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Ischemia during rest intervals 
between sets prevents decreases 
in fatigue during the explosive 
squat exercise: a randomized, 
crossover study
Robert Trybulski1,2, Jakub Jarosz3, Michal Krzysztofik3, Milena Lachowicz4, Grzegorz Trybek5, 
Adam Zajac3 & Michal Wilk3*

The study aimed to evaluate the impact of ischemia, used only before particular sets of a lower 
limb resistance exercise on power output. Ten healthy resistance-trained males (age = 26 ± 6 years; 
body mass = 90 ± 9 kg; training experience = 9 ± 7 years) performed two experimental sessions (with 
ischemia; control without ischemia) following a randomized crossover design. During the ischemic 
condition, the cuffs were inflated to 60% of arterial occlusion pressure. The cuffs were applied 
before each set for 4.5 min and released 30 s before the start of the set as the reperfusion (4.5 min 
ischemia + 0.5 min reperfusion). In the control condition, ischemia was not applied. During the 
experimental sessions, the subjects performed the Keiser machine squat exercise protocol which 
consisted of 5 sets of two repetitions, at a load of 60% of one-repetition maximum (1RM), with 5 min 
rest intervals between sets. The repetitions were performed with maximal velocity. The two-way 
repeated-measures ANOVA showed a statistically significant interaction effect for power output 
(p < 0.01; η2 = 0.26). There was also a statistically significant main effect of condition for power output 
(p = 0.02; η2 = 0.40). The post hoc analysis for interaction did not show significant differences between 
conditions in particular sets. The post hoc analysis for the main effect of the condition revealed that 
power output was significantly lower in the control group compared to the group where ischemic was 
used (p = 0.02). The t-test comparisons for particular sets showed a significant lower power output 
in set 3 (p = 0.03); set 4 (p < 0.01) and set 5 (p < 0.01) for the control condition when compared to the 
ischemic condition. The results indicate that ischemia applied before each set and released 30 s prior 
to the start of the squat exercise did not increase power output performance. However, we observed a 
significantly lower decline in power for the ischemic condition (4.5 min ischemia + 0.5 min reperfusion) 
in sets 3–5 compared to the control condition. Thus repeated ischemia with reperfusion used between 
sets can be an effective form of performance enhancement by preventing or at least diminishing 
fatigue during resistance exercise.

Ischemia used between sets or intra-conditioning is a method of blocking blood flow for a specified duration 
(usually from a few to several minutes) and then releasing it, causing blood reperfusion before performing a 
physical  exercise1. Ischemia is simple, non-invasive, affordable, and, thereby, easy to apply before, between, 
or during physical  exercise2. Furthermore, there are different methods of using ischemia, such as continuous 
(applied during exercise and rest periods), intermittent (applied only during exercise), or pre-conditioning 
ischemia (used only before exercise). The tissues, previously submitted to blood flow restriction, become more 
resistant to ischemia arising during exercise and its potential deleterious  effects3. Previous studies demonstrated 
the beneficial effects of ischemic pre-conditioning on performance during swimming, running, cycling, and 
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resistance  exercise4–8. While ischemia can improve exercise performance and stimulate several physiological 
 responses7,9–15 the mechanisms underlying its effects are unclear.

Despite that much attention has been focused on ischemia used before physical  exercise4–8, only one study 
has considered the effect of ischemia applied during rest intervals between successive sets of a resistance exercise 
on power output. Wilk et al.16 showed that the ischemia used during rest intervals significantly increase power 
output and bar velocity during the bench press exercise at 60% 1 RM (5 sets of 3 repetitions). Therefore, the 
results of this study indicate that ischemic intra-conditioning can effectively improve upper body performance 
during a multi-set resistance  exercise16. It is interesting to note that the increase of performance for the ischemic 
condition observed in the study of Wilk et al.16 particularly in sets 3–5, suggests that ischemia used before sets 
allows the athletes to maintain a certain amount of power output even in the presence of biochemical changes 
within the working muscles that lead to fatigue. The increase in power output was also observed when ischemic 
conditioning was applied during exercise. The study by Wilk et al.17 showed that intermittent (used only during 
exercise), high pressure ischemic arterial occlusion pressure (AOP) with a wide cuff, increases bar velocity and 
power output during the bench press exercise at 70% 1 RM. Further, Wilk et al.18 showed that ischemic pressure 
(70% AOP), continuous as well as intermittent with a narrow cuff can increase bar velocity during the bench 
press exercise at loads of 20–50% 1 RM but not at higher loads. However, when similar test procedures as those 
mentioned above were used for lower limb exercise the results were inconsistent and did not show a significant 
increase in power output following ischemic  treatment19. Therefore, the acute effect of ischemic pressure on 
power output during resistance exercise is related to the area of muscle where ischemia is applied and its effect 
may be different in the upper and lower limbs. However, there is currently no scientific data assessing the effects 
of ischemia applied only during rest intervals between successive sets of lower limb resistance exercise.

Since the squat exercise is a basic resistance exercise for developing lower body strength and  power20–23, the 
aim of the study was to evaluate the influence of ischemic pressure, used only during rest intervals between 
successive sets of the squat exercise on power output. It was hypothesized that ischemia would increase power 
output during the squat exercise.

Materials and methods
The experiment was performed following a randomized crossover design, where each subject performed two 
different testing protocols in random and counterbalanced order, one week apart: without ischemia (control 
condition) and with ischemic pressure used before exercise and during the rest intervals between sets (ischemic 
conditions, Fig. 1). During each experimental session, the participants performed 5 sets of 2 repetitions of the 
squat with the Keiser Air-300 Squat Machine (Keiser, Fresno, CA, USA) with a load of 60% 1 RM, and a 5 min rest 
interval between each set. The external load was chosen based upon the range indicated as optimal for obtaining 
peak power outputs during a squat  exercise24. The peak power output was a pre-specified primary outcome meas-
ure. There were no secondary outcome measures. Peak power output was evaluated by the Keiser Air-300 Squat 
Machine which is a pneumatic resistance system that utilizes air-pressurized resistance to maximize safety and 
allows for a precise adjustment of external load. All testing sessions were performed in the Strength and Power 
Laboratory at the Academy of Physical Education in Katowice, Poland. The manuscript was prepared according 
to the CONSORT guidelines. The experimental procedure has not changed at any stage of the experiment. No 
interim analyses were performed, the trial had no stopping guidelines. Further, there were no changes to trial 
outcomes after the trial commenced.

Subjects. Ten healthy resistance-trained males volunteered for the study after completing an informed con-
sent form (age = 26 ± 6  years; body mass = 90 ± 9  kg; Keiser machine squat 6RM = 208 ± 34  kg; training expe-
rience = 9 ± 7 years). The inclusion criteria were as follows: (1) free from neuromuscular and musculoskeletal 
disorders, (2) not to use any supplements or stimulants for the duration of the experiment. The participants 
were informed about the main goal of the study and about the potential risks before providing their written 
informed consent for participation. The participants were allowed to withdraw from the study at any time. To 
calculate the sample size, statistical software (G*Power, Dusseldorf, Germany) was used. Given the study 2-way 
analysis of variance (ANOVA) (2 conditions and 5 repeated measures), a medium overall effect size (ES) = 0.5, 
an alpha-error < 0.05, and the desired power (1 − β error) = 0.8, the total sample size resulted in 9 participants. 
The experimental protocol was approved by the Bioethics Committee, at the Academy of Physical Education in 
Katowice, Poland (02/2019).

Procedures. Familiarization session. Two weeks before the experimental sessions, the participants per-
formed one familiarization session. During the familiarization session, each participant performed a stand-
ardized warm-up that was consistent with the subject’s normal training habits and next performed 5 sets of 2 
repetitions of the Keiser machine squat with ischemic pressure used before and during the rest intervals at load 
60% 6 RM. In the familiarization session, the lowest position of the movement was found—defined as when the 
trochanter major aligned with the upper part of the patella. The familiarization session was performed in order 
to minimize possible learning effects during the main tests.

Six repetitions maximum test (6 RM). One week before the main experiment the 6 RM Keiser machine squat 
test was performed. In the 6RM test, the load started from the load achieved in the familiarization test. The load 
was either increased or decreased by 2.5–10 kg until 6 RM was reached. All subjects reached their 6 RM loads 
within 5 attempts. The testing was terminated if the subjects were not able to complete all 6 repetitions of a set 
if the subject and the test leader agreed that the subject could not lift a higher weight, or if the subjects were not 
able to maintain proper technique. A 4–5 min rest interval was given between each attempt.
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Experimental sessions. In a randomized and counterbalanced order, the subjects performed the squat 
exercise on the Keiser Air-300 Squat Machine under 2 different testing conditions: without ischemia (control 
condition); with ischemia (ischemic condition) used before exercise and during the rest periods between sets. 
The research team was blinded. The randomization was performed by a blinded member of the research team 
who was not involved in the data collection. The person carrying out the measurements did not participate in the 
data collection. The person performing the statistical analysis was not involved in other stages of the experiment. 
The order of trials (Ischemia, control) was chosen randomly and in a counterbalanced order using a free online 
randomization program (randomization.com). During each experimental session, the participant performed 5 
sets of the Keiser machine squat at a load of 60% 1 RM with a 5 min rest period between sets. During each set, 
the participants performed 2 reps, with a maximal tempo of  movement25,26. A Keiser Air-300 Squat Machine was 
used for the evaluation of peak power output. Measurements were made independently for each repetition. The 
power output was obtained from the best repetition performed in a particular set. Based on measurements from 
the familiarization session, the intra-class correlation coefficient for the test–retest reliability for peak power 
output during the Keiser Air 300 Squat was 0.94. All subjects completed the described experimental protocol 
that was carefully replicated in subsequent experimental sessions.

Ischemic procedure. During the ischemic condition, the participants applied pressure cuffs at the most 
proximal region of both lower limbs above the foot (on the thigh). For this experiment, Smart Cuffs were used 
(Smart Tools Plus LLC, Strongsville, USA). To determine individual pressure, after a 5 min rest interval, the 
value of full arterial occlusion pressure was  determined17,27. The cuff pressure for the Keiser machine squat exer-
cise was set to ~ 60% of full arterial occlusion pressure (183 ± 17 mmHg). The level of vascular restriction was 
monitored using a handheld Edan SD3 Doppler with an OLED screen and a 2 MHz probe produced by Edan 
Instruments (Shenzen, China)17,27. For the ischemic condition, the occlusion was applied before each set for 
4.5 min and released 30 s upon the start of the set as the reperfusion (4.5 min ischemia + 0.5 min reperfusion).

Statistical analysis. All statistical analyses were performed using Statistica 9.1. Results are presented as 
means with standard deviations. There was no similarity of interventions. The Shapiro–Wilk test was performed 

Figure 1.  CONSORT flow diagram.
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in order to verify the normality, homogeneity and sphericity of the sample data variances. The significance 
of differences (p < 0.05) between the ischemia and control conditions were examined using repeated measures 
2-way analysis of variance ANOVA (2 conditions × 5 sets). Effect sizes for interactions and the main effects 
were analyzed by partial eta squared (η2; small = 0.01 to 0.059; moderate = 0.06–0.137; large > 0.137). Post hoc 
comparisons using Tukey’s test were conducted to locate the differences. Furthermore, paired t-test compari-
sons between conditions were made for particular sets. To pairwise comparisons, Cohen’s d effect sizes were 
performed (large d > 0.8; moderate d between 0.8 and 0.5; small d between 0.49 and 0.20; trivial d < 0.2) (Cohen, 
1988). Percent changes with 95% confidence intervals (95 CI) were also calculated.

Results
The two-way repeated measures ANOVA showed a statistically significant interaction effect for power output 
(p < 0.01; η2 = 0.26). There was also statistically significant main effect of condition for power output (p = 0.02; 
η2 = 0.40).

The post hoc analysis for interaction did not show significant differences between conditions in particular 
sets. The post hoc analysis for the main effect of the condition revealed that power output was significantly higher 
for the ischemic compared to the control condition (p = 0.02; Table 1).

The t test comparisons for particular sets showed a significant lower power output in set 3 (p = 0.03); set 4 
(p < 0.01) and set 5 (p < 0.01) for the control condition when compared to the ischemic condition (Table 1). Fur-
thermore, the t-test showed a significant decrease in power output in set 2 (p = 0.02) for the ischemic treatment 
when compared to control conditions (Table 1). There were no performed demographic and clinical character-
istics for a group as well as there was no important harms or unintended effects.

Discussion
The main finding of the presented study was that ischemic pressure applied during the rest intervals between sets 
does not increase power output during a Keiser squat training session at 60% 1 RM. However, it was observed that 
ischemia during the rest period between sets and released 30 s prior to the start of the test prevented progressive 
fatigue and thus the decrease in power output in subsequent sets compared to the control condition. The analysis 
performed independently for each set showed significantly lower power output in the control condition in sets 
3–5 when compared to the ischemia condition. Therefore, these results indicate that ischemia applied during the 
rest interval between successive sets and released 30 s prior to the start of the next set does not increase power 
output, but can be effective in maintaining performance during multi-set resistance training sessions.

To the best of the author’s knowledge, only one previous study assessed the effects of ischemic pressure applied 
during rest intervals between sets of resistance exercise on power  output16. Wilk et al.16 showed that ischemia 
applied during the rest periods between resistance exercises significantly increase power output and bar veloc-
ity of the upper limbs (bench press exercise; 60% 1 RM; 5 sets of 3 repetitions), however, the presented study 
showed that ischemic pressure applied during rest intervals between sets reduced decreases in power output 
in subsequent sets, yet this intervention did not increase peak power output. However, in the present study, 
ischemia was applied to the lower limbs, while in the Wilk et al.16, study, the ischemic treatment was applied 
to the upper limbs. Therefore, the results of both studies confirmed that ischemia applied during rest intervals 
can be an effective tool for power output performance during resistance exercise, regardless of the muscle area 
where the tourniquet was applied. In the presented study the ischemic treatment prevented the arising fatigue 
but did not increase explosive performance, which is contrary to the study of Wilk et al.16. However considering 
the power output during the entire multi-set resistance training session, the applied ischemia can be interpreted 
as a benefit and the desired response. The minor decreases in power output for the ischemic condition were 
observed particularly in sets 3–5, which suggests that this type of intervention during the rest intervals allows 
the athletes to maintain power output even in the presence of biochemical changes within the working muscles 
that lead to  fatigue16. The muscle previously submitted to ischemic pressure becomes more resistant to fatigue 
during subsequent resistance exercise and power output decreases to a smaller extent in successive  sets3.

Therefore the use of ischemia not only during pre-conditioning warm-up4–8 but also repeated ischemic 
treatment between sets may enhance physical  performance16. The observed maintenance of power output in 
the ischemic condition in subsequent sets (3–5), may confirm that the effectiveness of ischemia is observed 
in later stages of a resistance exercise performed under significant fatigue. In set 1 no significant difference 
between conditions was observed, while in set 2 a significantly lower power output for the ischemic condition 

Table 1.  Power output during five sets of the Keiser machine squats following ischemic pressure and control 
conditions. All data are resented as mean SD; CI = confidence interval; statistically significant differences 
p < 0.05.

Condition
Set 1 [w]
(95% CI)

Set 2 [w]
(95% CI)

Set 3 [w]
(95% CI)

Set 4 [w]
(95% CI)

Set 5 [w]
(95% CI) p for interaction p for main effect

Control 2214 ± 637
(1809–2619)

2234 ± 653
(1820–2649)

2172 ± 646
(1761–2582)

2153 ± 609
(1766–2539)

2172 ± 610
(1784–2559)

< 0.01 0.02Ischemic 2223 ± 626
(1826–2621)

2184 ± 603
(1801–2568)

2242 ± 627
(1844–2641)

2219 ± 619
(1826–2612)

2237 ± 641
(1830–2645)

p for t-test 0.84 0.02 0.03 < 0.01 < 0.01

Effect size 0.01 0.08 0.11 0.11 0.10
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was observed compared to the control, which indicates that at least three ischemic interval treatments have to 
be applied to enhance performance.

The maintenance of power performance due to ischemia can be justified by physiological factors similar to 
those observed for ischemic pre-conditioning. Ischemia causes positive physiological changes in absorption 
kinetics of pulmonary  O2, in the systemic  VO2, in the deoxygenation of muscular Hb/Mb, and the opening of the 
ATP-dependent  K+ channels by increasing the energy stocks after ischemia and in muscle  vasodilation9–12,28–31. 
Furthermore, Torma et al.32 reported that ischemia, applied only during rest intervals between sets, may impact 
the gene expression of angiogenesis, mitochondrial biogenesis, affecting the time of muscle repair, and hyper-
trophy responses associated with increased protein synthesis in cultured  myotubes33. Therefore the decreases 
miR-206 levels and increases expression of Pax7 following ischemia may affect the adaptive response to resist-
ance  exercise32,33. Therefore, ischemic treatments used during rest intervals may not only impact acute physical 
performance but may also be a factor in stimulating chronic adaptations following resistance exercise.

The positive effect of ischemia on power performance during multi-set exercise can also be related to the 
more efficient use of post-activation performance enhancement (PAPE)16,34. PAPE is a muscle phenomenon 
that allows a short-term increase of power output production due to a prior muscle  activation35–39. Some studies 
have shown a beneficial effect of previous muscle activation on power output generated in consecutive sets of 
resistance  exercises34,39. Therefore, the maintenance of power output in the ischemic condition can be related to 
the more effective use of the PAPE effect, which was previously suggested by Wilk et al.16. Therefore, similar to 
the PAPE effect it seems that not only the repeated use of ischemia but also the ratio of exercise duration (time 
under tension) to the duration of ischemic treatment during the rest interval can affect power  performance39–41. 
Consequently, the number of performed sets, repetitions, and the ratio of effort to the duration of ischemia and 
the duration of the rest interval, can significantly affect power output following such a treatment. During the 
presented research protocol the participants performed a low number of repetitions for each set and such short 
efforts are fueled mainly by phosphocreatine and anaerobic glycolysis, which are largely restored during the rest 
 interval42,43. The effectiveness of ischemia used during the rest intervals of resistance exercises performed to 
failure, my change. However, few previous studies have shown an increase in performance following ischemic 
pre-conditioning, even when the effort was performed to  failure8,44,45. Telles et al.44 showed that the maximal 
number of repetitions in the bench press and leg press exercise was higher after an ischemic pre-conditioning 
protocol compared to control  conditions8,45. The total volume of work was also higher following ischemic pre-
conditioning compared to other warm-up testing  protocols44. However, currently there are no studies that have 
assessed the effect of ischemia used during rest periods on strength-endurance performance, which requires 
further research into the topic.

The results of this study show that ischemia used during rest intervals between sets of resistance exercise may 
be beneficial for power performance. However, there are some limitations of the study that need to be addressed. 
There were no assessments of physiological markers that could provide a possible explanation for maintenance 
power output for the ischemic condition. Another limitation is the lack of a placebo group in the experimental 
procedure. The placebo and/or nocebo effects are both methodological confounding factors in studies involving 
potential ergogenic  aids4,6,46,47.

Conclusions
The result of the present study, suggests that ischemia used during rest intervals between sets can be an effec-
tive tool to prevent significant decreases in power output during explosive Keiser squat exercise. Thus, it can be 
speculated that using repetitive ischemic treatment between sets of the Keiser squats can be an effective form of 
performance enhancement and may diminish fatigue in other resistance exercises, as well as in specific explosive 
movements such as jumps, throws, or sprints. It should be noted that the application of repeated ischemia may 
induce acute post-exercise responses, as well as chronic adaptive changes by increasing the expression of genes 
for angiogenesis, mitochondrial biogenesis, during the time of muscle repair. Therefore, ischemia used during 
rest intervals not only enhances acute kinematic performance but may also be a factor in stimulating chronic 
adaptive changes related to muscular strength and hypertrophy. However, in order for the ischemic treatment 
to induce positive changes in power performance, it should be applied several times during rest intervals in a 
single training session.
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