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Abstract: Blood flow restriction (BFR) is a popular resistance exercise technique purported to increase
metabolic stress and augment training adaptations over time. However, short-term use may lead to
acute neuromuscular fatigue and higher exertion ratings. Objective: The purpose of the current study
was to examine acute physiological responses to low-load resistance exercise utilizing BFR compared to
higher-load, non-BFR resistance exercise. Methods: Recreationally trained males (n = 6) and females
(n = 7) (mean ± standard deviation, age: 20 ± 1 yrs.; height: 172 ± 8 cm; weight: 73 ± 11 kg; BMI:
24.4 ± 2.2 kg·m−2; training experience: 4 ± 2 yrs.) had limb occlusion pressure determined (50%;
right leg: 118 ± 11 mmHg; left leg: 121 ± 13 mmHg) using an automated, self-inflating cuff system
during baseline testing. In subsequent sessions, using a randomized, cross-over design, participants
completed one of two experimental conditions: (1) Low-load + BFR and (2) High load + non-BFR. In
both conditions, participants completed one set of back squats at either 30% (BFR) or 60% (non-BFR) of
an estimated 1RM for a max of 30 repetitions, followed by three additional sets with the same loads and
a target of 15 repetitions per set. Blood lactate and countermovement jump (CMJ) height were measured
pre- and post-back squat. Ratings of perceived exertion (RPE) were assessed following each set. Results:
When collapsed across all sets, participants completed significantly more total repetitions in the BFR
condition compared to non-BFR (75.0 ± 0.0 vs. 68.23 ± 9.27 reps; p = 0.015; ES: 1.03), but a lower
training load volume (2380 ± 728 vs. 4756 ± 1538 kg; p < 0.001; ES: 1.97). There was a significant time-
by-condition interaction (p < 0.001), with a greater increase in blood lactate occurring from baseline to
post-back squat in the non-BFR condition (11.61 mmol/L, 95%CI: 9.93, 13.28 mmol/L) compared to BFR
(5.98 mmol/L, 95%CI: 4.30, 7.65 mmol/L). There was another significant time-by-condition interaction
(p = 0.043), with a greater reduction in CMJ occurring in the non-BFR condition (−6.01, 95%CI: −9.14,
−2.88 cm; p < 0.001) compared to BFR (−1.50, 95%CI: −1.50, 4.51 cm; p = 0.312). Conclusions: Utilizing
a low-load BFR protocol may allow for a higher training volume, yet lower metabolic stress and reduce
neuromuscular fatigue compared to lifting at a higher load without the use of BFR.

Keywords: blood flow restriction; strength training; physiological response; lower body power;
recovery; metabolic stress

1. Introduction

Regular resistance training is well known to increase muscular strength and hyper-
trophy for a variety of populations and can even play a role in clinical settings to recover
muscle functionality and reduce risk factors for sarcopenia [1–4]. With a goal of muscle
hypertrophy, the most common training strategy is the utilization of consistent resistance
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training, with moderate-to-high-load training equating to ≥60–75% of one-repetition max-
imum (1RM), completed to near failure, while incorporating progressive overloading
strategies over time [5–7]. However, several advanced training techniques are often uti-
lized to further augment acute hypertrophic signaling mechanisms. One such strategy
gaining recent popularity is the use of blood flow restriction (BFR), a technique often
used in conjunction with resistance training to further elicit metabolic stress and enhance
anabolic signaling mechanisms [8,9]. Blood flow restriction has applications for a variety of
populations including athletes [10], older adults [11], and clinical populations [12]. The use
of BFR appears to enhance intramuscular metabolic stress and augment anabolic signaling
mechanisms by restricting local venous return to the muscle groups involved in the desig-
nated activity or specific exercise [13–15]. Research has indicated that using lighter loads
during resistance training with BFR may provide equivocal benefits to resistance training
without BFR at higher relative loads, while also reducing the risk of injury [13,16,17].

In order to develop evidence-based protocols for BFR applications, it is important to
continue to examine the acute physiological responses when using BFR as part of a resistance
training protocol to establish best practices and guidance for use. BFR is most commonly
performed by utilizing a device such as a cuff or a tourniquet that occludes venous return,
which lessens the need for high-load training and subsequently reduces the mechanical
tension required to elicit a similar anabolic response [18,19]. Specifically, a limb occlusion
pressure of 50% (half of the external pressure required to occlude venous blood flow) has been
shown to result in restricted blood flow and has been determined to be the optimal pressure to
use in practice [15,20]. However, higher occlusion pressures across various training intensities
have also been used and found to be beneficial when used in conjunction with resistance
exercise [10,16,21,22]. In turn, this occlusion pressure appears to subsequently influence
muscle activation patterns, induce temporary ischemia, and result in temporary sensations
of pain during resistance training activities [15,22–25]. The primary mechanism of action is
thought to be a result of decreased intramuscular oxygen availability and the accumulation
of metabolites within the muscle while venous blood flow is occluded [24,26,27]. The exact
mechanism for how lower-intensity BFR stimulates cellular processes to induce comparable
or even superior muscle hypertrophy to non-BFR high-intensity methods has not been fully
elucidated. Several hypotheses have suggested that the enhanced production of cellular
metabolites and growth hormone may play a role, in addition to the increase in cellular
edema commonly reported during BFR training [9,23,27,28].

Recent evidence has indicated that muscle hypertrophy can occur across a spectrum
of load intensities if sufficient total training volume is accrued (e.g., the number of total
repetitions) [6]. A purported advantage of using BFR is that there may be the ability to
elicit comparable acute physiological responses from using low loads (e.g., <50% of 1RM)
with BFR compared to higher loads without BFR. A recent study found that the use of
BFR during multijoint resistance training exercises elicits a similar increase in hormonal
responses during low load (20% 1RM) + BFR, compared to high load (75% 1RM) resistance
exercise without BFR. However, there are concerns of increased exercise-induced muscle
damage following BFR that have been raised as a byproduct of the increased metabolic
stress being imposed [29]. However, previous research has found that low-load resistance
training with BFR leads to significant increases in muscle activation without increasing
indices of muscle damage following lower body resistance exercise compared to non-
BFR training in resistance-trained males [26]. Additionally, previous research has found
that acute metabolic stress, as measured by blood lactate accumulation, can serve as a
mechanism of muscle hypertrophy, and therefore examining which combination of exercise
loading and BFR elicits the largest response in blood lactate accumulation may be important
from a exercise prescription standpoint [7,30,31].

Further, it is important to examine the acute performance effects of resistance exercise
with BFR to better understand how and when BFR should be implemented within an exercise
session or throughout the day if there is a need to mitigate fatigue. Various performance
and laboratory measures have been used to evaluate neuromuscular fatigue and metabolic
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stress. For example, countermovement jump (CMJ) height before and after exercise may
be used as an indicator of exercise-induced neuromuscular fatigue and monitor changes
in lower body explosiveness [32–34]. Further, ratings of perceived exertion can be used
as self-reported indicators of muscular loading [35–37]. The use of these assessments can
provide insight into the acute effects of resistance exercise with BFR; however, current
research exploring the impact of BFR on measures of metabolic indices (i.e., blood lactate
response), neuromuscular fatigue, and self-perceived effort following resistance exercise
is limited. This information could help provide insight into how acute resistance exercise
protocols using BFR may influence short-term measures of metabolic stress, fatigue, and
subjective measures of exertion and help determine how or when BFR interventions could
be used in a strength and conditioning program.

There is a high demand for methods that mitigate the risks associated with resistance
training, while not compromising the potential to stimulate muscle hypertrophy [17]. There-
fore, BFR has applications in both performance-based and clinical settings, as well as for
the general public with the goal of augmenting muscular hypertrophy, while reducing risks
associated with high-load training (>85% 1RM) [9,13]. There continues to be a need to further
explore the acute physiological responses of low-load resistance training in conjunction with
BFR compared to higher-load resistance training. Moreover, it is important to understand
the short-term effects on target repetitions and subsequent effects on physical performance,
metabolic stress, and the perception of effort when using BFR during resistance training
activities. To the best of our knowledge, no study has examined the differences in low-load
resistance training with BFR to high-load non-BFR training and the resulting effects on train-
ing load-volume, lactate, power, and perceptions of effort. Therefore, the purpose of this
study was to examine acute responses to low-load resistance exercise utilizing BFR compared
to higher-load, non-BFR training. The primary outcome measures included training volume
and blood lactate responses. Secondary outcome measures included neuromuscular fatigue
(as determined thought vertical jump assessment) and ratings of perceived exertion.

2. Materials and Methods
2.1. Study Design

Using a randomized, cross-over design, participants completed one of two experimen-
tal conditions: low load (30% 1RM) + BFR; or high load (60% 1RM) + non-BFR. Heart rate,
blood pressure, blood lactate, and countermovement vertical jump (CMVJ) height were
measured pre- and post-back squat for each respective condition. Ratings of perceived
exertion (RPE) were assessed following each set. Within 7 days, participants returned to
the lab to complete the opposite condition in a randomized fashion (randomizer.org) while
following the same testing protocol. Figure 1 presents a summary of the consort diagram.
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2.2. Subjects

Thirteen recreationally trained college-aged males (n = 6) and females (n = 7), (mean ± stan-
dard deviation, age: 19.6 ± 1.2 yrs.; height: 171.9 ± 7.7 cm; weight: 72.5 ± 10.8 kg; BMI:
24.4 ± 2.2 kg·m−2) participated in the current study. Participants had an average of
3.8 ± 2.5 yrs. of resistance training experience, with an average relative back squat 1RM
of 1.5 ± 3.1 times their bodyweight. Participants were recruited from a local university
via word of mouth and recruitment flyers. All interested participants first completed the
physical activity and readiness questionnaire (PAR-Q) to identify any potential contraindi-
cations to exercise. Inclusion criteria included being a recreationally active male or female
between the ages of 18 and 27 with >1 year of consistent resistance training (>2 times per
week). Exclusion criteria included having cardiovascular disease, a recent lower body
injury (within the past 3 months), a history of clotting disorders or strokes, or being on
any medications that may influence clotting or blood viscosity. Participants were then
informed of the details of study participation and provided written consent approved by
the University’s Institutional Review Board (IRB Protocol: 22-JS-12; Approved on: 29 July
2021), and all study procedures were conducted according to the Declaration of Helsinki
and Human Subjects Research Guidelines. The clinical trial was registered through the
International Standard Randomized Controlled Trial Number Registry (ISRCTN28808565).

2.3. Baseline Testing

During initial baseline testing, participants first had limb occlusion pressure (50%)
determined for each limb. Following limb occlusion determination, a 1RM back squat
was estimated from a 3RM test [38] using a Smith machine (Plyometric Power System;
Norsearch, Australia). Prior to the 3RM assessment, all participants completed a standard-
ized warm-up, consisting of dynamic whole-body stretches which lasted approximately
5–10 min. Participants then completed a warm-up set of ten repetitions, using a load that
corresponded to an estimate of 50% of their 3RM. Participants then completed a second
warm-up set of 6 repetitions at a load corresponding to approximately 70% of their per-
ceived 3RM with two minutes of rest provided in between each set. Participants then
completed maximal effort sets to determine 3RM, with progressively increasing loads until
a 3RM was determined within three to five 3RM attempts and two minutes of rest provided
between each attempt. Following 3RM assessment, participants were familiarized to the
back squat protocol and BFR cuffs to help them get accustomed to the protocol and feeling
of BFR during resistance training. Figure 2 provides a summary of testing procedures.
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2.3.1. Hemodynamics

Resting heart rate and blood pressure were initially assessed at baseline using standard
clinical assessment guidelines. Heart rate was manually palpated at the radial artery for a
60 s count prior to and immediately post-back squat. Blood pressure was assessed with the
participants seated in an upright position after a resting period of 5 min, with the exception
of post-back squat assessments, which were conducted immediately post-back squat (<60 s
post). A mercurial sphygmomanometer (American Diagnostic Corporation, model #AD-720)
was used according to standard procedures [39]. Blood pressure and heart rate were also
evaluated immediately post-inflation of the BFR cuffs for the BFR condition only.

2.3.2. Blood Lactate and Ratings of Perceived Exertion

Blood samples were taken from the fingertips at baseline and five minutes into the
recovery phase post-back squat to assess whole blood lactate levels. Lactate was determined
using a Lactate Scout (Sports Resource Group, Edina, MN, USA) handheld analysis device.
Previous research has yielded a mean intraclass correlation of 0.91 and a mean intraclass
coefficient of variation of 10.2% [40]. Calibration procedures were completed prior to each
testing session. Subjects were asked to record their rating of perceived exertion using Borg’s
15-point scale [41] following each set.

2.3.3. Neuromuscular Fatigue

A countermovement vertical jump test was used to evaluate changes in neuromuscular
fatigue. Subjects were instructed to jump as explosively as possible with their hands on
their hips. A 27′′ × 27′′ jump mat (Just Jump System, Probotics, Huntsville, AL, USA) was
used to record jump height derived from flight time which was instantaneously calculated
and presented on a digital display. The jump mat has previously been shown to be strongly
correlated to criterion measures of flight time (r = 0.969) and jump height (r = 0.972) using
a force plate [42]. The countermovement vertical jump (CMJ) was completed at baseline,
prior to the back squat protocol, and immediately following hemodynamic measurements
post-back squat.

2.3.4. Resistance Training Protocol

In both conditions, participants completed 1 set of 30 repetitions following the respec-
tive resistance training protocol, at the assigned load. Participants then completed 3 sets
with a maximum number of 15 repetitions allowed in sets 2–4, with a 2 min rest in between
sets similar to previous methods [26].

2.3.5. Blood Flow Restriction

During baseline testing, participants had limb occlusion pressure (50%) determined us-
ing an automated, self-inflating cuff system (SmartCuffs©, Smart Tools Plus, LLC, Strongsville,
OH, USA). During the experimental BFR condition, the cuff was inflated to the determined
leg-specific pressure, set at 50% of total limb occlusion pressure (right leg: 118 ± 11 mmHg;
left leg: 121 ± 13 mmHg) and left on for the duration of the protocol, including rest periods.
Table 1 provides an outline of the resistance training protocol for each experimental condition.

Table 1. Resistance training protocols for BFR and non-BFR conditions.

Set Condition

BFR Non-BFR

1 30 × repetitions at 30% of the individuals’ 1RM (with BFR) 30 × repetitions at 60% of the individuals’ 1RM (without BFR)

2 15 × repetitions at 30% of the individuals’ 1RM (with BFR) 15 × repetitions at 60% of the individuals’ 1RM (without BFR)

3 15 × repetitions at 30% of the individuals’ 1RM (with BFR) 15 × repetitions at 60% of the individuals’ 1RM (without BFR)

4 15 × repetitions at 30% of the individual’s 1RM (with BFR) 15 × repetitions at 60% of the individuals’ 1RM (without BFR)

1RM = one-repetition maximum; BFR = blood flow restriction.
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3. Statistical Analysis

A within-subjects, repeated-measures analysis of variance was used to evaluate dif-
ferences in repetitions completed and ratings of perceived exertion for each set. A within-
subjects, repeated-measures analysis of variance was used to evaluate differences in blood
lactate, countermovement vertical jump height, and hemodynamic variables before and
after the back squat exercise for each condition. An a priori power analysis using G*Power
(Version 3.1) with estimates of effect sizes from previous studies examining acute physiolog-
ical responses during exercise with BFR was conducted. The most conservative effect size
indicated that a sample size of 10 subjects for each condition would be sufficient to detect
clinically meaningful differences indicative of an effect size of 0.6 (moderate) for the number
of repetitions completed, using a two-tailed test (alpha = 0.05) with 80% power based on
previous findings [43–45]. Data are presented as mean ± standard deviation. The statistical
significance was set at p < 0.05. Effect sizes (Cohen’s d) were reported, where appropriate,
and interpreted as follows: large (d > 0.8), moderate (d = 0.8–0.5), small (d = 0.49–0.20),
and trivial (d < 0.2) [46]. Normality was initially assessed using the Shapiro–Wilk test and
homoscedasticity was assessed with Levene’s Test of Equality of Error Variances. All data
were analyzed using the Statistical Package for the Social Sciences (IBM SPSS Statistics for
Windows, Version 26.0: IBM Corp., Armonk, NY, USA).

4. Results
4.1. Training Volume

Participants completed overall more repetitions of the back squat in the BFR condition
compared to non-BFR (BFR: 75.0 ± 0.0 vs. non-BFR: 68.2 ± 9.3 reps; p = 0.015; ES: 1.03).
There was a lower training load volume in the BFR condition compared to the non-BFR
condition (2380 ± 728 vs. 4756 ± 1538 kg; p < 0.001; ES: 1.97).

4.2. Blood Lactate

There was a significantly greater increase in blood lactate from baseline to post-back
squat in the non-BFR condition compared to the BFR condition (11.6 mmol·L−1, 95%CI: 9.9,
13.3 mmol·L−1 vs. 5.9 mmol·L−1, 95%CI: 4.3, 7.7 mmol·L−1) (Figure 3).
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4.3. Ratings of Perceived Exertion

There was a main effect for sets observed for RPE (p = 0.009), but no significant
set-by-condition interaction (p = 0.747) (Figure 4).
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4.5. Hemodynamic Response

A summary of the hemodynamic responses across each condition is presented in
Table 2. No significant changes in heart rate systolic blood pressure (SBP) or diastolic
blood pressure (DBP) occurred from baseline to immediate post-BFR application (p > 0.05).
There was a significant time-by-condition effect observed for SBP (p = 0.005). Pairwise
comparisons indicated that the non-BFR condition resulted in a larger decrease in SBP from
baseline to post-back squat (−16.5, 95%CI: −22.4, −10.6 mmHg; p < 0.001) compared to
the BFR condition (−4.0, 95%CI: −9.9, −1.9 mmHg; p = 0.175). There was a significant
time-by-condition effect observed for DBP (p = 0.002). Pairwise comparisons indicated that
the non-BFR condition resulted in a larger decrease in SBP from baseline to post-back squat
(−11.7, 95%CI: −19.2, −4.2 mmHg; p = 0.004) compared to the BFR condition (−6.6, 95%CI:
−14.1, 0.9 mmHg; p = 0.08).

Table 2. Summary of hemodynamic responses for each condition.

HR SBP DBP

Pre Post Pre Post Pre Post

Non-BFR (n = 13) 74 ± 14 147 ± 18 115 ± 5 131 ± 9 73 ± 6 61 ± 13
BFR (n = 13) 78 ± 13 135 ± 26 120 ± 9 124 ± 11 69 ± 10 76 ± 12

Data presented as means ± standard deviation; HR = heart rate; SBP = systolic blood pressure; DBP = diastolic
blood pressure.

5. Discussion

The main findings from the current study indicate that completing four sets of the
back squat at 30% of 1RM with BFR resulted in lower blood lactate levels and lower RPE
values post-back squat, despite more total repetitions across the four sets completed in the
BFR condition compared to non-BFR (performed at 60% 1RM). Further, a lower degree of
neuromuscular fatigue was observed following the back squat with low load (30% 1RM)
with BFR compared to high load (60% 1RM) without BFR. The results of the current study
indicate that BFR training may allow participants to achieve a higher training volume while
resulting in less metabolic stress compared to higher-load non-BFR training. However,
training load volume was higher in the non-BFR condition, because of the higher relative
load used.

In the current study, the higher number repetitions completed in the BFR condition was
to be expected as a result of the lower load being used (30% 1RM vs. 60% 1RM); however,
this is in contrast to previous reports and appears to be influenced by the specific resistance
exercise protocol used. For example, in a study by Hornikel et al. [47], resistance-trained
males completed fewer repetitions when completing four sets of back squats to failure at
75% 1RM when using BFR, compared to the non-BFR control condition. This is likely due to
heavier loads being used, and equivalent loads across the BFR and non-BFR conditions in
comparison to the current study’s protocol (30% 1RM and 60% 1RM). In a similar study by
Loenneke et al. [48], participants completed a set of leg extensions to failure at 30% of 1RM,
and it was reported that the addition of BFR resulted in lower repetitions. Interestingly,
lower blood lactate values were also observed in the BFR condition immediately after
muscular failure. However, in the current study, participants completed more repetitions
with the use of a lower load with BFR across four sets, yet it resulted in lower blood
lactate values. It is possible that the higher load used in our control condition (60%
1RM), contributed to a greater overall training load volume and thus a higher degree of
metabolic stress.

The results from the current study also indicate that low-load BFR training may
serve as a way to mitigate short-term decrements in neuromuscular fatigue post-resistance
training compared to higher load non-BFR training. Specifically, the low-load BFR condition
resulted in a reduction of 1.5 cm compared to a reduction of 6 cm in the higher-load non-
BFR condition. It is worth noting that this observation may also be explained by differences
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in the volume of work completed, as discussed in the sections above. Previous studies
have shown that BFR training can increase muscle activation and contribute to increases in
force production and bar velocity in acute settings [26,49,50]. A study by Wilk et al. [49]
found that bar velocity was higher during multiple sets of bench press when performed
with BFR compared to a non-BFR condition at 70% of 1RM. Specifically, they found greater
peak and mean power, and greater peak and mean velocity across multiple sets of bench
press when completed with BFR. Serrano-Ramon also observed improvements in intraset
bar velocity during the back squat at 90% 1RM [50]. While conducted after the back squat
exercises, results from the current study indicated a better maintenance of CMJ height post-
back squat with BFR (using a lighter load) compared to the non-BFR condition, indicating
that higher-load non-BFR training results in greater neuromuscular fatigue as opposed to
BFR training.

In the current study, the use of BFR with lower relative loads resulted in lower RPE
values throughout the four sets of back squats. Previous research has found mixed effects
of using BFR on perceptions of effort and discomfort during exercise. For example, Bell
et al. [51] observed increased ratings of perceived exertion across low-load BFR conditions
(15% of 1RM at 80%, 40%, and 0% occlusion) when completed to failure compared to a
high-load (70% of 1RM) condition during a unilateral elbow flexion exercise. Furthermore,
exercise volume was found to be similar for the low-load BFR conditions with 0% and 50%
arterial occlusion pressure at 15% of 1RM, but significantly higher than the BFR condition
with 80% occlusion and the no-BFR high-load condition at 70% of 1RM in the study by
Bell et al. [51]. There is also evidence of low-load (30% of 1RM) resistance exercise with
BFR leading to a greater degree of hypoalgesia when compared to high-load resistance
exercise (70% of 1RM), as observed by Norbury et al. [52], suggesting that while low-load
BFR resistance exercise may be perceived as more difficult, it could provide a greater
hypoalgesic effect. Additionally, the addition of BFR has been shown to lead to a greater
perception of effort, despite greater tissue oxygen saturation during high-intensity cycling
exercise, as observed by Lauver et al. [43]. Additionally, in the study by Lauver et al. [43],
the acute increase in perception of effort coincided with a greater rating of discomfort as
the perception of effort was significantly greater in BFR conditions as opposed to non-BFR
conditions. However, the study by Lauver et al. [43] did not further investigate changes in
metabolic stress or hemodynamic responses to aerobic training in the BFR and non-BFR
conditions. Investigation into these physiological responses such as blood lactate, would
further clarify the potential implications of BFR use in high-intensity aerobic exercise. It
appears that the influence of BFR on RPE is largely due to the relative load being used in
addition to the target training volume.

More research is needed in monitoring BFR protocols during complete workouts,
rather than isolated exercises. Additionally, comparing the cellular mechanism of BFR
training that induces comparable or even superior improvements in muscle strength and
hypertrophy without increasing potential markers of muscle damage could be explored.
This would allow for greater understanding and evidence as to how participants can use
BFR to increase strength and muscle hypertrophy without increasing physiological and
psychological risks associated with exercise. Furthermore, a longitudinal study investi-
gating the impacts of combining BFR and non-BFR training on muscle hypertrophy and
participant performance could yield more practical implications of BFR in athlete training
regiments. There is a wide market in therapeutics and athletic performance to optimize
and largely implement BFR training methods into practice.

6. Limitations

This study is not without limitations. The presence of a third condition (low load
without BFR) would have allowed for additional insight regarding how the addition of BFR
affects the physiological responses to low-load resistance training. Further, an additional
timepoint at 24 h post-testing would have provided information regarding the effects of
BFR on muscle soreness and the potential onset of delayed fatigue. Lastly, the failure to
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include electromyography analysis is another limitation of the current study design that
would have helped identify differences in muscle activation patterns between the two
conditions. The small sample size also limited the ability to examine sex differences in
response to BFR training. Additionally, the young age of the study participants may limit
the transferability of the study findings to older adult or clinical populations.

7. Conclusions

Completing four sets of the back squat at 60% of 1RM without BFR resulted in higher
blood lactate levels and RPE post-exercise, even though fewer repetitions were performed
compared to the BFR condition (completed with 30% 1RM). Using a low-load BFR protocol
(30% of 1RM) may allow for a higher training volume, yet lower metabolic stress and fewer
detrimental effects on neuromuscular performance compared to lifting at a higher load
(60% of 1RM) without BFR. When utilizing BFR with a lighter relative load, individuals
may be able to mitigate short-term metabolic stress and neuromuscular fatigue if that is
a concern. While in the low-load BFR condition, participants were able to complete a
higher number of total repetitions, the overall training load volume was much lower in the
low-load BFR condition. Therefore, if maximal strength development is a primary training
goal, the higher training load (without BFR) would likely be more beneficial.

Author Contributions: Conceptualization, A.R.J. and J.S.; methodology, A.R.J.; analysis, A.R.J.,
J.B.F., and M.T.J.; investigation, A.R.J., C.K., M.C., J.B.F., and M.T.J.; data curation, A.R.J., J.S., C.K.,
M.C., J.B.F., and M.T.J.; writing—original draft preparation, A.R.J., C.K., E.S., M.C., J.B.F., and M.T.J.;
writing—review and editing, A.R.J., J.S., C.K., E.S., M.C., J.B.F., and M.T.J.; supervision, A.R.J. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of the University of Wisconsin—La
Crosse (protocol code: 21-JS-57; Approval Date: 7 July 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are available upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Talar, K.; Hernandez-Belmonte, A.; Vetrovsky, T.; Steffl, M.; Kalamacka, E.; Courel-Ibanez, J. Benefits of Resistance Training in

Early and Late Stages of Frailty and Sarcopenia: A Systematic Review and Meta-Analysis of Randomized Controlled Studies. J.
Clin. Med. 2021, 10, 1630. [CrossRef] [PubMed]

2. Vikberg, S.; Sorlen, N.; Branden, L.; Johansson, J.; Nordstrom, A.; Hult, A.; Nordstrom, P. Effects of Resistance Training on
Functional Strength and Muscle Mass in 70-Year-Old Individuals With Pre-sarcopenia: A Randomized Controlled Trial. J. Am.
Med. Dir. Assoc. 2019, 20, 28–34. [CrossRef] [PubMed]

3. Yasuda, T. Selected Methods of Resistance Training for Prevention and Treatment of Sarcopenia. Cells 2022, 11, 1389. [CrossRef]
[PubMed]

4. Law, T.D.; Clark, L.A.; Clark, B.C. Resistance Exercise to Prevent and Manage Sarcopenia and Dynapenia. Annu. Rev. Gerontol.
Geriatr. 2016, 36, 205–228. [CrossRef] [PubMed]

5. Carvalho, L.; Junior, R.M.; Barreira, J.; Schoenfeld, B.J.; Orazem, J.; Barroso, R. Muscle hypertrophy and strength gains after
resistance training with different volume-matched loads: A systematic review and meta-analysis. Appl. Physiol. Nutr. Metab. 2022,
47, 357–368. [CrossRef]

6. Grgic, J.; Schoenfeld, B.J.; Orazem, J.; Sabol, F. Effects of resistance training performed to repetition failure or non-failure on
muscular strength and hypertrophy: A systematic review and meta-analysis. J. Sport Health Sci. 2022, 11, 202–211. [CrossRef]

7. Schoenfeld, B.J.; Grgic, J.; Van Every, D.W.; Plotkin, D.L. Loading Recommendations for Muscle Strength, Hypertrophy, and Local
Endurance: A Re-Examination of the Repetition Continuum. Sports 2021, 9, 32. [CrossRef]

8. Loenneke, J.P.; Abe, T.; Wilson, J.M.; Ugrinowitsch, C.; Bemben, M.G. Blood flow restriction: How does it work? Front. Physiol.
2012, 3, 392. [CrossRef]

9. Loenneke, J.P.; Fahs, C.A.; Rossow, L.M.; Abe, T.; Bemben, M.G. The anabolic benefits of venous blood flow restriction training
may be induced by muscle cell swelling. Med. Hypotheses 2012, 78, 151–154. [CrossRef]

https://doi.org/10.3390/jcm10081630
https://www.ncbi.nlm.nih.gov/pubmed/33921356
https://doi.org/10.1016/j.jamda.2018.09.011
https://www.ncbi.nlm.nih.gov/pubmed/30414822
https://doi.org/10.3390/cells11091389
https://www.ncbi.nlm.nih.gov/pubmed/35563694
https://doi.org/10.1891/0198-8794.36.205
https://www.ncbi.nlm.nih.gov/pubmed/27134329
https://doi.org/10.1139/apnm-2021-0515
https://doi.org/10.1016/j.jshs.2021.01.007
https://doi.org/10.3390/sports9020032
https://doi.org/10.3389/fphys.2012.00392
https://doi.org/10.1016/j.mehy.2011.10.014


J. Funct. Morphol. Kinesiol. 2024, 9, 254 11 of 12

10. Wortman, R.J.; Brown, S.M.; Savage-Elliott, I.; Finley, Z.J.; Mulcahey, M.K. Blood Flow Restriction Training for Athletes: A
Systematic Review. Am. J. Sports Med. 2021, 49, 1938–1944. [CrossRef]

11. Labata-Lezaun, N.; Llurda-Almuzara, L.; Gonzalez-Rueda, V.; Lopez-de-Celis, C.; Cedeno-Bermudez, S.; Banuelos-Pago, J.;
Perez-Bellmunt, A. Effectiveness of Blood Flow Restriction Training on Muscle Strength and Physical Performance in Older
Adults: A Systematic Review and Meta-analysis. Arch. Phys. Med. Rehabil. 2022, 103, 1848–1857. [CrossRef] [PubMed]

12. Caetano, D.; Oliveira, C.; Correia, C.; Barbosa, P.; Montes, A.; Carvalho, P. Rehabilitation outcomes and parameters of blood flow
restriction training in ACL injury: A scoping review. Phys. Ther. Sport 2021, 49, 129–137. [CrossRef] [PubMed]

13. Loenneke, J.P.; Wilson, J.M.; Marin, P.J.; Zourdos, M.C.; Bemben, M.G. Low intensity blood flow restriction training: A meta-
analysis. Eur. J. Appl. Physiol. 2012, 112, 1849–1859. [CrossRef]

14. Mouser, J.G.; Laurentino, G.C.; Dankel, S.J.; Buckner, S.L.; Jessee, M.B.; Counts, B.R.; Mattocks, K.T.; Loenneke, J.P. Blood flow in
humans following low-load exercise with and without blood flow restriction. Appl. Physiol. Nutr. Metab. 2017, 42, 1165–1171.
[CrossRef]

15. Patterson, S.D.; Hughes, L.; Warmington, S.; Burr, J.; Scott, B.R.; Owens, J.; Abe, T.; Nielsen, J.L.; Libardi, C.A.; Laurentino, G.; et al.
Blood Flow Restriction Exercise: Considerations of Methodology, Application, and Safety. Front. Physiol. 2019, 10, 533. [CrossRef]

16. Jessee, M.B.; Buckner, S.L.; Mouser, J.G.; Mattocks, K.T.; Dankel, S.J.; Abe, T.; Bell, Z.W.; Bentley, J.P.; Loenneke, J.P. Muscle
Adaptations to High-Load Training and Very Low-Load Training With and Without Blood Flow Restriction. Front. Physiol. 2018,
9, 1448. [CrossRef]

17. Lowery, R.P.; Joy, J.M.; Loenneke, J.P.; de Souza, E.O.; Machado, M.; Dudeck, J.E.; Wilson, J.M. Practical blood flow restriction
training increases muscle hypertrophy during a periodized resistance training programme. Clin. Physiol. Funct. Imaging 2014, 34,
317–321. [CrossRef] [PubMed]

18. Mouser, J.G.; Mattocks, K.T.; Buckner, S.L.; Dankel, S.J.; Jessee, M.B.; Bell, Z.W.; Abe, T.; Bentley, J.P.; Loenneke, J.P. High-pressure
blood flow restriction with very low load resistance training results in peripheral vascular adaptations similar to heavy resistance
training. Physiol. Meas. 2019, 40, 035003. [CrossRef]

19. Scott, B.R.; Loenneke, J.P.; Slattery, K.M.; Dascombe, B.J. Exercise with blood flow restriction: An updated evidence-based
approach for enhanced muscular development. Sports Med. 2015, 45, 313–325. [CrossRef]

20. Roehl, T.; Lambert, B.S.; Ankersen, J.; Hernandez, K.; McCulloch, P.C.; Hedt, C. Optimal Blood Flow Restriction Occlusion
Pressure for Shoulder Muscle Recruitment With Upper Extremity Exercise. Am. J. Sports Med. 2023, 51, 1859–1871. [CrossRef]

21. Gronfeldt, B.M.; Lindberg Nielsen, J.; Mieritz, R.M.; Lund, H.; Aagaard, P. Effect of blood-flow restricted vs heavy-load strength
training on muscle strength: Systematic review and meta-analysis. Scand. J. Med. Sci. Sports 2020, 30, 837–848. [CrossRef]
[PubMed]

22. Loenneke, J.P.; Thiebaud, R.S.; Abe, T.; Bemben, M.G. Blood flow restriction pressure recommendations: The hormesis hypothesis.
Med. Hypotheses 2014, 82, 623–626. [CrossRef] [PubMed]

23. Loenneke, J.P.; Fahs, C.A.; Thiebaud, R.S.; Rossow, L.M.; Abe, T.; Ye, X.; Kim, D.; Bemben, M.G. The acute muscle swelling effects
of blood flow restriction. Acta Physiol. Hung. 2012, 99, 400–410. [CrossRef]

24. Franz, A.; Ji, S.; Luckmann, S.; Boemer, T.; Froschen, F.; Wahl, P.; Behringer, M. Comparison of Metabolic, Ionic, and Electrolyte
Responses to Exhaustive Low-Load Strength Training With and Without Blood Flow Restriction and High-Load Resistance
Training. Scand. J. Med. Sci. Sports 2024, 34, e14721. [CrossRef]

25. Loenneke, J.P.; Kim, D.; Mouser, J.G.; Allen, K.M.; Thiebaud, R.S.; Abe, T.; Bemben, M.G. Are there perceptual differences to
varying levels of blood flow restriction? Physiol. Behav. 2016, 157, 277–280. [CrossRef] [PubMed]

26. Wilson, J.M.; Lowery, R.P.; Joy, J.M.; Loenneke, J.P.; Naimo, M.A. Practical blood flow restriction training increases acute
determinants of hypertrophy without increasing indices of muscle damage. J. Strength. Cond. Res. 2013, 27, 3068–3075. [CrossRef]

27. Teixeira, E.L.; Barroso, R.; Silva-Batista, C.; Laurentino, G.C.; Loenneke, J.P.; Roschel, H.; Ugrinowitsch, C.; Tricoli, V. Blood flow
restriction increases metabolic stress but decreases muscle activation during high-load resistance exercise. Muscle Nerve 2018, 57,
107–111. [CrossRef]

28. Wernbom, M.; Apro, W.; Paulsen, G.; Nilsen, T.S.; Blomstrand, E.; Raastad, T. Acute low-load resistance exercise with and without
blood flow restriction increased protein signalling and number of satellite cells in human skeletal muscle. Eur. J. Appl. Physiol.
2013, 113, 2953–2965. [CrossRef]

29. Wernbom, M.; Schoenfeld, B.J.; Paulsen, G.; Bjornsen, T.; Cumming, K.T.; Aagaard, P.; Clark, B.C.; Raastad, T. Commentary: Can
Blood Flow Restricted Exercise Cause Muscle Damage? Commentary on Blood Flow Restriction Exercise: Considerations of
Methodology, Application, and Safety. Front. Physiol. 2020, 11, 243. [CrossRef]

30. Loenneke, J.P.; Kim, D.; Fahs, C.A.; Thiebaud, R.S.; Abe, T.; Larson, R.D.; Bemben, D.A.; Bemben, M.G. The influence of exercise
load with and without different levels of blood flow restriction on acute changes in muscle thickness and lactate. Clin. Physiol.
Funct. Imaging 2017, 37, 734–740. [CrossRef]

31. Schoenfeld, B.J. The mechanisms of muscle hypertrophy and their application to resistance training. J. Strength. Cond. Res. 2010,
24, 2857–2872. [CrossRef] [PubMed]

32. Guthrie, B.; Jagim, A.R.; Jones, M.T. Ready or Not, Here I Come: A Scoping Review of Methods Used to Assess Player Readiness
Via Indicators of Neuromuscular Function in Football Code Athletes. Strength. Cond. J. 2023, 45, 93–110. [CrossRef]

33. Claudino, J.G.; Cronin, J.; Mezencio, B.; McMaster, D.T.; McGuigan, M.; Tricoli, V.; Amadio, A.C.; Serrao, J.C. The countermove-
ment jump to monitor neuromuscular status: A meta-analysis. J. Sci. Med. Sport 2017, 20, 397–402. [CrossRef] [PubMed]

https://doi.org/10.1177/0363546520964454
https://doi.org/10.1016/j.apmr.2021.12.015
https://www.ncbi.nlm.nih.gov/pubmed/35026149
https://doi.org/10.1016/j.ptsp.2021.01.015
https://www.ncbi.nlm.nih.gov/pubmed/33676203
https://doi.org/10.1007/s00421-011-2167-x
https://doi.org/10.1139/apnm-2017-0102
https://doi.org/10.3389/fphys.2019.00533
https://doi.org/10.3389/fphys.2018.01448
https://doi.org/10.1111/cpf.12099
https://www.ncbi.nlm.nih.gov/pubmed/24188499
https://doi.org/10.1088/1361-6579/ab0d2a
https://doi.org/10.1007/s40279-014-0288-1
https://doi.org/10.1177/03635465231166959
https://doi.org/10.1111/sms.13632
https://www.ncbi.nlm.nih.gov/pubmed/32031709
https://doi.org/10.1016/j.mehy.2014.02.023
https://www.ncbi.nlm.nih.gov/pubmed/24636784
https://doi.org/10.1556/APhysiol.99.2012.4.4
https://doi.org/10.1111/sms.14721
https://doi.org/10.1016/j.physbeh.2016.02.022
https://www.ncbi.nlm.nih.gov/pubmed/26896730
https://doi.org/10.1519/JSC.0b013e31828a1ffa
https://doi.org/10.1002/mus.25616
https://doi.org/10.1007/s00421-013-2733-5
https://doi.org/10.3389/fphys.2020.00243
https://doi.org/10.1111/cpf.12367
https://doi.org/10.1519/JSC.0b013e3181e840f3
https://www.ncbi.nlm.nih.gov/pubmed/20847704
https://doi.org/10.1519/SSC.0000000000000735
https://doi.org/10.1016/j.jsams.2016.08.011
https://www.ncbi.nlm.nih.gov/pubmed/27663764


J. Funct. Morphol. Kinesiol. 2024, 9, 254 12 of 12

34. Watkins, C.M.; Barillas, S.R.; Wong, M.A.; Archer, D.C.; Dobbs, I.J.; Lockie, R.G.; Coburn, J.W.; Tran, T.T.; Brown, L.E. Deter-
mination of Vertical Jump as a Measure of Neuromuscular Readiness and Fatigue. J. Strength. Cond. Res. 2017, 31, 3305–3310.
[CrossRef] [PubMed]

35. Hollander, D.B.; Kilpatrick, M.W.; Ramadan, Z.G.; Reeves, G.V.; Francois, M.; Blakeney, A.; Castracane, V.D.; Kraemer, R.R. Load
rather than contraction type influences rate of perceived exertion and pain. J. Strength. Cond. Res. 2008, 22, 1184–1193. [CrossRef]
[PubMed]

36. Helms, E.R.; Byrnes, R.K.; Cooke, D.M.; Haischer, M.H.; Carzoli, J.P.; Johnson, T.K.; Cross, M.R.; Cronin, J.B.; Storey, A.G.;
Zourdos, M.C. RPE vs. Percentage 1RM Loading in Periodized Programs Matched for Sets and Repetitions. Front. Physiol. 2018,
9, 247. [CrossRef]

37. Zourdos, M.C.; Goldsmith, J.A.; Helms, E.R.; Trepeck, C.; Halle, J.L.; Mendez, K.M.; Cooke, D.M.; Haischer, M.H.; Sousa, C.A.;
Klemp, A.; et al. Proximity to Failure and Total Repetitions Performed in a Set Influences Accuracy of Intraset Repetitions in
Reserve-Based Rating of Perceived Exertion. J. Strength. Cond. Res. 2021, 35, S158–S165. [CrossRef]

38. Morales, J.; Sobonya, S. Use of submaximal repetition tests for predicting 1-RM strength in class athletes. J. Strength. Cond. Res.
1996, 10, 186–189.

39. Liguori, G. ACSM’s Guidelines for Exercise Testing and Prescription, 11th ed.; Wolters Kluwer: Philadelphia, PA, USA, 2021.
40. Tanner, R.K.; Fuller, K.L.; Ross, M.L. Evaluation of three portable blood lactate analysers: Lactate Pro, Lactate Scout and Lactate

Plus. Eur. J. Appl. Physiol. 2010, 109, 551–559. [CrossRef]
41. Borg, G.; Hassmen, P.; Lagerstrom, M. Perceived Exertion Related to Heart-Rate and Blood Lactate during Arm and Leg Exercise.

Eur. J. Appl. Physiol. Occup. Physiol. 1987, 56, 679–685. [CrossRef]
42. Dobbin, N.; Hunwicks, R.; Highton, J.; Twist, C. Validity of a Jump Mat for assessing Countermovement Jump Performance in

Elite Rugby Players. Int. J. Sports Med. 2017, 38, 99–104. [CrossRef] [PubMed]
43. Lauver, J.D.; Moran, A.; Guilkey, J.P.; Johnson, K.E.; Zanchi, N.E.; Rotarius, T.R. Acute Responses to Cycling Exercise With Blood

Flow Restriction During Various Intensities. J. Strength. Cond. Res. 2022, 36, 3366–3373. [CrossRef] [PubMed]
44. Lauver, J.D.; Cayot, T.E.; Rotarius, T.R.; Scheuermann, B.W. Acute Neuromuscular and Microvascular Responses to Concentric

and Eccentric Exercises With Blood Flow Restriction. J. Strength. Cond. Res. 2020, 34, 2725–2733. [CrossRef]
45. Garcia-Sillero, M.; Maroto-Izquierdo, S.; Galvan-Garcia, M.; Benitez-Porres, J.; Vargas-Molina, S.; Jurado-Castro, J.M. Acute Effects

of Blood Flow Restriction Training on Movement Velocity and Neuromuscular Signal during the Back Squat Exercise. J. Clin. Med.
2023, 12, 4824. [CrossRef]

46. Cohen, J. Statistical Power Analysis for the Behavorial Sciences, 2nd ed.; Lawrence Erlbaum Associates: Mahwah, NJ, USA, 1988.
47. Hornikel, B.; Saffold, K.S.; Esco, M.R.; Mota, J.A.; Fedewa, M.V.; Wind, S.A.; Adams, T.L.; Winchester, L.J. Acute Responses to

High-Intensity Back Squats with Bilateral Blood Flow Restriction. Int. J. Env. Res. Public Health 2023, 20, 3555. [CrossRef]
48. Loenneke, J.P.; Balapur, A.; Thrower, A.D.; Barnes, J.; Pujol, T.J. Blood flow restriction reduces time to muscular failure. Eur. J.

Sport Sci. 2012, 12, 238–243. [CrossRef]
49. Wilk, M.; Krzysztofik, M.; Filip, A.; Zajac, A.; Bogdanis, G.C.; Lockie, R.G. Short-Term Blood Flow Restriction Increases Power

Output and Bar Velocity During the Bench Press. J. Strength Cond. Res. 2022, 36, 2082–2088. [CrossRef]
50. Serrano-Ramon, J.M.; Garcia-Luna, M.A.; Hernandez-Sanchez, S.; Cortell-Tormo, J.M.; Garcia-Jaen, M. Effects of Blood flow

Restriction and Load on Mean Propulsive Velocity and Subjective Perceived Exertion During Squat and Bench Press Exercises.
Sports Health 2024. [CrossRef] [PubMed]

51. Bell, Z.W.; Buckner, S.L.; Jessee, M.B.; Mouser, J.G.; Mattocks, K.T.; Dankel, S.J.; Abe, T.; Loenneke, J.P. Moderately heavy exercise
produces lower cardiovascular, RPE, and discomfort compared to lower load exercise with and without blood flow restriction.
Eur. J. Appl. Physiol. 2018, 118, 1473–1480. [CrossRef]

52. Norbury, R.; Grant, I.; Woodhead, A.; Hughes, L.; Tallent, J.; Patterson, S.D. Acute hypoalgesic, neurophysiological and perceptual
responses to low-load blood flow restriction exercise and high-load resistance exercise. Exp. Physiol. 2024, 109, 672–688. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1519/JSC.0000000000002231
https://www.ncbi.nlm.nih.gov/pubmed/28902119
https://doi.org/10.1519/JSC.0b013e31816a8bc2
https://www.ncbi.nlm.nih.gov/pubmed/18545190
https://doi.org/10.3389/fphys.2018.00247
https://doi.org/10.1519/JSC.0000000000002995
https://doi.org/10.1007/s00421-010-1379-9
https://doi.org/10.1007/BF00424810
https://doi.org/10.1055/s-0042-118313
https://www.ncbi.nlm.nih.gov/pubmed/27931051
https://doi.org/10.1519/JSC.0000000000004099
https://www.ncbi.nlm.nih.gov/pubmed/34341317
https://doi.org/10.1519/JSC.0000000000003372
https://doi.org/10.3390/jcm12144824
https://doi.org/10.3390/ijerph20043555
https://doi.org/10.1080/17461391.2010.551420
https://doi.org/10.1519/JSC.0000000000003649
https://doi.org/10.1177/19417381241236808
https://www.ncbi.nlm.nih.gov/pubmed/38544405
https://doi.org/10.1007/s00421-018-3877-0
https://doi.org/10.1113/EP091705

	Introduction 
	Materials and Methods 
	Study Design 
	Subjects 
	Baseline Testing 
	Hemodynamics 
	Blood Lactate and Ratings of Perceived Exertion 
	Neuromuscular Fatigue 
	Resistance Training Protocol 
	Blood Flow Restriction 


	Statistical Analysis 
	Results 
	Training Volume 
	Blood Lactate 
	Ratings of Perceived Exertion 
	Countermovement Vertical Jump 
	Hemodynamic Response 

	Discussion 
	Limitations 
	Conclusions 
	References

