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Abstract: The aim of the present study was to evaluate the effects of external compression with
blood flow restriction on power output and bar velocity changes during the back-squat exercise
(5Q). The study included 10 judo athletes (age = 28.4 + 5.8 years; body mass = 81.3 + 13.1 kg;
SQ one-repetition maximum (1-RM) 152 + 34 kg; training experience 10.7 + 2.3 years). Methods:
The experiment was performed following a randomized crossover design, where each participant
performed three different exercise protocols: (1) control, without external compression (CONT);
(2) intermittent external compression with pressure of 100% arterial occlusion pressure (AOP)
(EC-100); and (3) intermittent external compression with pressure of 150% AOP (EC-150). To assess
the differences between conditions, the participants performed 3 sets of 3 repetitions of the SQ at
70% 1-RM. The differences in peak power output (PP), mean power output (MP), peak bar velocity
(PV), and mean bar velocity (MV) between the three conditions were examined using repeated
measures two-way ANOVA. Results: The post hoc analysis for the main effect of conditions showed
a significant increase in PP (p = 0.03), PV (p = 0.02), MP (p = 0.04), and MV (p = 0.03), for the EC-150,
compared to the CONT. Furthermore, a statistically significant increase in PP (p = 0.04), PV (p = 0.03),
MP (p = 0.02), and MV (p = 0.01) were observed for the EC-150 compared to EC-100. There were
no significant changes in PP, PV, MP, and MV, between EC-100 and CONT conditions. Conclusion:
The results indicate that the use of extremely high-pressure external compression (150% AOP) during
high-loaded (70% 1-RM) lower limb resistance exercise elicits an acute increase in power output and
bar velocity.

Keywords: blood flow restriction; resistance exercise; power output; bar velocity; performance; occlusion

1. Introduction

External compression causing blood flow restriction is a modern training tool used during
resistance exercises [1-3]. The amount of external compression used for blood flow restriction is
adjusted based on the individual value of arterial occlusion pressure (% AOP) [4]. The value of
100% AOP is the point where blood flow is completely cut off. Furthermore, the effect of external
compression on blood flow restriction (BFR) is also related to a range of individual characteristics
(limb circumference, body composition) as well to the type of cuff (tourniquet shape, width, and
length) [5-7].
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Previous studies have shown that external compression can be used before exercise as ischemic
preconditioning [2,8-13] or during exercise [2,14,15]. The main mechanisms responsible for the
adaptive responses associated with training under compression and BFR include increased metabolic
stress [16,17], which is a consequence of the compression of the vasculature proximal to the skeletal
muscle, which results from an inadequate oxygen supply (hypoxia) within the muscle tissue [18,19].
Previous studies indicate that external compression causing blood flow restriction increases the
effectiveness of resistance exercises, however most studies concern chronic adaptive changes [20-28].
There are only a few studies related to the acute impact of external compression on performance during
resistance exercise [5,29-32], and only one considered the impact of BFR on power output and bar
velocity changes [14]. Wilk et al. [14] indicated that intermittent, high-pressure external compression
increases power output and bar velocity during the bench press exercise at 70% 1-RM. However, such a
positive effect was observed only when a wide cuff was used (10 cm), and such changes were not
observed with the narrow cuff (4 cm) at 90% of AOP. This suggests that the effectiveness of external
compression may be mainly conditioned by the width of the cuff.

Furthermore, as suggested by Wilk et al. [14], increased performance during exercise with external
compression may also be associated with the mechanical energy generated by the cuff [33]. A cuffis
a passive element, but during the eccentric phase of the movement it can produce additional elastic
energy, which is returned during the concentric phase of the movement [14,33]. Therefore, not only
physiological factors but also mechanical energy generated by the cuff can be a potential factor that
influences the magnitude of acute changes during exercise under external compression. This statement
was also confirmed by Rawska et al. [29] and Wilk et al. [32]. Rawska et al. [29] showed an increase in
the number of performed repetitions (5 sets) during the bench press exercise at a load of 80% 1-RM
under external compression (80% AOP), compared to control conditions. Similarly, Wilk et al. [32]
showed that extremely high pressure of external compression (150% AOP) significantly increased
the result of the 1-RM test and the strength-endurance performance during the bench press exercise.
However, such a positive effect was observed only at a pressure of 150% AOP and not at the lower
value of 100% AOP. This indicates that pressure above 100% AOP can significantly enhance exercise
performance. However, as Wilk et al. [32] suggested, these results cannot translate to other types of
exercises or to lower limbs, which requires further research.

One of the most common and effective exercises for lower limb hypertrophy, strength, and power
development is the back squat (SQ). The SQ is often a basic exercise in resistance training programs as
well as a powerlifting competition [33-37]. Although the SQ is considered a highly effective exercise for
developing the power output of the lower limbs [35,38], no studies have assessed the impact of external
compression with BFR on acute changes during the SQ. Due to the lack of scientific data concerning
the acute effects of external compression on lower limb performance, the aim of the present study was
to evaluate the effects of external compression with full BFR on power output and bar velocity during
the SQ. Like Wilk et al. [32], to isolate the potential effect of mechanical energy generated by the cuff,
we decided to use two values of pressure, both causing the same, complete shutting down of blood
flow (100 and 150% AQOP). It was hypothesized that an external compression would increase power
output and bar velocity during the SQ.

2. Methods

2.1. Study Design

The experiment was performed following a randomized crossover, counterbalanced design, where
each participant performed three different testing protocols: (1) control, without external compression
(CONT); (2) intermittent external compression with pressure of 100% AOP (EC-100); and (3) intermittent
external compression with pressure of 150% AOP (EC-150). Before testing, two familiarization sessions
and one session dedicated to the evaluation of 1-RM were performed. The entire research procedure
lasted 6 weeks with a 4-5-day interval between each trial. During the experimental sessions, the subjects
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performed 3 sets of 3 repetitions of the SQ at a load of 70% 1-RM. All testing sessions were performed
in the Strength and Power Laboratory at the Academy of Physical Education in Katowice, Poland.

2.2. Subjects

Male judo athletes (n = 10) with resistance training experience of 10.7 + 2.26 years volunteered for
the study after completing an informed consent form (age = 28 + 5.75 years; body mass = 81 + 13 kg;
SQ 1-RM = 152 + 34 kg; 1-RM/BM = 1.9 + 0.4 kg/kg). The inclusion criteria were an SQ personal record
of at least 150% body mass. The study participants were allowed to withdraw from the experiment at
any moment and were free from musculoskeletal disorders. The subjects were instructed to maintain
their normal dietary habits throughout the study and not to use any supplements or stimulants for
the duration of the experiment. The athletes were informed about the benefits and potential risks of
the study before providing their written informed consent for participation. The study protocol was
approved by the Bioethics Committee for Scientific Research, at the Academy of Physical Education in
Katowice, Poland (no. 02/2019), and performed according to the ethical standards of the Declaration of
Helsinki, 1983.

2.3. Procedures

2.3.1. Familiarization Session and the 1-RM Strength Test

Three weeks before the main experiment, the athletes performed familiarization sessions once a
week. During the familiarization sessions, each athlete performed 4 sets of 3 repetitions of the SQ under
external compression (~100% AOP) against a load of 50% of their estimated 1-RM. The familiarization
sessions were performed to restrict possible learning effects. One week before the main experiment, the
1-RM SQ test was performed. At the beginning of the warm-up, the subjects cycled on an ergometer
for 5 min, followed by a general lower body warm-up. Next, the athletes performed 10, 6, 4, and 3
repetitions, starting at a load of 20kg and progressing to 60-80% of their estimated 1-RM. The first
testing load was set to an estimated 90% 1-RM and was increased by 2.5-10 kg for each subsequent
attempt until the athlete was unable to perform a proper lift with a correct technique. The 1-RM
test result was determined within 5 sets of one repetition, with 5-min of rest between attempts [39].
All testing was performed with a constant tempo of movement [40,41]. The spotters and strength
coaches were present throughout the procedure of 1-RM testing. The athletes started from an upright
position, with the knees and hips fully extended, the stance approximately shoulder-width apart with
both feet positioned flat on the floor in parallel or externally rotated to a maximum of 15° [42]. The bar
rested across the back at the level of the acromion. Stance width and feet position were individually
adjusted and carefully replicated on every lift. The bar was required to remain in contact with the back
and shoulders at all times [42]. From this position, they were required to descend until making contact
with the bench and then perform the concentric phase of the movement in an explosive manner [43,44].
The height of the bench was individually selected and allowed each participant to descend with the
hips below the knee line according to the rules of the International Powerlifting Federation (IPF).

2.3.2. Experimental Sessions

The athletes performed the SQ exercise under three different conditions: (1) control, without
external compression (CONT); (2) intermittent external compression with pressure of 100% AOP
(EC-100), and (3) intermittent external compression with pressure of 150% AOP (EC-150). During
each testing protocol, the athlete performed 3 sets of 3 repetitions with a load 70% 1-RM of the SQ.
For all trials, participants were required to use constant tempo of movement with a 2-s eccentric
phase and maximal explosive intent in the concentric phase. Spotters were present to provide verbal
encouragement and safety for the subjects. A linear position transducer system (Tendo Power Analyzer,
Tendo Sport Machines, Trencin, Slovakia) was used for the evaluation of bar mechanics [45]. The
measurements were made independently for each repetition and automatically converted into values
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of bar velocity. Peak power output (PP) and peak bar velocity (PV) were obtained from the highest
results over the 3 repetitions. The mean power output (MP) and mean bar velocity (MV) were obtained
as the mean of 3 repetitions performed in particular sets.

2.3.3. External Compression

During an external compression session, subjects wore pressure cuffs at the most proximal region
of each leg. For the experiment, we used Smart Cuffs (10 cm; Smart Tools Plus LLC, Strongsville,
OH, USA). The individual values of pressure were administered according to previously published
research [14]. Next, the pressure of external compression for the SQ was set to ~100% of full arterial
occlusion pressure (173 + 17 mmHg) or to 150% of full arterial occlusion pressure (256 + 26 mmHg).
The level of vascular restriction was controlled by a handheld Edan SD3 Doppler with an OLED
screen and a 2 mHz probe made by Edan Instruments (Shenzen, China), placed on the posterior tibial
artery. The external compression was applied immediately before the start of the set and released upon

completion of the third repetition (Figure 1).
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Figure 1. The experimental design. Control, without external compression (CONT); external
compression with pressure of 100% AOP (EC-100); external compression with pressure of 150%

AOP (EC-150).
2.3.4. Statistical Analysis

All statistical analyses were performed using Statistica 9.1. Results are presented as means with
standard deviations. The Shapiro-Wilk, Levene, and Mauchly’s tests were used to verify the normality,
homogeneity, and sphericity of the sample data variances, respectively. Differences between the CONT,
EC-100, and EC-150 conditions were examined using repeated measures two-way (3 X 3; conditions X
set) ANOVA. The statistical significance was set at p < 0.05. In the event of a significant main effect,
post hoc comparisons were conducted using the Tukey’s test. Percent changes and 95% confidence
intervals were also calculated. Effect sizes (Cohen’s d) were reported where appropriate. Parametric
effect sizes were defined as large (d > 0.8), moderate (d between 0.8 and 0.5), small (d between 0.49 and

0.20), and trivial (d < 0.2) [46].

3. Results

The two-way repeated measures ANOVA indicated statistically significant main conditions effect
for PP (p = 0.02), MP (p = 0.02), PV (p = 0.01), and MV (p = 0.01). The post hoc analysis for the
main effect of conditions showed a statistically significant increase in PP (p = 0.03), PV (p = 0.02),
MP (p = 0.04), and MV (p = 0.03), for EC-150, when compared to CONT (Table 1). Further, the post hoc
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analysis for the main effect of conditions showed a statistically significant increase in PP (p = 0.04),
PV (p = 0.03), MP (p = 0.02), and MV (p = 0.01), for EC-150, when compared to EC-100 (Table 2). There
were no significant differences in PP, PV, MP, and MV, between EC-100 and CONT. The analysis of the
effect size are shown in Table 2.

Table 1. Main statistical differences between exercise conditions.

CONT CONT EC-100

Condition VS, vs. VS,
EC-100 EC-150 EC-150
Peak Power Output [W] 0.97 0.03 * 0.04*
Peak Bar Velocity [m/s] 0.97 0.02 * 0.03 *
Mean Power Output [W] 0.94 0.04 * 0.02*
Mean Bar Velocity [m/s] 0.94 0.03 * 0.01*

* Statistically significant difference p < 0.05. Control, without external compression (CONT); external compression
with pressure of 100% AOP (EC-100); external compression with pressure of 150% AOP (EC-150).

Table 2. Summary of performance data under the three employed exercise conditions.

EFFECE SIZE
CONT EC-100 EC-150
S t CONT CONT CONT
aua (95% CI) (95% CI) (95% CI) e e e
EC-100 EC-150 EC-150
Peak Power Output (W)
2080 + 443 2060 + 336 2170 + 412
Setl  1763102397)  (1819t02300) (1875 to 2465) 0.05 0.21 0.29
2134 + 428 2129 + 309 2249 + 545
Set2  1828102441) (1908 t02350) (1859 to 2638) 0.01 0.23 0.27
1971 + 411 2038 + 359 2252 + 484
Set3  1677102265) (1781 t02294) (1906 to 2598) 0.17 0.63 0.50
Peak Bar Velocity (m/s)
1.49 £ 0.16 148 £0.14 1.56 + 0.08
Setl  (138101.60)  (138t0158) (150 to 1.62) 0.07 0.55 0.70
1.52 +£0.14 1.53 £0.11 1.56 +£0.10
Set2 14210162  (145t01.60) (149 to1.64) 0.08 0.33 0.29
1.45+0.15 1.48 £0.13 1.57 £0.12
Set3  (135t0156)  (138to157) (148 to 1.66) 0.21 0.88 0-65
Mean Power Output (W)
811 + 248 785 + 193 865 + 266
Set1 (634 to 989) (646 t0923) (674 to 1055) 0.12 0.21 0.34
816 + 248 808 + 196 879 + 275
Set2 (638 to 993) (66810 948) (682 to 1076) 0.04 0.24 0.30
794 + 221 805 + 219 867 + 233
Set3 (636 to 952) (648 t0961) (700 to 1034) 0.05 0.32 0.27
Mean Bar Velocity (m/s)
0.77 £0.12 0.75 £ 0.07 0.82 + 0.09
Setl  069t00.86)  (070t00.80)  (0.75 to 0.88) 0.20 047 0.87
0.77 £ 0.10 0.77 = 0.05 0.83 +0.10
Set2 07010085  (073t0081) (076 to 0.90) 0 0.60 0.76
Set 3 0.76 = 0.10 0.77 £ 0.11 0.82 + 0.08 0.10 0.66 055

(0.68t00.83)  (0.69t00.84) (0.7 to 0.88)

All data are presented as mean + standard deviation. Control, without external compression (CONT); external
compression with pressure of 100% AOP (EC-100); external compression with pressure of 150% AOP (EC-150);
CI: confidence interval.
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4. Discussion

The main finding of the present study was that external muscle compression significantly increases
PP, MP, PV, and MYV, during the SQ exercise. However, only EC-150 conditions showed a statistically
significant increase in all considered variables, compared with EC-100, and with CONT, while such
changes were not observed in EC-100 vs. CONT. Therefore, the results of this study indicate that only
extremely high pressure of external compression (150% AOP) was effective in eliciting an increase in
power output and bar velocity during the SQ.

Currently, only one previous study has analyzed the acute impact of external compression on
power output and bar velocity during a high loaded resistance exercise [14]. Wilk et al. [14] showed a
significant increase in power output and bar velocity during the bench press exercise under external
compression and at load 70% 1-RM. Despite using the same device “Smart Cuffs” with the same
width 10cm as in the present [14], the results are contradictory. Wilk et al. [14] showed a significant
increase in power output and bar velocity under external compression with pressure of 90% AOP;
however, the presented study did not show such an increase under pressure of 100% AOP. However,
in the study of Wilk et al. [14] the external compression was used in the upper limbs, while in this
experiment the compression was applied to the lower limbs. As suggested by Crenshaw et al. [47] and
Loenneke et al. [5], the absolute value of pressure used for external compression depends largely on
the circumference of the limb to which the compression is applied. Therefore, the lower limbs, due to
their larger circumference, to produce a similar effect require a higher absolute pressure than the upper
limbs [7]. The increase in compression pressure by 10% AOP for the lower limbs, compared to the
study of Wilk et al. [14] (upper limbs), was not sufficient to induce an increase in power output and bar
velocity. However, the additional pressure of compression increased to 150% AOP was sufficient to
induce an increase in performance during the SQ. Therefore, the result of the present study as well as
the study by Wilk et al. [14] confirm that the potential effect of external compression on acute changes
in power variables may be related to limb circumference and the pressure of the cuff [3,32,48,49].
Furthermore, the effect of the surface on which the compression is applied may depend not only on cuff
width but also on the length of the occluded limb. The lower limb may require a wider cuff, to induce
a similar acute performance enhancement, as observed for the upper limbs due to the proportions of
the circumference and length of the limb to the width of the cuff. It seems that this aspect requires
further research. However, the presented results, as well as those of Wilk et al. [32], indicate that the
ratio of cuff width to the length of limb occluded can be compensated for by an increase in pressure of
external compression.

Furthermore, Wilk et al. [14] suggested that not only the physiological factor but also the
mechanical energy generated by the cuff is a potential factor affecting the acute increase in strength
and power performance under external compression. A significant increase in PP, PV, MP, and MV,
for EC-150, when compared to EC-100 observed in the presented study occurred, although full blood
flow restriction was applied in both conditions. Therefore, the physiological level of metabolic stress
related to full BFR was similar for both conditions, which suggests that other factors had an impact on
the increase in SQ performance for EC-150 conditions when compared to EC-100. Similar results (but
for upper limbs) were observed in the study of Wilk et al. [32], who showed an increase in 1-RM test
results, as well as an increase in the number of performed repetitions and time under tension during the
bench press exercise under external compression with 150% AOP, compared to 100% AOP. Therefore,
the results of this study as well as the previous study of Wilk et al. [32] showed that an additional
increase in external compression pressure above complete blood flow restriction may additionally
enhance performance. As previously suggested by Wilk et al. [14,32] and Rawska et al. [29], the
mechanical energy generated by the cuff, strictly external, may have a potential impact on performance,
which may partially explain the obtained results. A cuff used for external compression is a passive
element, but during the movement (especially in the eccentric phase) the strain of the material of
which the cuff is made may produce additional elastic energy [14], which can consist of the main factor
affecting the increase in performance for EC-150, compared to EC-100, as well as compared to the
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CONT. Such an effect may be similar to that which occurs when using special compression garments,
as during a squat in powerlifting, which supports the lifter during the eccentric phase of the movement,
and by the accumulation of mechanical energy resulting from the tension of the material providing
the “rebound” effect during the concentric phase of movement [50,51]. During sporting activities,
the use of compressive garments can increase the cardiac capacity and the circulatory flow of the whole
body, causing a vasodilatation and an increase in the venous flow [52]. The fact that compression
therapy could have positive effects on blood flow and venous return in patients was sufficient for its
introduction in the sports field, where small improvements in the body of the athlete can produce large
increases in performance. Compression garments have been used for different parts of the body, such
as foot-knee, foot-hip, thigh, and upper limbs, or they can cover larger body areas [53].

Even though the results of this study may be important for sports performance, the studies
also have limitations that should be mentioned. It is often speculated in the literature that thigh
circumference or composition of the limbs may restrict flow differently between individuals, which
may account for some of the variability in the response to external compression [5,48,54] that was
also observed in the presented study. Therefore, some individuals do not benefit from exercise
under mechanical compression, which indicates the need for individualization in the use of external
compression as a tool to increase performance. Furthermore, the use of extremely high-pressure
mechanical compression caused high discomfort as well as skin injuries [32]. Additionally, even if high
external compression causes an acute increase in strength and power performance, this effect does not
necessarily translate into chronic changes. It should also be remembered that excessive frequency of
external compression may have negative consequences. Frequent exercise under external compression
applied in same muscle area can impair muscle structure directly in the region under the cuff, which is
a risk not only for sports performance but also for the health of the athlete [55,56]. Although the results
showed that external compression may have a significant impact on power output and bar velocity
during the SQ, the causes of these changes could not be determined and explained due to the lack of
physiological and biomechanical evaluations, which could explain this phenomenon in more detail.

Practical Implications

The results of the present study indicate that short-term and high-pressure external compression
increases power output and bar velocity during the SQ exercise with a load of 70% 1-RM. Therefore,
the external muscle compression can be an important tool used for acute performance enhancement.
The presented experimental protocol can be easily reproduced in resistance training sessions both
for lower limb as well as upper limb. However, for lower limb only extremely high compression
was effective in eliciting acute power output and bar velocity improvements. Furthermore, an acute
increase in the level of performance under external muscle compression does not provide certainty
about long-term adaptive changes, and these results cannot translate to other values of external load.
Additionally, due to the possibility of impaired muscle structure directly in the region under the cuff,
the external compression should not be used in every set of a particular exercise or in every training
unit. It seems that a safe and optimal solution utilizing the positive impact of external compression
on performance constitutes both: combined sets with and without external compression as well as
changing the area of cuff application on the limb.

5. Conclusions

The presented results confirm advantages of combining extremely high pressure of external
compression with high external loads (70% 1-RM) during resistance exercise is an effective strategy
for increasing power output and bar velocity during several sets of SQ exercise. Therefore, such
interventions could be a useful tool to enhance training programs and would allow additional
opportunities to modify resistance training routines, breaking training monotony, breaking through
sticking points, and increasing power output, especially in competitive athletes. However, there is
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still a need for further research, especially with the use of high-pressure external compression during
specific sport activities, such as athletics throws, jumps, or sprints.

Author Contributions: Conceptualization, M.G., M.W.; Data curation, M.G., R.T., M.K. (Maciej Kostrzewa)
and ].J.; Formal analysis, M.W.; Investigation, M.G., M.K. (Michal Krzysztofik), and M.W.; Methodology, M.W.;
Software, M.G., ].]., and R.T.; Supervision, M.W. and A.Z.; Writing—original draft, M.G., M.K. (Michal Krzysztofik),
and M.W.; Writing—review and editing, M.W. and A.Z. All authors have read and agreed to the published version
of the manuscript.

Funding: The study was supported and funded by the statutory research of the Jerzy Kukuczka Academy of
Physical Education in Katowice, Poland.

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

References

1. Slysz, J.; Stultz, J.; Burr, ].E The efficacy of blood flow restricted exercise: A systematic review & meta-analysis.
J. Sci. Med. Sport 2016, 19, 669-675. [CrossRef] [PubMed]

2. Scott, B.R,; Loenneke, ].P; Slattery, K.M.; Dascombe, B.]. Exercise with Blood Flow Restriction: An Updated
Evidence-Based Approach for Enhanced Muscular Development. Sports Med. 2015, 45, 313-325. [CrossRef]
[PubMed]

3. Wilk, M.; Krzysztofik, M.; Gepfert, M.; Poprzecki, S.; Gotas, A.; Maszczyk, A. Technical and Training Related
Aspects of Resistance Training Using Blood Flow Restriction in Competitive Sport — A Review. |. Hum.
Kinet. 2018, 65, 249-260. [CrossRef] [PubMed]

4. 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 Position Stand: Considerations of Methodology,
Application, and Safety. Front. Physiol. 2019, 10. [CrossRef]

5.  Loenneke, J.P,; Fahs, C.A.; Rossow, L.M.; Sherk, V.D.; Thiebaud, R.S.; Abe, T.; Bemben, D.A.; Bemben, M.G.
Effects of cuff width on arterial occlusion: Implications for blood flow restricted exercise. Eur. J. Appl. Physiol.
2012, 112,2903-2912. [CrossRef]

6.  Jessee, M.B.; Buckner, S.L.; Dankel, S.J.; Counts, B.R.; Abe, T.; Loenneke, J.P. The Influence of Cuff Width, Sex,
and Race on Arterial Occlusion: Implications for Blood Flow Restriction Research. Sports Med. 2016, 46,
913-921. [CrossRef]

7. McEwen, J.A,; Owens, ].G.; Jeyasurya, ]. Why is it Crucial to Use Personalized Occlusion Pressures in Blood
Flow Restriction (BFR) Rehabilitation? J. Med. Biol. Eng. 2019, 39, 173-177. [CrossRef]

8. Incognito, A.V.; Burr, ].E; Millar, PJ. The Effects of Ischemic Preconditioning on Human Exercise Performance.
Sports Med. 2016, 46, 531-544. [CrossRef]

9.  Marocolo, I.C.; da Mota, G.R.; Londe, A.M.; Patterson, S.D.; Barbosa Neto, O.; Marocolo, M. Acute ischemic
preconditioning does not influence high-intensity intermittent exercise performance. Peer] 2017, 5, e4118.
[CrossRef]

10. Marocolo, M.; Billaut, F.; da Mota, G.R. Ischemic Preconditioning and Exercise Performance: An Ergogenic
Aid for Whom? Front. Physiol. 2018, 9, 1874. [CrossRef]

11. Marocolo, M.; Simim, M.A.M.; Bernardino, A.; Monteiro, I.R.; Patterson, S.D.; da Mota, G.R. Ischemic
preconditioning and exercise performance: Shedding light through smallest worthwhile change. Eur. J. Appl.
Physiol. 2019, 119, 2123-2149. [CrossRef] [PubMed]

12.  Marocolo, M.; Willardson, ].M.; Marocolo, I.C.; da Mota, G.R.; Simao, R.; Maior, A.S. Ischemic Preconditioning
and Placebo Intervention Improves Resistance Exercise Performance. J. Strength Cond. Res. 2016, 30, 1462-1469.
[CrossRef] [PubMed]

13. da Mota, G.R.; Marocolo, M. The Effects of Ischemic Preconditioning on Human Exercise Performance:
A Counterpoint. Sports Med. 2016, 46, 1575-1576. [CrossRef]

14.  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. . Strength Cond. Res. 2020. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.jsams.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26463594
http://dx.doi.org/10.1007/s40279-014-0288-1
http://www.ncbi.nlm.nih.gov/pubmed/25430600
http://dx.doi.org/10.2478/hukin-2018-0101
http://www.ncbi.nlm.nih.gov/pubmed/30687436
http://dx.doi.org/10.3389/fphys.2019.00533
http://dx.doi.org/10.1007/s00421-011-2266-8
http://dx.doi.org/10.1007/s40279-016-0473-5
http://dx.doi.org/10.1007/s40846-018-0397-7
http://dx.doi.org/10.1007/s40279-015-0433-5
http://dx.doi.org/10.7717/peerj.4118
http://dx.doi.org/10.3389/fphys.2018.01874
http://dx.doi.org/10.1007/s00421-019-04214-6
http://www.ncbi.nlm.nih.gov/pubmed/31451953
http://dx.doi.org/10.1519/JSC.0000000000001232
http://www.ncbi.nlm.nih.gov/pubmed/26466134
http://dx.doi.org/10.1007/s40279-016-0595-9
http://dx.doi.org/10.1519/JSC.0000000000003649
http://www.ncbi.nlm.nih.gov/pubmed/32379236

Int. |. Environ. Res. Public Health 2020, 17, 4674 9of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Amani-Shalamzari, S.; Rajabi, S.; Rajabi, H.; Gahreman, D.E.; Paton, C.; Bayati, M.; Rosemann, T;
Nikolaidis, P.T.; Knechtle, B. Effects of Blood Flow Restriction and Exercise Intensity on Aerobic, Anaerobic,
and Muscle Strength Adaptations in Physically Active Collegiate Women. Front. Physiol. 2019, 10, 810.
[CrossRef] [PubMed]

Pearson, S.J.; Hussain, S.R. A review on the mechanisms of blood-flow restriction resistance training-induced
muscle hypertrophy. Sports Med. 2015, 45, 187-200. [CrossRef] [PubMed]

Teixeira, V.; Voci, S.M.; Mendes-Netto, R.S.; da Silva, D.G. The relative validity of a food record using the
smartphone application MyFitnessPal: Relative validity of a smartphone dietary record. Nutr. Diet. 2018, 75,
219-225. [CrossRef]

Larkin, K.A.; Macneil, R.G.; Dirain, M.; Sandesara, B.; Manini, T.M.; Buford, T.W. Blood Flow Restriction
Enhances Post-Resistance Exercise Angiogenic Gene Expression. Med. Sci. Sports Exerc. 2012, 44, 2077-2083.
[CrossRef]

Manini, T.M.; Vincent, K.R.; Leeuwenburgh, C.L.; Lees, H.A.; Kavazis, A.N.; Borst, S.E.; Clark, B.C. Myogenic
and proteolytic mRNA expression following blood flow restricted exercise. Acta Physiol. Oxf. Engl. 2011,
201, 255-263. [CrossRef]

Takarada, Y.; Takazawa, H.; Sato, Y.; Takebayashi, S.; Tanaka, Y.; Ishii, N. Effects of resistance exercise
combined with moderate vascular occlusion on muscular function in humans. J. Appl. Physiol. Bethesda Md
1985 2000, 88, 2097-2106. [CrossRef]

Takarada, Y.; Takazawa, H.; Ishii, N. Applications of vascular occlusion diminish disuse atrophy of knee
extensor muscles. Med. Sci. Sports Exerc. 2000, 32, 2035-2039. [CrossRef]

Sumide, T.; Sakuraba, K.; Sawaki, K.; Ohmura, H.; Tamura, Y. Effect of resistance exercise training combined
with relatively low vascular occlusion. J. Sci. Med. Sport 2009, 12, 107-112. [CrossRef] [PubMed]
Madarame, H.; Neya, M.; Ochi, E.; Nakazato, K.; Sato, Y.; Ishii, N. Cross-transfer effects of resistance training
with blood flow restriction. Med. Sci. Sports Exerc. 2008, 40, 258-263. [CrossRef]

Fujita, S.; Abe, T.; Drummond, M.].; Cadenas, ].G.; Dreyer, H.C.; Sato, Y.; Volpi, E.; Rasmussen, B.B. Blood
flow restriction during low-intensity resistance exercise increases S6K1 phosphorylation and muscle protein
synthesis. J. Appl. Physiol. Bethesda Md 1985 2007, 103, 903-910. [CrossRef]

Abe, T.; Yasuda, T.; Midorikawa, T.; Sato, Y.; Kearns, C.E,; Inoue, K.; Koizumi, K.; Ishii, N. Skeletal muscle
size and circulating IGF-1 are increased after two weeks of twice daily “KAATSU” resistance training. Int. J.
KAATSU Train. Res. 2005, 1, 6-12. [CrossRef]

Abe, T.; Kearns, C.F.; Sato, Y. Muscle size and strength are increased following walk training with restricted
venous blood flow from the leg muscle, Kaatsu-walk training. J. Appl. Physiol. Bethesda Md 1985 2006, 100,
1460-1466. [CrossRef] [PubMed]

Brandner, C.R.; Clarkson, M.].; Kidgell, D.].; Warmington, S.A. Muscular Adaptations to Whole Body Blood
Flow Restriction Training and Detraining. Front. Physiol. 2019, 10, 1099. [CrossRef]

Lixandrao, M.E.; Ugrinowitsch, C.; Berton, R.; Vechin, E.C.; Conceicdo, M.S.; Damas, F.; Libardi, C.A.;
Roschel, H. Magnitude of Muscle Strength and Mass Adaptations Between High-Load Resistance Training
Versus Low-Load Resistance Training Associated with Blood-Flow Restriction: A Systematic Review and
Meta-Analysis. Sports Med. 2018, 48, 361-378. [CrossRef] [PubMed]

Rawska, M.; Gepfert, M.; Mostowik, A.; Krzysztofik, M.; Wojdata, G.; Lulifiska, A.; Wilk, M. Does blood flow
restriction influence the maximal number of repetitions performed during the bench press? A pilot study.
Balt. |. Health Phys. Act. 2019, 11. [CrossRef]

Wernbom, M.; Augustsson, J.; Thomeé, R. Effects of Vascular Occlusion on Muscular Endurance in Dynamic
Knee Extension Exercise at Different Submaximal Loads. J. Strength Cond. Res. 2006, 20, 372. [CrossRef]
Wernbom, M.; Jarrebring, R.; Andreasson, M.A.; Augustsson, J. Acute Effects of Blood Flow Restriction on
Muscle Activity and Endurance During Fatiguing Dynamic Knee Extensions at Low Load. J. Strength Cond.
Res. 2009, 23, 2389-2395. [CrossRef] [PubMed]

Wilk, M.; Krzysztofik, M.; Filip, A.; Lockie, R.G.; Zajac, A. The acute effects of external compression with
blood flow restriction on maximal strength and strength-endurance performance of the upper limbs. Front.
Physiol. 2020. [CrossRef]

Harman, E.; Frykman, P. The effects of knee wraps on weightlifting per- formance and injury. . Strength
Cond. Res. 1990, 12, 30-35.


http://dx.doi.org/10.3389/fphys.2019.00810
http://www.ncbi.nlm.nih.gov/pubmed/31297065
http://dx.doi.org/10.1007/s40279-014-0264-9
http://www.ncbi.nlm.nih.gov/pubmed/25249278
http://dx.doi.org/10.1111/1747-0080.12401
http://dx.doi.org/10.1249/MSS.0b013e3182625928
http://dx.doi.org/10.1111/j.1748-1716.2010.02172.x
http://dx.doi.org/10.1152/jappl.2000.88.6.2097
http://dx.doi.org/10.1097/00005768-200012000-00011
http://dx.doi.org/10.1016/j.jsams.2007.09.009
http://www.ncbi.nlm.nih.gov/pubmed/18083635
http://dx.doi.org/10.1249/mss.0b013e31815c6d7e
http://dx.doi.org/10.1152/japplphysiol.00195.2007
http://dx.doi.org/10.3806/ijktr.1.6
http://dx.doi.org/10.1152/japplphysiol.01267.2005
http://www.ncbi.nlm.nih.gov/pubmed/16339340
http://dx.doi.org/10.3389/fphys.2019.01099
http://dx.doi.org/10.1007/s40279-017-0795-y
http://www.ncbi.nlm.nih.gov/pubmed/29043659
http://dx.doi.org/10.29359/BJHPA.11.4.02
http://dx.doi.org/10.1519/R-16884.1
http://dx.doi.org/10.1519/JSC.0b013e3181bc1c2a
http://www.ncbi.nlm.nih.gov/pubmed/19826283
http://dx.doi.org/10.3389/fphys.2020.00567

Int. |. Environ. Res. Public Health 2020, 17, 4674 10 of 11

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Gullett, J.C.; Tillman, M.D.; Gutierrez, G.M.; Chow, ].W. A Biomechanical Comparison of Back and Front
Squats in Healthy Trained Individuals. J. Strength Cond. Res. 2009, 23, 284-292. [CrossRef]

Myer, G.D.; Kushner, A.M.; Brent, ].L.; Schoenfeld, B.].; Hugentobler, J.; Lloyd, R.S.; Vermeil, A.; Chu, D.A;
Harbin, J.; McGill, S.M. The Back Squat: A Proposed Assessment of Functional Deficits and Technical Factors
That Limit Performance. Strength Cond. |. 2014, 36, 4-27. [CrossRef]

Wilk, M.; Petr, M.; Krzysztofik, M.; Zajac, A.; Stastny, P. Endocrine response to high intensity barbell squats
performed with constant movement tempo and variable training volume. Neuro Endocrinol. Lett. 2018, 39,
342-348. [PubMed]

Wilk, M.; Michalczyk, M.; Gotas, A.; Krzysztofik, M.; Maszczyk, A.; Zajac, A. Endocrine responses following
exhaustive strength exercise with and without the use of protein and protein-carbohydrate supplements.
Biol. Sport 2018, 35, 399-405. [CrossRef]

Lee, ].-Y.; Lee, D.-Y. Effect of different speeds and ground environment of squat exercises on lower limb
muscle activation and balance ability. Technol. Health Care 2018, 26, 593-603. [CrossRef] [PubMed]
Shimano, T.; Kraemer, W.].; Spiering, B.A.; Volek, ].S.; Hatfield, D.L.; Silvestre, R.; Vingren, J.L.; Fragala, M.S.;
Maresh, C.M.; Fleck, S.J.; et al. Relationship Between the Number of Repetitions and Selected Percentages of
One Repetition Maximum in Free Weight Exercises in Trained and Untrained Men. |. Strength Cond. Res.
2006, 20, 819. [CrossRef] [PubMed]

Wilk, M.; Gepfert, M.; Krzysztofik, M.; Mostowik, A.; Filip, A.; Hajduk, G.; Zajac, A. Impact of Duration of
Eccentric Movement in the One-Repetition Maximum Test Result in the Bench Press among Women. ]. Sports
Sci. Med. 2020, 19, 317-322.

Wilk, M.; Golas, A.; Zmijewski, P.; Krzysztofik, M.; Filip, A.; Coso, ].D.; Tufano, ].J. The Effects of the
Movement Tempo on the One-Repetition Maximum Bench Press Results. J. Hum. Kinet. 2020, 72, 151-159.
[CrossRef] [PubMed]

Martinez-Cava, A.; Moran-Navarro, R.; Sanchez-Medina, L.; Gonzélez-Badillo, ].J.; Pallarés, ].G. Velocity-
and power-load relationships in the half, parallel and full back squat. J. Sports Sci. 2019, 37, 1088-1096.
[CrossRef] [PubMed]

Pallarés, J.G.; Sanchez-Medina, L.; Pérez, C.E.; De La Cruz-Sanchez, E.; Mora-Rodriguez, R. Imposing a
pause between the eccentric and concentric phases increases the reliability of isoinertial strength assessments.
J. Sports Sci. 2014, 32, 1165-1175. [CrossRef] [PubMed]

Sanchez-Medina, L.; Pallarés, J.; Pérez, C.; Moran-Navarro, R.; Gonzalez-Badillo, J. Estimation of Relative
Load From Bar Velocity in the Full Back Squat Exercise. Sports Med. Int. Open 2017, 1, ES0-E88. [CrossRef]
Garnacho-Castafio, M.V.; Lopez-Lastra, S.; Maté-Muifioz, J.L. Reliability and validity assessment of a linear
position transducer. J. Sports Sci. Med. 2015, 14, 128-136.

Cohen, J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; L. Erlbaum Associates: Hillsdale, NJ,
USA, 1988; ISBN 978-0-8058-0283-2.

Crenshaw, A.G.; Hargens, A.R.; Gershuni, D.H.; Rydevik, B. Wide tourniquet cuffs more effective at lower
inflation pressures. Acta Orthop. Scand. 1988, 59, 447-451. [CrossRef]

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

Rossow, L.M.; Fahs, C.A.; Loenneke, J.P,; Thiebaud, R.S.; Sherk, V.D.; Abe, T.; Bemben, M.G. Cardiovascular
and perceptual responses to blood-flow-restricted resistance exercise with differing restrictive cuffs. Clin.
Physiol. Funct. Imaging 2012, 32, 331-337. [CrossRef]

Godawa, T.M.; Credeur, D.P.; Welsch, M.A. Influence of Compressive Gear on Powerlifting Performance:
Role of Blood Flow Restriction Training. J. Strength Cond. Res. 2012, 26, 1274-1280. [CrossRef]

Lake, J.P,; Carden, PJ.C.; Shorter, K.A. Wearing Knee Wraps Affects Mechanical Output and Performance
Characteristics of Back Squat Exercise. J. Strength Cond. Res. 2012, 26, 2844-2849. [CrossRef]

Sochart, D.H.; Hardinge, K. The relationship of foot and ankle movements to venous return in the lower
limb. J. Bone Joint Surg. Br. 1999, 81-B, 700-704. [CrossRef]

Pérez-Soriano, P.; Garcia-Roig, A.; Sanchis-Sanchis, R.; Aparicio, I. Influence of compression sportswear on
recovery and performance: A systematic review. J. Ind. Text. 2019, 48, 1505-1524. [CrossRef]

Karabulut, M.; Mccarron, J.; Abe, T.; Sato, Y.; Bemben, M. The effects of different initial restrictive pressures
used to reduce blood flow and thigh composition on tissue oxygenation of the quadriceps. . Sports Sci. 2011,
29, 951-958. [CrossRef] [PubMed]


http://dx.doi.org/10.1519/JSC.0b013e31818546bb
http://dx.doi.org/10.1519/SSC.0000000000000103
http://www.ncbi.nlm.nih.gov/pubmed/30531700
http://dx.doi.org/10.5114/biolsport.2018.75754
http://dx.doi.org/10.3233/THC-181201
http://www.ncbi.nlm.nih.gov/pubmed/29966211
http://dx.doi.org/10.1519/R-18195.1
http://www.ncbi.nlm.nih.gov/pubmed/17194239
http://dx.doi.org/10.2478/hukin-2020-0001
http://www.ncbi.nlm.nih.gov/pubmed/32269656
http://dx.doi.org/10.1080/02640414.2018.1544187
http://www.ncbi.nlm.nih.gov/pubmed/30426840
http://dx.doi.org/10.1080/02640414.2014.889844
http://www.ncbi.nlm.nih.gov/pubmed/24575723
http://dx.doi.org/10.1055/s-0043-102933
http://dx.doi.org/10.3109/17453678809149401
http://dx.doi.org/10.3389/fphys.2012.00392
http://dx.doi.org/10.1111/j.1475-097X.2012.01131.x
http://dx.doi.org/10.1519/JSC.0b013e3182510643
http://dx.doi.org/10.1519/JSC.0b013e3182429840
http://dx.doi.org/10.1302/0301-620X.81B4.0810700
http://dx.doi.org/10.1177/1528083718764912
http://dx.doi.org/10.1080/02640414.2011.572992
http://www.ncbi.nlm.nih.gov/pubmed/21547832

Int. |. Environ. Res. Public Health 2020, 17, 4674 11 of 11

55. Ellefsen, S.; Hammarstrom, D.; Strand, T.A.; Zacharoff, E.; Whist, J.E.; Rauk, I.; Nygaard, H.; Vegge, G.;
Hanestadhaugen, M.; Wernbom, M.; et al. Blood flow-restricted strength training displays high functional
and biological efficacy in women: A within-subject comparison with high-load strength training. Am. J.
Physiol.-Regul. Integr. Comp. Physiol. 2015, 309, R767-R779. [CrossRef] [PubMed]

56. Kacin, A.; Strazar, K. Frequent low-load ischemic resistance exercise to failure enhances muscle oxygen
delivery and endurance capacity: Ischemic training and muscle endurance. Scand. J. Med. Sci. Sports 2011,
21, e231-e241. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1152/ajpregu.00497.2014
http://www.ncbi.nlm.nih.gov/pubmed/26202071
http://dx.doi.org/10.1111/j.1600-0838.2010.01260.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Study Design 
	Subjects 
	Procedures 
	Familiarization Session and the 1-RM Strength Test 
	Experimental Sessions 
	External Compression 
	Statistical Analysis 


	Results 
	Discussion 
	Conclusions 
	References

