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Abstract

Background Low-load resistance training (< 50% of one-
repetition maximum [1RM]) associated with blood-flow
restriction (BFR-RT) has been thought to promote increases
in muscle strength and mass. However, it remains unclear if
the magnitude of these adaptations is similar to conventional
high-load resistance training (> 65% IRM; HL-RT).
Objective To compare the effects of HL- versus BFR-RT
on muscle adaptations using a systematic review and meta-
analysis procedure.

Methods Studies were identified via electronic databases
based on the following inclusion criteria: (a) pre- and post-
training assessment of muscular strength; (b) pre- and post-
training assessment of muscle hypertrophy; (c) comparison of
HL-RT vs. BFR-RT; (d) score > 4 on PEDro scale; (e) means
and standard deviations (or standard errors) are reported from
absolute values or allow estimation from graphs, If this last
criterion was not met, data were directly requested from the
authors.

Results The main results showed higher increases in muscle
strength for HL- as compared with BFR-RT, even when
considering test specificity, absolute occlusion pressure, cuff
width, and occlusion pressure prescription. Regarding the
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hypertrophic response, results revealed similar effects
between HL- and BFR-RT, regardless of the absolute occlu-
sion pressure, cuff width, and occlusion pressure prescription.
Conclusions Based on the present data, maximum muscle
strength may be optimized by specific training methods
(i.e., HL-RT) while both HL- and BFR-RT seem equally
cffective in increcasing muscle mass. Importantly, BFR-RT
is a valid and effective approach for increasing muscle
strength in a wide spectrum of ages and physical capacity,
although it may seem particularly of interest for those
individuals with physical limitations to engage in HL-RT.

=
The results from the present systematic review and
meta-analysis demonstrate superior muscle strength
gains for high-load (HL-RT) as compared with low-
load resistance training associated with blood-flow
restriction (BFR-RT), even when adjusting for
potential moderators (i.e., test specificity, absolute
occlusion pressure, cuff width, and occlusion
pressure prescription method).

Regarding the hypertrophic response, HL-RT was
shown to induce comparable increases in muscle
mass when compared to BFR-RT, regardless of
absolute occlusion pressure, cuff width, and
occlusion pressure prescription method.

From a practical viewpoint, individuals with a
special interest in increasing maximum muscle
strength may benefit from a more specific training
method (i.e., HL-RT); however, when considering
muscle mass accrual, both HL- and BFR-RT seem
equally effective.
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1 Introduction

The strength-endurance continuum hypothesis dictates that
increases in muscle strength and mass are dependent upon
proper resistance training (RT) load manipulation [1].
Accordingly, for many years high-load RT (HL-RT;
i.e., > 65% of one-repetition maximum [1RM]) has been
indicated to maximize both functional (i.e., strength) and
morphological (i.e., hypertrophy) adaptations [2-5]. How-
ever, recent evidence has shown otherwise. Specifically,
low-load resistance training (20-50% IRM) associated
with blood-flow restriction (BFR-RT) has been demon-
strated to be effective in promoting increases in muscle
strength and mass in different populations, from athletes to
severely diseased individuals [6-9].

Recently, a meta-analysis demonstrated the superiority
of BFR-RT when compared with an equivalent low-load
RT without blood flow restriction on gains in muscle
strength and mass [10]. Although relevant, it seems
imperative to understand the effects of BFR- as compared
to HL-RT, an allegedly *“pold standard” protocol to
increase muscle strength and mass, In this regard, the lit-
erature is controversial regarding the magnitude of these
adaptations across protocols. For instance, while some
studies have suggested greater increases in muscle strength
for HL- as compared with BFR-RT [7, 11-14], others have
demonstrated similar gains betwcen (raining protlocols
[15-19]. With respect to muscle mass accrual, results are
somewhat more consistent, pointing toward similar effects
between HL- and BFR-RT [6, 7, 11, 13, 16-20].

Current literature allows the speculation that discrep-
ancies between studies may be, at least partially, explained
by differences in testing procedures. Testing specificity
may affect the results, as dynamic muscle strength
assessment via a IRM test may undermine the potential of
BFR-RT. In short, HL-RT implies exercising with heavy
loads, which are similar to a 1RM test, whereas during
BFR-RT subjects are never exposed to high loads [21].
Therefore, it has been suggested that nonspecific strength
assessment, such as in isometric or isokinetic lesting, may
more precisely reflect the response to different training
protocols [21]. Dissonant findings may also be attributed to
differences in BFR-RT characteristics, such as absolute
occlusion pressure, cuff width and prescription method
(i.e., individualized or not) between studies. In this regard,
higher occlusion pressures may be related to greater muscle
activation [22], which could theoretically lead to greater
long-term adaptations. Importantly, occlusion pressure is
heavily affected by cuff width, as wider cuffs require lower
absolute pressures to similarly reduce blood flow as com-
pared with narrow ones [23]. Also, it has been suggested
that individualized occlusion pressure determination may
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be a more appropriate approach in BFR-RT, preventing
under- or overestimation of occlusion pressure, and thus
allowing a more accurate exercise prescription when
compared to generalized and non-individualized protocols
[24]. Finally, differences may also be related to the small
samples within each study, which could increase the
chance for a type Il error, warranting a meta-analytic
approach.

Thus, the aim of the present article was to perform a
systematic review and meta-analysis of the effects of HL-
versus BFR-RT on muscle strength and mass adaptations.
A secondary purpose was to explore the muscle strength
and hypertrophy responses between these protocols taking
into account potential moderators such as test specificity
(i.e., dynamic IRM and isomelric or isokinetic test),
absolute occlusion pressure, cuff width, and occlusion
pressure prescription method.

2 Methods
2.1 Search Strategy and Study Selection

The articles were identified through the databases PubMed
and ISI Web of Knowledge (rom the earliest record up to
January 2017. The search strategy combined the terms
“Kaatsu training”, “practical Kaatsu training”, “practical
blood flow restriction training"”, “practical blood flow
strength training”, “blood flow restriction training” “re-
sistance training associated with blood flow restriction”,
“strength training associated with blood flow restriction”,
“low-load resistance training associated with blood flow
restriction”, “low-intensity associated with blood flow
restriction”, “muscle strength”, “muscle force”, “hyper-
trophic response”, “hypertrophy”, and “muscle mass”.
Titles and abstracts for the retrieved articles were evaluated
by two reviewers (ML and RB) to assess their eligibility for
the meta-analysis. In case of disagreements, a consensus
was adopted or, if necessary, a third reviewer evaluated the
article (FCV). If the abstract did not provide sufficient
information regarding the inclusion criteria, the reviewers
read the full text,

2.2 Eligibility Criteria

Articles were eligible for inclusion if they met the fol-
lowing criteria: (a) pre- and post-training assessment of
muscular strength (i.e., dynamic, isometric, or isokinetic
test); (b) pre- and post-training assessment of muscle
hyperirophy (i.e., magnetic resonance imaging, computer-
ized tomography, or ultrasonography); (c) compared HL-
RT (i.e.,, > 65% 1RM) vs. BFR-RT (i.e., < 50% IRM);
(d) score > 4 on the Physiotherapy Evidence Database
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(PEDro) scale; (e) means and standard deviations (or
standard errors) were reported from absolute values or
allow estimation from graphs. If this last criterion was not
met, data were directly requested from the authors.

2.3 Study Quality

The study quality was assessed with the PEDro scale, based
on the list of Delphi [25]. The scale is composed of 11
questions of which only 10 can be scored. The non-rated
question influences external validity, but not the internal or
statistical validity of the trial. To be included in the present
meta-analysis, the study must have met at least 4 points on
the PEDro scale (see Electronic Supplementary Material
(ESM), Table S1). Two reviewers (ML and RB) scored the
studies according to the proposed scale. In case of dis-
agreements, a conscnsus was adopted or, if necessary, a
third reviewer evaluated the article (FCV).

2.4 Data Extraction

Two reviewers (ML and RB) separately and independently
evaluated all articles and extracted data. Relevant data
regarding participant characteristics (i.e., age and sex),
study characteristics (i.e., training frequency, exercise, sets,
repetitions, exercise load, absolute occlusion pressure,
occlusion pressure prescription, cuff type and intervention
period), muscular strength testing (i.e., dynamic, isometric,
and isokinetic) and muscle mass (magnetic resonance
imaging or ultrasound) were extracted. Importantly, when
multiple time points for muscle strength and muscle mass
were assessed, the latter/last time point available was
considered as the post-training value for analysis. In order
Lo assess potential coder drift, (wo reviewers (ML and RB)
independently recorded 100% of the articles. Afterwards,
all of the studies were cross-checked to confirm accuracy.
In case of disagreement, a consensus was adopted or, if
necessary, was solved by a third researcher (FCV). Data
extracted are available in Tables | and 2.

2.5 Statistical Analyses

All analyses were conducted using Comprehensive Meta-
analysis version 2.2 software (Biostat Inc., Englewwod, NJ,
USA). Between-group comparisons (HL- vs. BFR-RT)
were calculated as the effect size difference (ESgr) using
pre- and post-intervention (muscle strength and mass), pre-
intervention standard deviation, sample size and pre- to
post-correlation for each group. Provided that none of the
studies included in the meta-analysis presented pre- to
post-correlation, this was estimated with the following

formula; r = (ng + S]%ﬂsl-SID)/Z X (Spre X Spost). S is the

standard deviation, and Sp is the standard deviation of the
difference score (pre- to post-intervention), defined by:

Sp = root square KSﬁm/n) + (Sﬁasl/n)]. All ESy;¢ were
corrected for small sample size bias with the following
formula: [1 — (3/(4 x (n; + n; — 2) — 1)), Heterogene-
ity for between-study variability was verified with the I*
statistics, with thresholds set as I* = 25% (low), I* = 50%
(moderate), and P =175% (high) [26]. Based on the
results, data were then analyzed using fixed-elfect models,
Despite the low between-study heterogeneity, the present
meta-analysis further explored potential moderators that
could influence the results, expanding the knowledge on
whether BFR characteristics could affect training
responses.

The first analysis compared the effects of HL-and BFR-
RT on muscle strength and mass response. Subsequently, a
subgroup analysis was performed to investigate the effects
of test specificity (specific [IRM] and nonspecific [iso-
metric or isokinetic]), absolute occlusion pressure (< 110
or > 111 mmHg), cuff width (< 139 or > 140 mm) and
occlusion pressure prescription (individualized or non-in-
dividualized) on muscle strength response. Similarly,
additional analyses were performed to investigate the
effects of absolute occlusion pressure value, cuff width,
and occlusion pressure prescription (i.e., individualized or
non-individualized) on muscle hypertrophy outcomes.
Given the inconsistency of absolute occlusion pressure and
cuff width among studies and the inherent relationship
between these parameters [23] we opted to cluster studies
according to the median values of these variables. That is,
studies were scparated with values below or above the
median values for absolute occlusion pressure (< 110
or > 111 mmHg) or cuff width (< 139 or = 140 mm).
Importantly, after the clustering procedure, all studies
classified as “narrow cuff” were the same as those clas-
sified as “higher absolute occlusion pressure” and vice-
versa. Furthermore, relative changes pre- to post-inter-
vention were calculated (post-intervention x 100/pre-in-
tervention — 100) for both HL- and BFR-RT. A sensitivity
analysis was carried out to identify the presence of highly
influential studies, which might bias the analyses. Thus, an
analysis removing one study at a time was performed, and
then examining its effect on between-group comparisons.
Studies were considered as influential if removal resulted
in a change of the ESy from significant (P < 0.05) to
non-significant (P > 0.05) or if removal caused a large
change in the magnitude of the coefficient. This procedure
has been adopted elsewhere [27]. Furthermore, publication
bias was verified via tunnel plot analysis. The significance
level adopted was P < 0.05. All data are presented as
mean =+ standard error.
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3 Results

= = The initial search process returned 708 studies. After that,

g g 504 duplicated studies were excluded. Then, titles and
- § § abstracts of the remaining studies were read, from which
§ 2 Z 190 were excluded. The remaining 14 articles were fully
3 - < read and 13 studies were considered eligible according to
§ é E g g our previously set criteria. After multiple unsuccessful
g g & EX altempls to contact the authors, hypertrophy and strength
£ =3 2E data from one study could not be included [28]. The search
=< “ < process is depicted in Fig. 1.
3 Twelve studies investigating muscle strength gains
Ea between HL- vs. BFR-RT were included in the present
E E meta-analysis, resulting in 24 treatment outcome measures
&35 in 460 participants. Mean ES across all studies was
S é & % 0.74 £+ 0.07 (95% confidence interval (CI) 0.60-0.88).
£=2|8 & vh o Mean muscle strength percentage gain was 14.36 + 1.53%

@ . (95% Cl 11.37-17.35). Between-group comparisons
o § 2 B showed significantly higher gains in muscle strength for
22|38 g & HL-RT as compared with BFR-RT (ESys: 0.63 =+ 0.09;
=8| 0O = 95% CI 0.43-0.80) (Fig. 2). This was equivalent to a
2 percentage gain difference of 7.36%, favoring HL-RT. A
EE similar pattern was observed when considering test speci-
= g _ B ficity, with ESg4;r favoring HL-RT in cither specific (i.e.,
R = IRM; ESg 0.63 & 0.11; 95% CI 0.41- 0.85) or non-

specific (i.e., isometric and isokinetic; ESy: 0.58 & 0.17,
95% CI 0.25-0.92) muscle strength assessment (Fig. 3).

a R
§ 3 § é ié so&é 8 é Importantly, BFR-RT was still less effective when com-
RmElE W W . pared with HL-RT even when accounting for absolute
z| . g occlusion pressure and cuff width. Results from our cluster
i % ) z E analysis revealed that narrower cuffs at higher-absolute
28| v E occlusion pressure or wider cuffs at lower-absolute
> - o s o :% occlusion pressures resulted in smaller strength gains when
E-L compared with HL-RT (ESy¢ 0.52 &£ 0.15; 95% CI
& 0.23-0.81 and (ESg¢ 0.68 £ 0.12; 95% Cl 0.45-0.92,
_ E-E . =; Eda .2 § respectively) (Fig. 4). Finally, occlusion pressure pre-
g o o & T % 7 Ex |2 o scription method did not affect the results, as either indi-
£ Erﬂ 2o Erﬂ‘ﬂ de | = g vidualized or non-individualized methods resulted in
& 4 smaller muscle strength gains as compared with HL-RT
E 3 g § (ESgi; 0.73 £ 0.18; 95% CI 0.39-1.07 and ESg.
2 E . E ;' E ; 0.57 £ 0.11; 95% CI 0.36-0.79, respectively) (Fig. 5).
5 = g E 5 Sensitivity analysis (i.e., removing one study at a time and
i ;" a” 3 % re-analyzing the data) revealed that muscle strength results
" &b & were not highly affected by any single study (data not
o % -y E shown). Furthermore, funnel plot analysis revealed the
?g "..g S, E Oo presence of an influential study (Fig. 6). The study outside
= 9 El E w the funnel limit, on the left side of Fig. 6, introduced a
9| 2 a g -E minor publication bias with Kendall’s tau with continuity
£ = 9 correction equal to 0.18 (P = 0.20), and Egger's regres-
§ 2 ﬁ E E -§ sion intercept equal to 5.66 (P = 0.051). Removing this
a | 2 = éﬂ E study from the analysis resulted in Kendall’s tau with
2|8 = EED N B continuity correction value equal to 0.11 (P = 0.46), and
gle |2 5= -y
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Records identified through
database searching
(n=708)

Additional records identified through
other sources
(n=0)

Records after duplicates removed
(n = 204)

Records screened
(n = 204)

Records excluded
(n =190)

A 4

] [ Screening J rldentiﬁcation ]

Full-text arlicles assessed
for eligibility
(n=14)

Full-text arlicles excluded:
No accesstodata (n = 1)

v

Eligibility

-

)

Studies included in
qualitative synthesis
{(n=13)

Included

Studies included in
quantlitative synthesis
(mela-analysis)
{(n=13)

Fig. 1 Diagram showing the search process

Egger's regression intercept equal to 2.69 (P = 0.36),
minimizing publication bias. The fill and trim procedure
did not affect the effect size estimates. As the influence of
the aforementioned study on the ES was trivial, we retained
it in the analysis.

Regarding gains in muscle mass, ten studies were
included resulting in 20 effect sizes for between-group
comparisons and 368 total sample size. Mean ES across
all studies was 0.48 X 0.04 (95% CI 0.40-0.56). Mean

@ Springer

percentage gain in muscle mass was 7.22 £ 0.58% (95%
Cl 6.08-8.37). Between-group comparisons showed
similar gains in muscle hypertrophy for HL- as com-
pared with BFR-RT (ESy;g: 0.10 £ 0.10; 95% CI —0.10
to 0.30) (Fig. 7), which corresponds to a non-clinically
relevant 0.74% gain difference between protocols in
favor of HL-RT. The magnitude of muscle hypertrophy
was not affected by either absolute occlusion pressure or
cuff width, as both wider cuffs at lower absolute
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Fig. 2 Forest plot displaying

Clark et al. (2011) [15] —r
the overall ES g for muscle
strength adaptations between Ellefsen et al. (2015) [19] —_—
high-load resistance training Karabulut et al. A (2010) [12] —_—
(HL-RT) vs. low-load resistance
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occlusion pressure and narrow cuffs at higher absolute 4 Discussion

occlusion pressure resulted in similar gains in muscle
mass when compared to HL-RT (ES . 0.11 & 0.12;
95% CI =0.14 to 0.35 and ESy;. 0.09 £ 0.17; 95% CI
—0.25 to 0.42, respectively) (Fig. 8). Finally, pooling

The present meta-analysis aimed to compare the effects of
HL- versus BFR-RT on muscle strength and mass. The
main results showed higher increases in muscle strength for

studies according to the occlusion pressure prescription
method revealed that both individualized and non-indi-
vidualized prescription resulted in similar muscle mass
accrual to that observed in HL-RT (ESu;y. 0.24 & 0.17;
95% CI —0.09 to 0.57 and ESy;r. 0.02 & 0.13; 95% CI
—0.23 to 0.27, respectively) (Fig. 9). Sensitivity analyses
showed that muscle hypertrophic response was not
affected by any particular study (data not shown). Fur-
thermore, funnel plot analysis revealed no influential
study (Fig. 10), with a Kendall's tau with continuity
correction equal to —0.14 (P =0.38), and Egger's
regression intercept equal to —3.20 (P = 0.17).

HL- as compared with BFR-RT, even when considering
specificity of the muscle strength test (i.e., specific [1RM]
or nonspecific [isometric and isokinetic] testing). Impor-
tantly, none of the BFR-RT characteristics investigated
(i.e., absolute occlusion pressure value, cuff width, and
occlusion pressure prescription) influenced the muscle
strength response (i.e., higher muscle strength gains for
HL- as compared with BFR-RT). Regarding hypertrophic
response, the overall results revealed similar increases in
muscle mass between HL- and BFR-RT. Muscle hyper-
trophy was not influenced by absolute occlusion pressure
and cuff width, as both wider-cuff lower-pressure and
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Fig. 3 Forest plot displaying
the ESgigr for muscle strength
between high-load resistance
training (HL-RT) vs. low-load
resistance training associated
with blood-flow restriction
(BFR-RT) according to test
specificity. Different letters for
the same study represent
different protocols. The data are
shown as ESgr and 95%
confidence interval. ES;y effect
size difference
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narrow-cuff higher-pressure BFR-RT protocols showed
similar increases in muscle mass as compared to HL-RT.
Finally, despite occlusion pressure prescription (i.e., indi-
vidualized or non-individualized), BRF-RT was shown lo
be effective in inducing similar muscle mass accrual to
those observed in HL-RT.

4.1 Muscle Strength

The superior gains in muscle strength observed after the
HL-RT protocols could be related to a motor unit (MU)
recruitment level, which is typically estimated via surface
electromyography (EMG). Cook et al. [29] showed higher
EMG amplitude during an acute HL- as compared with a
BFR-RT session. Similar results were observed in the long
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term, as 12 weeks of training significantly increased sur-
face EMG amplitude in HL-RT, with no changes in BFR-
RT [11]. Furthermore, the authors observed a trend toward
greater increases in isometric maximum voluntary con-
traction (MVC) in the HL- as compared with BFR-RT
group. Importantly, in this study, only HL-RT adjusted the
training load throughout intervention, which might have
influenced muscle strength results. Conversely, Takarada
et al. [28] demonstrated similar surface EMG amplitude
acutely between HL- versus BFR-RT and comparable
isokinetic MVC gains between protocols after 16 training
weeks. Although these results are difficult to reconcile, MU
recruitment estimated via surface EMG has been shown to
be problematic due to methodological limitations. Surface
EMG is an indirect measure of MU recruitment,
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Fig. 4 Forest plot displaying
the ESyir for muscle strength
between high-load resistance
training (HL-RT) vs. low-load
resistance training associated
with blood-flow restriction
(BFR-RT) according to absaolute
occlusion pressure and cuff
width. Different letters for the
same study represent different
protocols. The data are shown as
ESyirr and 95% confidence
interval, ES gy effect size
difference
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represented by the sum of recruitment, firing rate (dis-
charge rate), and synchronization of all the active muscle
fibers underneath the electrode area, with important
implications when attempting to compare HL- versus BFR-
RT. In this regard, differences between protocols may be
related to possibly different behaviors in recruitment, firing
rate, and MU synchronization. Thus, despite studies
showing possibly lower EMG amplitude during BFR- as
compared with HL-RT, MU recruitment cannot be properly
measured with actual EMG methods, which are based only
on signal amplitude. Future studies should more compre-
hensively investigate possible differences in MU recruit-
ment between protocols.

In addition o surface EMG, neural adaptations to dif-
ferent RT protocols have been evaluated through twitch-

interpolation technique, which estimates voluntary muscle
activation level to a given task [30]. However, to the best of
the authors® knowledge, only two studies [11, 31] investi-
gated voluntary activation levels after long-term periods of
BFR-RT, and only one compared BFR- to a HL-RT pro-
tocol [11]. For instance, 12 weeks of training increased
voluntary activation level by ~ 3% in HL-RT, with no
sipnificant changes in the BFR-RT group [11]. Although
these results suggest a potentially greater effect of HL-RT
on muscle activation, some concerns should be highlighted.
As mentioned previously, in Kubo et al. [11], only the HL-
RT group adjusted the load during the intervention (per-
forming additional 1RM tests at weeks 4 and 8); hence,
given that this group not only routinely practiced with the
IRM test but, also, and most importantly, progressively
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Fig. 5 Forest plot displaying Clark et al. (2011) [15] N
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increased the load, the results may be misleading. Simi-
larly, others have not observed significant increases in
muscle activation levels after long-term periods of BFR-
RT [31]; however, this study did not include a HL-RT
group, precluding more definite conclusions. Nevertheless,
in conjunction, these results suggest that BFR- protocols
may be not as effective as HL-RT to increase voluntary
muscle activation levels, which 1s in consonance with our
findings regarding muscle strength.

Recently, it has been suggested that differences in muscle
strength adaptations between RT protocols may be related to
test specificity [21]. Indeed, HL-RT has been shown to
induce greater gains in muscle strength than low-load RT
when assessed by specific testing procedures (i.e., IRM test);
however, when muscle strength was evaluated through non-
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specific testing (i.e., isometric MVC), both RT protocols
showed similar results [32]. These results are somewhat in
accordance with the present meta-analysis, as we observed
superior gains in muscle strength for HL-RT in specific tests.
However, even when using non-specific tests, HL-RT was
still shown to be more effective in increasing muscle strength
than BFR-RT. Interestingly, it has been suggested that
specificity deficit between different RT protocols could be
mitigated by routinely practicing with IRM [33]. According
to the authors, adding testing sessions (i.e., IRM tests) during
the intervention resulted in similar increases in muscle
strength between HL- and low-load RT, despite test speci-
ficity theoretically favoring the former. The literature,
however, does not support this contention when considering
BFR protocols, as others have still [6, 7, 12] found HL-RT to
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induce greater gains in muscle strength than BFR, even in
studies that periodically adjusted training load, and thus
provided multiple 1RM testing sessions throughout the
intervention. It is important to emphasize that both Morton
et al. [33] and Mitchell et al. [32] compared HL- with low-
load-RT (and not with BFR-RT), with the latter encom-
passing far greater exercise volumes than typical BFR-RT,
which could account for the dissonant results.

Occlusion pressure has been considered an important
variable within BFR-RT, as it is thought to modulate muscle

adaptation [22, 28, 34, 35]. Nevertheless, occlusion pressure
is highly dependent on cuff width [23, 36]. Thus, in order to
gain insight as to whether absolute occlusion pressure could
affect muscle strength response, we conducted a sub-anal-
ysis dividing studies into clusters according to not only
absolute occlusion pressure but also according to cuft width.
Importantly, all studies within the lower absolute occlusion
pressure cluster were also the ones classified within the
wider cuff width cluster. The results demonstrated that
neither absolute occlusion pressure nor cuff width affected
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Fig. 8 Forest plot displaying
the ES;rr for muscle
hypertrophy between high-load
resistance training (HL-RT) vs.
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muscle strength capacity, given that all BFR-RT protocols
resulted in lower gains in muscle strength as compared with
HL-RT. This seems in line with current literature, as pre-
vious studies demonstrated that neither occlusion pressure
nor cuff width influence muscle strength adaptations to
BFR-RT [6, 16, 37].

It is important to note that only a few studies within the
present meta-analysis used individualized occlusion pres-
sure prescriptions [6, 7, 16, 20]. This has important
implications, as a given absolute pressure may impose
different degrees of vascular restriction depending upon
limb circumference, individual blood pressure, and cuff
width [23, 36]. Thus, it has been suggested that individu-
alized occlusion pressure determination, accounting for
cuff width, may be a more appropriate approach in BFR-
RT, preventing under- or overestimation of occlusion
pressure, and thus allowing a more accurate exercise pre-
scription when compared to generalized occlusion pres-
sures [24]. Despite these suggestions, when considering the
occlusion pressure prescription analysis (i.e., individual-
ized or non-individualized), our results demonstrated that
both methods produce lower gains in muscle strength as
compared with HL-RT. Interestingly, previous studies have
demonstrated that when considering cuff width and
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individualized prescription, pressures as low as 40% may
be all that is necessary to improve muscle strength capacity
[6, 37].

Collectively, these data suggest that HL-RT is superior
to BFR-RT in inducing gains in muscle strength, even after
accounting for possible moderators. Importantly, individ-
uals engaged in BFR-RT can substantially increase muscle
strength capacity; however, this training protocol might not
be considered optimal. Interestingly, combining BFR-RT
with occasional HL-RT sessions may optimize muscle
strength adaptations and mitigate possible differences
between protocols [13].

4.2 Muscle Hypertrophy

BFR-RT has been widely advocated as a valid strategy to
induce gains in muscle mass, with allegedly comparable
results to those of HL-RT. The present results corroborate
with these assertions and add to the current literature by
demonstrating similar efficacy between protocols by means
of a robust meta-analytic procedure. Nevertheless, BFR-RT
characteristics such as occlusion pressure, cuff width, and
occlusion pressure prescription method have been thought
to influence training adaptations. In this sense, the present
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meta-analysis aimed to further explore the possible effects
of these moderators on muscle mass accrual,

Occlusion pressure has been suggested to influence
muscle hypertrophic response to BFR-RT [6, 22, 34, 35].
However, our exploratory analysis clustering studies
according to absolute occlusion pressure revealed no sig-
nificant effect of this variable on muscle mass accrual.
Namely, both the lower- and the higher-pressure BRF-RT

protocols resulted in similar increases in muscle mass as
compared to HL-RT. It is important to highlight that con-
sidering absolute occlusion pressure values irrespective of
cuff width may be misleading, as occlusion pressure is
highly influenced by cuff width [36, 38].

In this respect, all studies classified as “lower-pressure”
were also those clustered as “wider-cuff” and vice versa.
This analysis yielded similar results, as both variables (i.e.,
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absolute occlusion pressure and cuff width) were shown
not to influence muscle hypertrophic response. Our results
corroborate previous studies demonstrating that neither
occlusion pressure [6, 37] nor cuff width [38] affect the
muscle mass response to BFR-RT. These results are of
practical application as occlusion pressure was previously
shown to be directly related to pain and rating of perceived
exertion, suggesting that lower-pressure BFR-RT (hence
perceived as more comfortable and less physically
demanding) could be effectively employed, particularly in
those individuals with lower tolerance to physical stress.

Additionally, the present meta-analysis explored the
effects of the occlusion pressure prescription method (i.e.,
individualized vs. non-individualized) on muscle hyper-
trophy. Individualized prescription accounts for individual
anatomical differences (e.g., limb circumference, fat and
muscle cross-sectional area), as well as for cuff width,
allowing a more rebust approach by avoiding under- or
overestimation of blood flow restriction to musculature
[23]. Interestingly, both individualized and non-individu-
alized protocols showed comparable hypertrophy to that
with HL-RT. This suggests that both prescription methods
provided sufficient blood flow restriction to the working
muscle, directly affecting fatigue and MU recruitment,
which are often described to underpin BFR-RT-related
adaptations [39-41]. _

Despite the above, onec may argue that the CIs for
hypertrophy may show a trend towards greater response to
HL-RT. Importantly, the ESgqr between RT protocols,
regardless of moderators, translate to a difference lower
than 1% for muscle hypertrophy. The clinical relevance of
such a small difference is debatable and may be confined to
specific populations. Finally, although speculative, these
small differences may be related to fiber-type specificity. In
fact, there is short-term evidence to suggest BFR-RT to
preferentially stresses type-I fibers [42]; however, long-
term studies suggest otherwise [43, 44]. Importantly, data
on direct comparison in fiber-type-specific response
between BFR- and HL-RT are still lacking.

4.3 Limitations

The present mela-analysis has some limitations. Absolute
occlusion pressure values are highly influenced by cuff
width. Given the discrepancies between studies for these
variables, it is difficult to understand what a given absolute
occlusion pressure for a wider cuff represents on a nar-
rower one and how it affects vascular restriction. There-
fore, results must be interpreted with caution. In addition,
due Lo the sparse number of studies comparing BFR- with
HL-RT, we could not perform additional analyses for other
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important potential moderators (e.g., volume, frequency,
and sex). Studies included herein did not report pre- to
post-correlation for muscle mass and strength, thus, we
estimated these correlation parameters for all studies (see
Sect. 2.5). Importantly, the estimated values were very
similar (o those obtained from our laboratory, allowing us
to assume that our estimations were within the expected
range. Finally, we were not able to include data from
Takarada et al. [28]; however, according to our sensitivity
analysis we observed that no single study was able to
significantly change the magnitude of response between
protocols. Thus, the lack of these data most likely would
not have changed the present results and interpretations.

5 Conclusions

In conclusion, the results from the present meta-analysis
demonstrate superior muscle strength gains for HL- as
compared with BFR-RT, even when adjusting for potential
moderators (i.e., test specificity, absolute occlusion pres-
sure, cuff width, and occlusion pressure prescription
method). Regarding the hypertrophic response, HL-RT was
shown to induce comparable increases in muscle mass
when compared to BFR-RT, regardless of abseclute occlu-
sion pressure, cuff width, and occlusion pressure pre-
scription method, supporting its efficacy, despite
diffcrences in BFR-RT protocols across research groups.

From a practical standpoint, individvals with special
interest in increasing maximum muscle strength may ben-
efit from a more specific training method (i.e., HL-RT);
however, when considering muscle mass accrual, both HL-
and BFR-RT seem equally effective. Finally, it is important
to highlight that BFR-RT is still a valid and effective
approach for increasing muscle strength in a wide spectrum
of age and physical capacity, although it may seem par-
ticularly beneficial for those individuals with physical
limitations to engage in HL-RT.
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