechanical char-
acteristics of sport skills, (3) how occlusion may affect
perceptual response of discomfort and RPE during sport-
specific HIIT, and (4) windows of opportunity to adopt
BFR + HIIT methods in the periodisation of intermittent
sport athletes.

Conclusion

This review is the first to focus on the acute perfor-
mance, metabolic (vascular, oxygenation biochemi-
cal and molecular), neuromuscular and perceptual
responses, as well as chronic performance (predomi-
nantly aerobic, predominantly anaerobic and muscu-
lar) effects of BFR+HIIT exercise protocols. Studies
investigating the acute responses of BFR+ HIIT have
primarily included BFR into maximal sprint-based pro-
tocols like RST and SIT. The localised hypoxia brought
about by BFR challenges the metabolic processes (vas-
cular adaptation and oxygenation responses) dur-
ing high-intensity RS exercise, accelerating central
and peripheral fatigue mechanisms, and leading to
increased physiological stresses for the individual. The
analysis of the literature exploring chronic effects of
BFR + HIIT confirms that BFR does provide an additive
physiological training effect to HIIT protocols, espe-
cially for aerobic and muscular parameters. Anaerobic
components were only improved after implementing
BER in sub-maximal HIIT exercise interventions. Due
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to the large variability in permutations of BFR meth-
odologies and HIIT exercise types, there is a necessity
for future research to explore and recommend stand-
ardised BFR guidelines for each HIIT exercise type to
ensure positive physiological outcomes for targeted
populations.
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