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Abstract 

 

OBJECTIVE: This study aimed to compare the acute physiological and perceptual 

effects of low-load blood flow restriction (BFR) resistance exercise (LLBFR+RE) and 

high-load resistance exercise without blood flow restriction (HL-RE) in people living 

with multiple sclerosis (MS). Fifteen individuals (4 males and 11 females) with a 

physician-confirmed diagnosis of relapsing remitting MS and a disability score ≤ 6.5 

volunteered to participate. METHODS: Participants completed a total of five visits to 

the laboratory. Visit 1 consisted of consenting and filling out standardized forms and 

questionnaires. During visit 2, participants completed measurements of several 

cardiovascular parameters, total arterial occlusion pressure for each leg, and completed 

the one-repetition maximum (1-RM) test for the leg press and knee extension exercises. 

Visit 3 included measurements of total body and regional body composition and bone 

mineral density using dual energy X-ray absorptiometry, then the 1-RM test for the same 

exercises was repeated. Visits 4 and 5 consisted of randomly completing the following 

experimental conditions: LLBFR+RE, consisting of 30+15+15+15 repetitions of leg press 

and knee extension at 20% of 1-RM, combined with 50% of BFR; and HL-RE, which 

included 4 sets of 10 repetitions of the same leg press and knee extension exercises at 

75% of 1-RM, without BFR. Venous blood samples were collected and used to measure 

the plasma concentrations of whole-blood lactate, cortisol, interleukin-6 (IL-6), 

myostatin, and the mammalian target of rapamycin (mTOR), at baseline, 5 minutes post-

, and 60 minutes post-exercise. The same blood samples were also used to measure 

hematocrit concentration and plasma volume changes at the same time points. 
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Additionally, muscle swelling was estimated through muscle thickness and thigh 

circumference measures, taken at baseline and at 30 minutes and 60 minutes post-

exercise. Myoelectric activity of the vastus medialis and vastus lateralis muscles of the 

right and left leg was measured using surface electromyography (sEMG) during each 

experimental exercise condition. The perceptual responses consisted of ratings of 

perceived exertion (RPE), measured immediately after completion of each set of exercise; 

ratings of pain, measure immediately before and immediately after each set; and levels of 

soreness, measured before exercise and 5 minutes, 30 minutes, 60 minutes, and 24 hours 

post-exercise. All perceptual variables were measured using validated visual numeric 

scales. All physiological data were analyzed using parametric statistics; thus, two-way 

(condition × time) repeated measures analyses of variance were used to test all main 

effects and interactions. In the case of significant interactions, pairwise t tests were used 

to test the simple effects. Familywise error rate was controlled using the Bonferroni 

procedure. The perceptual data were analyzed using non-parametric statistics; therefore, 

the Wilcoxon test was used to compare the two experimental conditions within specific 

time points. The Friedman’s nonparametric test was used to test for significant differences 

in the median rank scores across the time points. If a significant difference was detected, 

pairwise Wilcoxon nonparametric tests with Bonferroni procedure were used to locate 

the differences. RESULTS: Whole-blood lactate levels significantly (p < 0.05) increased 

5 min post-exercise compared to pre-exercise values, with HL-RE displaying 

significantly (p < 0.05) greater increases than LLBFR+RE. No significant (p > 0.05) 

condition or time effects were observed for plasma concentrations of myostatin, IL-6, and 

mTOR. Although a significant (p < 0.05) condition effect was also not detected for 
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cortisol, a significant (p < 0.05) decrease from baseline was observed for both conditions 

1 hour post-exercise. There were also no significant (p > 0.05) time or condition effects 

for changes in hematocrit concentration and plasma volume. Muscle thickness and thigh 

circumference significantly (p < 0.05) increased from baseline immediately post-exercise 

following both experimental trials, with no significant (p > 0.05) differences between 

conditions. The HL-RE condition elicited significantly (p < 0.05) greater myoelectric 

activity than the LLBFR+RE trial for the vastus medialis and vastus lateralis muscles and 

during the leg press and knee extension exercises. Regarding the perceptual responses, 

HL-RE resulted in significantly (p < 0.05) greater RPE than LLBFR+RE during leg press 

and knee extension. Similar (p > 0.05) ratings of pain were observed during both 

experimental exercise conditions immediately after each set, however, for the ratings of 

pain measured immediately before each set, LLBFR+RE induced significantly (p < 0.05) 

greater pain than HL-RE. Finally, no significant (p > 0.05) increases in muscle soreness 

were observed up to 24 hours post-exercise following both trials. CONCLUSIONS: This 

study demonstrated that people living with MS are capable of tolerating and performing 

LLBFR+RE without any major adverse effects. This study also demonstrated that 

LLBFR+RE is capable of acutely increasing many of the physiological parameters related 

to the hypertrophic response commonly observed following traditional resistance exercise 

without BFR, indicating that it may potentially serve as a training alternative to HL-RE 

for MS patients unable or unwilling to lift heavy loads. The perceptual data also 

demonstrated that LLBFR+RE requires less muscular exertion compared to HL-RE, and 

does not cause exaggerated pain during exercise or elevated delayed-onset muscle 

soreness up to 24 h post-exercise. 
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Chapter I: Introduction 

Multiple sclerosis (MS) [from the Greek skleros, meaning hard] is an 

inflammatory, auto-immune disease (Weiner, 2004) of the central nervous system, 

characterized by neuron axonal demyelination (Love, 2006) at the level of the brain and 

the spinal cord. MS is thought to be caused by an interaction of several environmental 

(Pugliatti et al., 2008) and genetic (Compston, 1999) factors, with some studies 

suggesting that viral infections may also be responsible for triggering the disease 

(Alvarez-Lafuente et al., 2004). In addition to the fact that the direct contribution of 

viruses to the development of MS remains unclear (Owens et al., 2011), the etiology of 

the disease also remains elusive. It has been estimated that approximately 2.3 million 

people around the world are living with MS (National Multiple Scleroris Society, 2018). 

The expensive healthcare costs of treating the MS symptoms ultimately lead to significant 

social and economic burdens. 

 A wide range of symptoms may be present in people living with MS. Most of 

these symptoms involve problems related to physical function, which oftentimes include 

fatigue, imbalance, weakness, increased muscle tension, and even paralysis (Bakshi, 

2003). Nevertheless, symptoms unrelated to physical function may also be present, such 

as pain, bowel, visual, and communicating problems, and even depression (Bakshi, 2003). 

Thus, researchers from all over the world have sought possible interventions to decrease 

the healthcare costs and to attenuate some of these symptoms, subsequently improving 

the quality of life of individuals affected by this disease. 

The impaired physical function related to MS is primarily due to skeletal muscle 

atrophy and decreased muscular strength, which is commonly observed in these 
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individuals (Wens et al., 2014). Therefore, exercise interventions that are capable of 

maintaining skeletal muscle mass or promoting muscle hypertrophy and increasing 

muscular strength would be extremely beneficial to this clinical population. Resistance 

exercise training is commonly used to induce these positive adaptations in healthy 

individuals (Burd et al., 2010). The observed positive outcomes associated with resistance 

training in healthy individuals has led to the investigation of its use as a potential 

intervention for improving physical capacities in individuals with MS. White et al. (2004) 

conducted a study in which people living with MS performed a twice-weekly resistance 

training program (8 to 10 repetitions at 50% of one-repetition maximum (1-RM)) for the 

lower-body over the course of 8 weeks on measures of muscle size and strength. The 

authors observed that the significant increases in muscle cross-sectional area and strength 

were also accompanied by a decrease in self-reported fatigue. Similar results were 

reported by Souza-Teixeira et al. (2009), who identified significant improvements in  

muscle hypertrophy, power, strength, and muscular endurance following 8 weeks of 

progressive moderate resistance exercise. In both studies, the increases in muscular 

performance were observed as early as in 2 weeks of training. Several other studies have 

confirmed the benefits of resistance exercise in MS participants in terms of improving 

muscle size (Dalgas et al., 2010), strength (Manca et al., 2017), physical function 

(Kjølhede et al., 2015), and even potential neuroprotective effects (González Torre et al., 

2017). 

Although previous research has confirmed the effectiveness of resistance training 

to induce significant muscle hypertrophy (Shepstone et al., 2005) and strength gains 

(Munn et al., 2005) in healthy individuals, this training modality imposes a challenge to 
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clinical populations, especially to people living with MS. This is attributed to the fact that 

it is traditionally recommend that resistance exercise should be performed using training 

loads that are superior to 65% of 1-RM (ACSM, 2009). Accordingly, such high training 

loads require great effort from participants and often induces oxidative stress (Çakır-

Atabek et al., 2015; McBride et al., 1998), muscle damage (Kanda et al., 2013), delayed-

onset muscle soreness (Cleak & Eston, 1992), and inflammation (Heavens et al., 2014), 

in addition to the risk of causing musculoarticular injuries, making the implementation of 

this method of training unfeasible, or at least risky, for this clinical population. Therefore, 

there is a critical need to develop exercise modalities that are capable of increasing muscle 

size and strength in people living with MS without incurring into the adverse effects 

typically observed with high-load resistance exercise. Low-load resistance exercise 

would serve as a safer training modality as it has been shown to induce positive 

adaptations similar to those often observed with high-load resistance exercise (Ogasawara 

et al., 2013). However, when training using lower loads, repetitions need to be completed 

until volitional failure in order for the exercise to induce physiological responses that are 

similar to those from resistance exercise at higher loads, which means that much greater 

training times and exercise volumes are needed for these adaptations to be achieved, 

oftentimes making this type of training impractical. Nonetheless, in the past few decades, 

a new low-load, low-volume resistance exercise training program was developed, which 

is capable of inducing positive neuromuscular adaptations without causing the adverse 

effects typically observed with high-load resistance exercise. This training approach was 

first developed in Japan and is most commonly known as blood flow restriction (BFR) 

training or KAATSU training. This technique consists of wrapping standardized 
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inflatable cuffs around the most proximal portion of arms or legs during exercise, which 

are used to reduce arterial blood flow and occlude venous return. 

The mechanisms through which BFR exercise elicits its positive adaptations 

remains unclear, although a myriad of factors seem to be involved (Pearson & Hussain, 

2014). For instance, the venous occlusion induced by BFR exercise leads to an 

accumulation of metabolites in the intramuscular environment such as lactate ion (La-), 

hydrogen ion (H+), adenosine diphosphate (ADP), inorganic phosphate (Pi), and 

dihydrogen phosphate (H2PO4) (Suga et al., 2009, 2010; Sugaya et al., 2011; Yasuda et 

al., 2010). The buildup of these metabolic byproducts induce the release of anabolic 

hormones such as growth hormone (GH) (Takarada, Nakamura, et al., 2000) and insulin-

like growth factor 1 (IGF-1) (Abe et al., 2005), possibly by the triggering of 

metaboreceptors and activation of the type III and IV afferent fibers. Due to decreased 

enzymatic activity and reduced oxygen availability, it has been hypothesized that BFR 

exercise may induce early fatigue of the aerobic type I muscle fibers and an early 

recruitment of the type II anaerobic muscle fibers. Type II muscle fibers are more 

responsive to training and often display a greater hypertrophic response to resistance 

training (Andersen & Aagaard, 2010). Moreover, the production and accumulation of 

metabolites inside the cell increases osmolarity and forces water to move from the 

interstitial space to inside of muscle fibers through osmosis, ultimately resulting in muscle 

swelling. This acute muscle swelling commonly observed post-exercise (Freitas et al., 

2017) has also been proposed as one of the factors contributing to the BFR exercise 

hypertrophic response (Loenneke, Fahs, Rossow, Abe, & Bemben, 2012; Takarada, 

Takazawa, & Ishii, 2000). Finally, several other mechanisms are thought to be involved 
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with the physiological adaptations to BFR exercise, including the up and downregulation 

of several biomolecular pathways that regulate muscle protein synthesis (Fry et al., 2010; 

Fujita et al., 2007; Sudo et al., 2015) and degradation (Holliss et al., 2013; Laurentino et 

al., 2012). 

Even though BFR exercise elicits acute physiological responses and chronic 

adaptations that are similar to those observed with traditional high-load resistance 

exercise (Laurentino et al., 2012; Lixandrão, Ugrinowitsch, et al., 2018b), low-load 

resistance exercise combined with BFR (LLRE+BFR) has been demonstrated to be 

relatively safe (Clark et al., 2011). Previous studies have reported that LLBFR-RE does 

not induce muscle damage, delayed muscle soreness, oxidative stress, or inflammation 

(Goldfarb et al., 2008; Sudo et al., 2015; Thiebaud et al., 2014), as often observed with 

traditional resistance exercise. This makes this method of training applicable for those 

who cannot tolerate the high training loads commonly used with traditional resistance 

exercise, such as elderly, individuals recovering from surgeries, and clinical populations. 

To illustrate, Segal et al. (2015) reported significant increases in strength levels following 

4 weeks of LLRE+BFR performed 3 times a week in women with risk factors for 

symptomatic knee osteoarthritis. In another study, strength significantly increased 

following 12 weeks of LLBFR-RE and was accompanied by increased muscle cross-

sectional area and improved physical function in older individuals (Yasuda et al., 2014).  

Therefore, as previously observed in other clinical populations, LLRE+BFR may 

serve as a potential non-pharmacological method to attenuate skeletal muscle atrophy and 

weakness, commonly observed in those living with MS as the disease progresses, and it 

may also serve as an effective training method to increase muscle size, strength, and 
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physical function in these individuals. Finally, no research has yet investigated the 

potential benefits of LLBFR-RE in MS patients; however, the first step in this line of 

research in people living with MS is to document the psychophysiological acute response 

of LLBFR-RE compared to traditional high-load resistance exercise without BFR. 

 

Purpose 

The purpose of this study was to compare the acute physiological and perceptual 

responses of individuals living with MS to a single bout of low-load resistance exercise 

combined with BFR (LLRE+BFR) and high-load (70% 1RM) resistance exercise without 

BFR (HL-RE). 

 

Research Questions 

1. Does LLRE+BFR induce the same metabolic response (whole-blood lactate) as 

traditional HL-RE? 

2. Are changes in electromyography amplitude similar between LLRE+BFR and HL-RE? 

3. Is there a difference in the acute exercise-induced muscle swelling response (muscle 

thickness and thigh circumference) between LLRE+BFR and HL-RE? 

4. Is the hormonal stress response (cortisol) similar between LLRE+BFR and HL-RE? 

5. Do biomolecular markers of muscle anabolism (mTOR) and catabolism (myostatin) 

display similar responses to LLRE+BFR -RE and HL-RE? 

6. Is the exercise-induced inflammatory response (interleukin-6) similar between 

LLRE+BFR and HL-RE? 
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7. Are the post-exercise changes in plasma volume and hematocrit levels similar between 

LLRE+BFR and HL-RE? 

8. Do LLRE+BFR and HL-RE elicit similar ratings of perceived exertion? 

9. Are pain levels perceived during LLRE+BFR similar to those perceived during HL-

RE? 

10. Is the 24-h post-exercise delayed-onset muscle soreness response similar between 

LLRE+BFR and HL-RE. 

 

Research Subquestions 

1. Were individuals living with MS able to complete the pre-determined standard BFR 

protocol (i.e., 4 sets of 30+15+15+15 repetitions at 20% of 1-RM)? 

2. Were these participants able to complete the pre-determined high-load resistance 

exercise protocol (4 sets of 10 repetitions)? 

3. Is there any difference in exercise volume between leg press and knee extension 

exercises within the same exercise protocol? 

4. Were individuals with MS able to tolerate the application of BFR during exercise? 

5. Was there any difference in electromyography amplitude when comparing muscles 

of the right and left legs? 

6. Was 1-RM testing a reliable method to measure maximum dynamic strength in MS 

patients? 

Hypotheses 

1. Considering the literature suggesting the exercise-induced metabolic response as one 

of the potential mechanisms contributing to muscle hypertrophy following 
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LLRE+BFR and the several studies reporting similar hypertrophy gains following both 

LLRE+BFR and HL-RE, it was hypothesized that a similar metabolic response 

(whole-blood lactate) would be observed between the LLRE+BFR and HL-RE 

protocols. 

 

2. Myoelectric activity during exercise would be greater during HL-RE in comparison 

to LLRE+BFR. This hypothesis was based on multiple studies demonstrating smaller 

myoelectric activity during LLRE+BFR compared to HL-RE. 

 

3. There are also several studies demonstrating that LLRE+BFR and HL-RE may induce 

similar post-exercise responses. Thus, it was hypothesized that the exercise-induced 

muscle swelling response (muscle thickness and thigh circumference) would be 

similar between LLRE+BFR and HL-RE. 

 

4. Although only a few studies have directly compared the hormonal stress response 

following LLRE+BFR and HL-RE, considering the higher mechanical stress involved 

with HL-RE, it was hypothesized that a greater hormonal stress (cortisol) response 

would be observed following HL-RE compared to LLRE+BFR. 

 

5. As the regulation of biomolecular pathways has also been suggested as potential 

mechanisms through which both LLRE+BFR and HL-RE elicit their positive 

adaptations, it was hypothesized that similar levels of biomolecular markers of muscle 
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anabolism (mTOR) and catabolism (myostatin) would be observed following 

LLRE+BFR and HL-RE. 

 

6. The higher mechanical loads used during HL-RE have been well documented to 

induce muscle damage after an exercise bout, whereas the current literature is yet to 

demonstrate that LLRE+BFR induces any muscle damage. Considering the common 

inflammatory response taking place following damaging exercise, it was 

hypothesized greater inflammation (interleukin-6) would be observed following HL-

RE compared to LLRE+BFR. 

 

7. There would be no difference in changes in plasma volume and hematocrit levels 

between LLRE+BFR and HL-RE. This hypothesis was based on previous literature 

demonstrating minimal to no changes in plasma volume and hematocrit levels. 

 

8. Considering the higher mechanical loads used during HL-RE, it was hypothesized 

that HL-RE would result in greater ratings of perceived exertion (RPE) compared to 

LLRE+BFR. 

 

9. Although one would naturally expect LLRE+BFR to result in lower ratings of pain 

compared to HL-RE due to the use of lower loads, it should also be considered that 

the restriction of blood flow may, on the other hand, contribute to increase the ratings 

of pain during exercise. Therefore, it was hypothesized that LLRE+BFR would result 

in similar ratings of pain when compared to HL-RE. 
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10. As HL-RE is expected to result in greater muscle damage than LLRE+BFR, it was 

hypothesized that HL-RE would also result in greater ratings of delayed-onset muscle 

soreness 24 h post-exercise, while LLRE+BFR will not induce any delayed-onset 

muscle soreness. 

  

Subhypotheses 

1. Based on fact that participants are resistance untrained, not familiar with LLRE+BFR, 

and that individuals with MS fatigue more quickly compared to healthy individuals, 

it was hypothesized that most participants would not be able to complete all the 

repetitions for the 4 sets of the BFR exercise protocol. 

 

2. Also considering the fact that participants are resistance untrained and have a 

compromised ability to perform high-load resistance exercise for prolonged periods 

of time, it was hypothesized that most participants would not be able to complete the 

10 repetitions of the last 2 sets of the high-load resistance exercise protocol. 

 

3. It was hypothesized that greater exercise volume would be observed with the leg press 

compared to knee extension exercise, as participants may experience greater fatigue 

during knee extension, which will be performed after the leg press. 
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4. Although unpleasant, considering the lower levels of BFR applied, it was 

hypothesized that most participants would be able to tolerate the application of BFR 

during exercise. 

 

5. Taking into consideration the studies demonstrating limb asymmetry in people 

suffering from MS, it was hypothesized that left and right legs would display 

differences in sEMG amplitude. 

 

6. Considering limb asymmetry and the fact that participants were not familiar with the 

technique of resistance training, it was hypothesized that 1-RM would not be a reliable 

testing method to assess maximum dynamic strength in people living with MS. 

 

Significance of the Study 

 It is extremely important for people suffering from MS to be able to at least 

maintain adequate muscle size and strength levels in order to maintain adequate activities 

of daily living, since muscle atrophy and strength loss are common in these individuals. 

Additionally, it is critical to increase muscle size and strength in order to compensate for 

the normal decrements often observed over time as the disease progresses. Low-load 

resistance exercise combined with BFR has been shown to be effective at improving 

skeletal muscle mass and strength across a variety of populations, without the issues 

usually observed with traditional high-load resistance exercise, such as exercise-induced 

muscle damage, delayed-onset muscle soreness, oxidative stress, and inflammation, 

which make this type of exercise challenging for this population. Surprisingly, no study 
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has investigated the effects of resistance exercise with BFR and the physiological 

responses related to muscle hypertrophy in people living with MS. Therefore, this study 

will offer physicians and physiotherapists a possible non-pharmacological intervention 

that may be used to enhance muscle size and strength in individuals with MS, 

consequently translating into improved physical function and enhanced quality of life. 

 

Assumptions 

1. Participants were correctly diagnosed having MS by their physicians. 

2. Participants were correctly quantified having a disability score ≤ 6.5. 

3. Participants responded to all questionnaires truthfully. 

4. Participants carefully followed all instructions gave by the investigator such as 

avoiding caffeine and strenuous exercise before each testing visit. 

5. Muscle thickness measured with ultrasound, hematocrit levels, and plasma volume 

change are valid estimators of muscle swelling. 

6. The ELISA kits used are valid and reliable methods to quantify myostatin expression 

and mTOR activity. 

 

Delimitations 

1. The findings from the current study are limited to individuals living with MS, and, 

thus, cannot be extended to other clinical populations. 

2. These results can only be inferred to individuals with relapsing-remitting MS and with 

a disability score (EDSS) equal or below 6.5. 
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Limitations 

1. Muscle swelling and plasma volume changes do not provide a direct measure of 

muscle cell swelling, caused by the influx of water into the intracellular space. 

2. Electromyography provides only a gross estimation of muscle activation as it does 

not give any information related to motor unit recruitment or rate coding. 

3. Acute changes in the variables related to muscle hypertrophy do not necessarily result 

in chronic skeletal muscle hypertrophy. 

Abbreviations 

1. 1-RM – One-repetition maximum. 

2. ABI – Ankle-brachial index. 

3. ADP – Adenosine diphosphate. 

4. ATP – Adenosine triphosphate 

5. BFR – Blood flow restriction. 

6. EDSS – Expanded disability status scale. 

7. GH – Growth hormone. 

8. H+ – Hydrogen ion. 

9. H2PO4 – Dihydrogen phosphate. 

10. HCT – Hematocrit.  

11. HL-RE – High-load resistance exercise. 

12. IGF-1 – Insulin-like growth factor 1. 

13. IL-6 – Interleukin 6. 

14. La- – Lactate. 

15. LLBFR-RE – Low-load blood flow restriction resistance exercise. 
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16. MS – Multiple Sclerosis. 

17. MSTN – Myostatin. 

18. mTOR – Mammalian target of rapamycin. 

19. Pi – Inorganic phosphate. 

20. RPE – Ratings of perceived exertion. 

21. sEMG – Surface electromyography. 

22. WBL – Whole-blood lactate. 

 

Operational Definitions 

1. Adenosine diphosphate (ADP) – A phosphate group bound to an adenosine. It is of 

the metabolic products from the hydrolysis of adenosine triphosphate. 

2. Blood flow restriction (BFR) resistance exercise – Resistance exercise performed 

while the blood flow to the working muscles is restricted by standardized restrictive 

cuffs. 

3. Cortisol – A catabolic steroid hormone related to protein breakdown. 

4. Electromyography – Technique used to indirectly measure muscle electrical activity. 

5. Expanded disability status scale – A scale used to quantify the disability level in 

individuals with MS. 

6. Hematocrit – A test that measures the proportion of red blood cells in the blood. 

7. Hydrogen ion [H+] – A hydrogen proton dissociated from a weak acid. 

8. Inorganic phosphate (Pi) – One of the metabolic products from the hydrolysis of 

adenosine triphosphate. 
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9. Lactate [La-] – Product of the reduction of pyruvate by pyruvate dehydrogenase in the 

lactic fermentation reaction. 

10. Mammalian target of rapamycin complex 1 (mTORC1) – a regulator or protein 

synthesis. 

11. Multiple sclerosis (MS) – A neurological disease characterized by the axonal 

demyelination. 

12. Muscle thickness (MT) – The distance measured from the adipose tissue-muscle 

interface to the muscle-bone interface using ultrasound. Used as an estimator of 

muscle swelling. 

13. Myostatin (MSTN) – An inhibitor of muscle growth. 

14. One-repetition maximum (1-RM) – The maximum amount of weight that can be lifted 

with a single concentric and eccentric contraction. 

15. pKa – Negative base-10 logarithm of the acid dissociation constant of a solution. 

16. Plasma volume change – The change in plasma volume in the blood over a certain 

period of time. 

17. OMNI-RES scale – A scale used to quantify the amount of pain or discomfort felt 

post a set or a bout of resistance exercise in a scale from 0 to 11. 

18. Ratings of perceived exertion (RPE) scale – A scaled used to quantify how strenuous 

and heavy a set or a bout of resistance exercise feels in a scale from 0 to 10. 

19. Thigh circumference – The circumference of the thigh measured at the 50% distance 

from the great trochanter to the lateral condyle of the femur. 

20. Whole-blood lactate (WBL) – The blood lactate concentration in mmol/L. It 
represents the overall net lactate production and removal at the whole-body level.  
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Chapter II: Literature Review 

Mechanisms and Physiology of Blood Flow Restriction Exercise 

 Although resistance training combined with BFR has been shown to effectively 

enhance muscle size and strength across a wide variety of populations, the mechanisms 

through which this model of training exerts its positive adaptations remain unclear. A 

myriad of possible factors has been used in an attempt to explain these adaptations. The 

following sections will explore in detail the main factors claimed to be involved with the 

benefits of low-load resistance exercise with BFR (LLRE+BFR). 

 

Metabolic Response 

  Traditional high-intensity resistance training has been proven to significantly 

increase muscle size and strength. Although the specific mechanisms responsible for 

these adaptations are not fully understood, this exercise training is thought to elicit its 

benefits through the activation of molecular pathways (i.e., mTORC1 and MAPK) that 

ultimately increase protein synthesis. The activation of these pathways is believed to be 

triggered through mechanotransduction, in which the mechanical stress placed on the 

muscle is converted into a chemical signal used to initiate a cascade of events within the 

muscle cells. However, since low-load resistance training with BFR has also been shown 

to induce increases in muscle size and strength that are similar to those observed with 

traditional high-load resistance training, but at much lower mechanical stresses (~70% of 

1RM vs ~30% of 1RM), additional mechanisms have been considered. Even though the 

extent of the mechanical stress applied during each training method (BFR [20 – 30% of 

1RM] vs traditional [65 – 80% 1 of RM] resistance exercise) is considerably different, 
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previous studies have reported that the metabolic stress evoked by both exercise models 

are similar. Therefore, metabolic stress has emerged as a possible factor that may play a 

crucial role in the positive adaptations observed with low-intensity resistance training 

with BFR. Supporting the metabolic stress hypothesis, Takarada et al. (2012) reported 

increases in levels of muscle mass and strength increases that were proportional to the 

increases in the exercise-induced metabolic stress. 

 The exercise-induced metabolic changes observed with LLRE+BFR includes 

accumulation of lactate (La-), dihydrogen phosphate (H2PO4), inorganic phosphate (Pi), 

and concomitant decreases in pH due to the accumulation of hydrogen ions (H+) (Suga et 

al., 2012; Sugaya et al., 2011; Yasuda et al., 2010).  Suga et al. (2010) demonstrated that 

the intramuscular changes observed immediately post one single bout of LLRE+BFR 

performed at 30% of 1RM were similar to those from high-load resistance exercise (HL-

RE) at 65% of 1RM. Previous studies have also demonstrated that this increased post-

exercise metabolic response is accompanied by increased plasma levels of anabolic 

hormones such as growth hormone and insulin-like growth factor-1 (IGF-1) (Abe et al., 

2005; Madarame et al., 2010; Manini et al., 2012; Pierce et al., 2005; Takano et al., 2005; 

Takarada et al., 2000). Manini et al. reported a positive correlation between lactate and 

growth hormone concentrations (2012). However, there is an intense debate in the 

literature regarding whether exercise-induced increased levels of endogenous anabolic 

hormones may or may not have any additive effect in the hypertrophic responses to 

resistance training (Morton et al., 2016; Schroeder et al., 2013; West et al., 2009, 2010; 

Wilkinson et al., 2006). 
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 The greatest contribution of the metabolic responses to the adaptations to BFR 

resistance exercise lie in the fact that these metabolites may help anticipate the onset of 

muscle fatigue and increased motor unit recruitment. Low pH and Pi accumulation are 

known for inducing fatigue by inhibiting cross-bridge cycling (Debold, 2012) and by 

causing impairment of calcium kinetics, due to altered activity of the sarco/endoplasmic 

reticulum calcium ATPase enzyme (Allen & Westerblad, 2001). Therefore, as muscle 

fatigue onsets, additional motor units are recruited in order for the activity to be 

maintained. Additionally, accumulation of H+ may also impair intracellular metabolism 

and inhibit phosphofructokinase 1 activity, the enzyme responsible for the commitment 

step in glycolysis, therefore, limiting carbohydrate utilization and ATP synthesis, 

especially in the anaerobic type II glycolic muscle fibers. 

 To date, no study has been performed that has documented the direct contribution 

of metabolites to the hypertrophic responses of both traditional high-intensity and low-

intensity resistance exercise with BFR. However, there is a body of evidence suggesting 

a potential indirect contribution of the buildup of metabolites to the positive adaptations 

observed with both training methods. 

 

Hormonal Responses 

 Low-load resistance exercise combined with BFR has been shown to be capable 

of acutely affecting the production and secretion of certain anabolic (GH and IGF-I) and 

catabolic (cortisol) hormones (Abe et al., 2005; Manini et al., 2012; Takarada, Nakamura, 

et al., 2000), while others, such as testosterone, do not seem to be affected (Reeves et al., 

2005). Although an intense debate among exercise physiologists persists regarding 
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whether anabolic hormones can actually contribute significantly to the hypertrophic 

response to resistance exercise (Morton et al., 2016; Schroeder et al., 2013; West et al., 

2009, 2010; Wilkinson et al., 2006), the plasma concentration of anabolic hormones has 

also been considered as one of the possible contributors to the chronic adaptations to 

LLRE+BFR. 

 An early study by Takarada et al. (2000) demonstrated the potential of LLRE+BFR 

to induce significant increases in plasma levels of anabolic hormones post-exercise. 

These findings were later corroborated  by many other research groups (Abe et al., 2005; 

Karabulut et al., 2013; Madarame et al., 2010; Manini et al., 2012; Reeves et al., 2005; 

Takano et al., 2005; Takarada et al., 2014). Although it has been shown that LLRE+BFR 

is a potent stimulus for the secretion of anabolic hormones, particularly GH and IGF-1, 

the mechanisms underlying this exercise-induced endocrine response is not completely 

understood; although, it has been speculated that this increased release of GH and IGF-I 

may be linked to the acute metabolic stress experienced during LLRE+BFR (Goto et al., 

2005; Viru et al., 1998).  

It is possible that metaboreceptors may induce the secretion of GH through the 

afferent-pituitary axis, by sympathetic stimulation via muscle afferent fibers. The muscle 

afferent fibers are divided into types I, II, III, and IV. The groups III and IV muscle 

afferent fibers are sensitive to both mechanical stimuli and to metabolic byproducts 

during ischemic contractions (Kaufman & Rybicki, 1987). Kaufman and Rybicki (1987) 

were one of the first to indicate the sensitivity of these afferent fibers to metabolic stimuli, 

but the authors were unable to determine what specific metabolites were responsible for 

inducing such stimulation. However, in a later experiment, Rotto and Kaufman (1988) 
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infused the triceps surae of cats with metabolites known for accumulating within the 

muscle during exercise (phosphate, La-, lactic acid, adenosine, and arachidonic acid) and 

observed that only lactic acid and arachidonic acid were able to activate both type III and 

IV afferent fibers. These findings are of great relevance considering that lactic acid but 

not La- was able to activate these fibers. Due to its pKa of 3.86, at physiological pH (≈ 

7.35 – 7.45), lactic acid dissociates into a lactate ion, the conjugate base, and a hydrogen 

ion (i.e., La = La- + H+), which consequently leads to a decrease in pH. For this reason, 

the authors then hypothesized that this decrease in pH was probably responsible for the 

activation of these two afferent fibers. Later work by Sinoway et al. (1993) confirmed the 

contribution of lactic acid to the activation of the type III afferent muscle fibers. 

To study the impact of the metabolic stress on the endocrine response to resistance 

exercise, Goto et al. (2005) investigated the changes in GH, epinephrine, norepinephrine, 

and La- following an acute bout of two different bouts of resistance exercise at the same 

intensity (75% 1-RM) and volume (3 – 5 sets with 10 repetitions each): 1) no rest regimen 

(NR) and 2) with rest regimen (WR). The only difference between these two protocols 

was that an intraset period of 30 seconds between the fifth and the sixth repetition in 

addition to the 1-min rest period between sets was allowed for the WR but not for the NR 

trial. The authors observed a greater hormonal concentration as well as a higher metabolic 

response for the exercise protocol without an intraset period (NR). In the same study, the 

authors also observed greater increases in muscular size, strength, and endurance 

following 12 weeks of training for the NR. Regarding LLRE+BFR, other studies have also 

observed a greater hormonal response accompanied by significant metabolic stress 

(Madarame et al., 2010; Manini et al., 2012; Takarada, Nakamura, et al., 2000). 
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Although these studies reinforce the hypothesis of an exercise-induced metabolite 

response contributing to the positive adaptations to LLRE+BFR, they are limited by their 

inability to control for other possible factors. For example, greater metabolic responses 

are generally followed by increased muscle activation. In this regard, Gosselink et al. 

(1998) observed that exercise using nerve electrical stimulation was also capable of 

exciting type I and type II afferent muscle fibers and that these afferent fibers were able 

to modulate the secretion of GH either stimulating or inhibiting hormone release through 

a muscle fiber type fashion model (K. Gosselink & Grindeland, 2000; K. L. Gosselink et 

al., 1998). Therefore, muscle activation may also play an important role in the exercise-

induced hormonal response, however, current studies have presented limited 

methodological designs in an attempt to test the sole contribution of the metabolic 

accumulation on the endocrine response. 

 

Muscle Activation and Fatigue 

Muscle activation has been considered as one of the most important variables 

driving the positive chronic adaptations to LLRE+BFR. Before delving into the details 

regarding the effects of this mode of exercise, it is important to highlight that two main 

features distinguishing LLRE+BFR from traditional HL-RE without BFR: 1) the reduction 

of blood flow to the active muscle and 2) the use of lower relative exercise loads, usually 

within 20 to 30% of 1-RM. Although being performed at significantly lower loads, the 

reduced blood flow induces an early fatigue of type I muscle fibers, in terms of lower 

force production capacity, and an early activation of the higher threshold type II muscle 
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fibers in order to maintain muscular work. Therefore, as seen with traditional HL-RE, 

low-load resistance exercise is also capable of activating the type II muscle fibers. 

In fact, similar levels of muscle activation have been reported between HL-RE 

and LLRE+BFR. Takarada et al. (2000) reported similar levels of muscle activation 

between elbow flexion at 40% of 1-RM with BFR and 80% of 1-RM without BFR. 

Moreover, Suga et al. (2012) investigated muscle fiber recruitment by splitting of Pi using 

splitting Pi peak and observed muscle fiber recruitment during to that of HL-RE without 

BFR. 

 

Biomolecular Signaling Pathways 

In addition to the mechanisms detailed above, the modulation of molecular 

signaling pathways seem to play a critical role regarding the adaptations to BFR 

resistance training. Previous studies have reported that this exercise method is capable of 

upregulating and downregulating several cellular pathways involved with protein 

synthesis and degradation and muscular hypertrophy in young and even in older 

individuals (Fry et al., 2010; Fujita et al., 2007; Laurentino et al., 2012; Nakajima et al., 

2016; Sudo et al., 2015). 

One of the main signaling pathways that is thought to be involved with muscle 

growth through an increase in protein synthesis is the mammalian target of rapamycin 

(mTOR). mTOR is a multidomain protein kinase that phosphorylates serine and threonine 

residues and ultimately activate downstream pathways that result in increased protein 

synthesis. Activation of the mTOR signaling pathway may occur through nutritional, 

chemical, as well as mechanical factors. Therefore, exercises that are capable of 
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activating greater muscle mass and higher threshold type II muscle fiber such as HL-RE 

have been shown to activate this pathway. Since LLRE+BFR has been shown to activate 

high-threshold type II muscle fibers to levels similar to those from HL-RE, the activation 

of the mTOR pathway has been considered as an important factor for the hypertrophic 

response observed with BFR training. Fujita et al. (2007) demonstrated that an acute bout 

of LLRE+BFR (30+15+15+15 sets of bilateral leg extension at 20% of 1-RM) was capable 

of stimulating ribosomal S6 kinase 1 phosphorylation, one of the downstream targets of 

mTOR, and protein synthesis in human skeletal muscle. Similar results were observed by 

Fry (2010) in older males. In both studies, significant mTOR stimulation was observed 

following an acute bout of LLRE+BFR but not after the same exercise protocol performed 

at the same relative workload and intensity without BFR. 

While mTOR works as a crucial positive regulator of muscle hypertrophy, 

myostatin – or growth differentiation factor-8 – plays a role as a negative regulator of 

muscle mass. Increased expression of myostatin commonly leads to reduced muscle mass, 

accompanied by reduced fiber size. Moreover, in animal models, knockout of myostatin 

leads to exaggerated muscle mass. Therefore, myostatin has been considered another 

crucial regulator of muscle hypertrophy. In this sense, only one study has compared the 

mRNA expression of genes related to myostatin signaling post 8 weeks of both HL-RE 

(80% of 1RM) and LLRE+BFR (20% of 1RM) (Laurentino et al., 2012). The authors 

reported, that both training modalities induced significant gains in muscle size and 

strength, which were accompanied by significant diminished myostatin gene expression. 

Although mTOR activation seems to be essential for muscle growth, several 

mechanisms seem to induce its activation. These include mechanical deformation of the 
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fiber via the mechanical stress imposed by resistance exercise as well as the action of 

anabolic hormones, especially GH and IGF-1 (either liver or muscle-derived forms). 

However, it should be highlighted that additional pathways independent of mTOR 

activation may also contribute to increase protein synthesis and consequent skeletal 

muscle hypertrophy. These pathways include testosterone-mediated gene expression and 

satellite cell activation. Satellite cell activation is another mechanism that may induce 

muscle growth. These consist of resident skeletal muscle stem cells that become active 

primarily following muscle damage. Once activated, satellite cells migrate into the 

muscle fiber and differentiates into a cell nucleus, thus increasing the nuclei pool within 

the muscle fiber. As gene expression and protein synthesis occurs within the cell nucleus, 

increased satellite cell density within muscle fibers increases the muscle fibers’ gene 

expression capacity. 

Therefore, there is strong evidence reported throughout the literature regarding 

the potential of BFR resistance exercise to activate biomolecular signaling pathways 

within the muscle that favor protein synthesis and ultimately contributes to the gains in 

muscle size and strength extensively. 

 

Muscle Swelling 

Although LLRE+BFR has been shown to significantly improve muscle size, 

strength, and power, the application of BFR in the absence of exercise has also been 

shown to positively affect muscle size by attenuating muscle atrophy in post-operative 

patients. 
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Takarada et al. (2000) was one of the first to report the benefits of the application 

of BFR in the absence of exercise following surgery of the anterior cruciate ligament. 

Participants were submitted to an occlusive stimulus twice a day from the 3rd to the 14th 

day post-surgery (total of 10 days). The stimulus was applied using pneumatic cuffs and 

consisted of 5 bouts of 5 min of BFR (180 to 238 mm Hg) and a 3 min break period 

between bouts. The authors observed that the application of BFR in the absence of 

exercise diminished muscle atrophy, normally observed following this medical 

procedure, as participants in the experimental group displayed lower muscle wasting 

compared to participants in the control group. Although no other measures that could 

potentially explain how the occlusive stimulus was involved in this response, this study 

provided the first evidence that the application of BFR in the absence of exercise may 

positively affect muscle physiology. In this study, the authors assumed that BFR in the 

absence of exercise may affect some of the factors that are thought to be involved in the 

adaptive response to BFR exercise such as hormone production and metabolite 

accumulation, although such measures were not taken. However, in a subsequent study, 

Kubota et al. (2008) investigated the effects of the applying BFR without exercise in 

muscle size changes as well as muscle function and GH plasma concentration. Muscle 

weakness was induced by cast immobilization of the left ankle for a period of 2 weeks. 

Participants were allocated into a control, an experimental BFR, or an exercise group 

without BFR. Participants in the BFR group were exposed to sessions of BFR over the 

course of 2 weeks, twice a day as performed in the study by Takarada et al. (2000). 

Participants in the exercise group performed isometric contraction twice a day for the 

same period of time; and participants in the control group were not exposed to any 
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intervention. The authors reported that after 2 weeks of cast immobilization, the 

application of BFR without exercise significantly prevented muscle weakness and 

atrophy compared to the control group that displayed significant decreases in muscle size 

and strength. These results displayed in the BFR group were even greater than those from 

the isometric exercise group for some of the measures of muscle strength. Additionally, 

these protective effects of BFR application occurred without any change in blood levels 

of GH. These findings from Kubota et al. (2008) reinforce those from Takarada et al. 

(2000) in which BFR application in the absence of exercise has an antiatrophic effect and 

also seems to help to preserve muscle function. However, even though these findings are 

relevant, these studies did not provide any evidence of how the application of BFR by 

without exercise was able to induce these responses. Loenneke et al. (2012) hypothesized 

that muscle swelling was most likely the driving factor responsible for these observations 

by triggering the activation of molecular pathways that ultimately result in gene 

expression and protein synthesis. This hypothesis was strengthened when the authors 

replicated the study design from Takarada et al. (2000) and Kubota et al. (2008) and 

observed significant changes in muscle thickness accompanied by changes in plasma 

volume with no changes in La- concentration or electromyography amplitude (Loenneke 

et al., 2012). It is also important to highlight that the muscle swelling observed during 

LLRE+BFR is similar to that from HL-RE without BFR (Freitas et al., 2017). Moreover, 

similar changes in muscle size and strength have also been reported using both training 

methods. Although there is strong evidence suggesting the effects of muscle swelling on 

muscle physiology and on the positive adaptions to LLRE+BFR, more research is needed 

in order to determine the underlying mechanisms. 
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Perceptual Responses 

Although LLRE+BFR appears to be a possible training alternative to traditional 

HL-RE because of the lower mechanical stress imposed to the musculature and joints, 

less attention has been given to the perceptual responses to this training modality. The 

perceptual responses to an exercise intervention may affect participant motivation and 

adherence to any training program (Van Roie et al., 2015). Therefore, the short- and long-

term effects of LLRE+BFR on the perceptual responses of practitioners to the BFR stimuli 

is of great importance. The perceptual responses have been generally considered in terms 

of levels of pain and ratings of perceived exertion. 

The results from studies comparing the perceptual responses to LLRE+BFR and 

HL-RE are conflicting. For instance, Loenneke et al. (2015) reported greater levels of 

pain during LLRE+BFR in comparison to HL-RE; whereas, Lixandrão et al. (2018) 

reported lower levels of pain and perceived exertion during LLRE+BFR. The discrepancy 

in these results may be due to the differences in the designs of these studies. Loenneke et 

al. (2015) had participants exercising to failure while Lixandrão et al. (2018) used 4 fixed 

sets of 15 repetitions. A recent study by Sieljacks et al. (2018) investigated the perceptual 

responses (ratings of effort and pain) and neuromuscular adaptations (muscle size and 

strength) over the course of 8 weeks of LLRE+BFR (25% of 1-RM), performed to failure 

or non-failure. Significant increases in both muscle size and strength were observed; 

however, greater perceptual responses were observed with LLRE+BFR performed to 

failure compared to the non-failure exercise condition. Other factors such as the amount 

pressure applied during exercise may influence the perceptual responses to LLRE+BFR. 

In another study, Mattocks et al. (2017) observed that LLRE+BFR tended to elicit greater 
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rantings of pain and effort at higher restrictive pressure, despite lower total volumes of 

exercise being completed.  

Therefore, there is a need to better design a LLRE+BFR protocol that can be 

tolerated and still able to produce physiological benefits to participants, especially those 

with physical limitations such as elderly, injured, and participants with clinical conditions 

such as MS. In this regard, Korakakis, Whiteley, and Giakas (2018) demonstrated that 

physical therapy combined with BFR was able significantly to reduce anterior knee pain 

to a greater extent than physical therapy alone. 

 

Implications and Safety of Resistance Exercise combined with Combined for 

People Living with MS  

No study has yet investigated the physiological responses of individuals living 

with MS to LLRE+BFR. Therefore, the precise risks and benefits of this training modality 

for clinical population are unknow. However, based on the results from previous studies, 

it is possible to speculate some of the possible effects of LLRE+BFR on MS patients. 

 

Muscle Damage 

Muscle soreness and damage are typical responses commonly observed over days 

following a single bout of traditional resistance exercise. Elevated exercise-induced 

muscle damage may be prejudicial, specially to those living with MS, because it requires 

more recovery time between sessions, which may limit training frequency. Often, 

exercise-induced muscle damage is accompanied by muscle soreness and the initiation of 
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an anti-inflammatory response within the muscle, which may be contra-indicated for 

those suffering from MS. 

Although there is not a consensus in the literature whether LLRE+BFR causes 

muscle damage, most of the studies indicate that LLRE+BFR does not lead to significant 

muscle damage. For instance, Loenneke et al. (2013) observed that low-intensity 

resistance exercise with or without BFR did not result in significant decrements in torque 

up to 24 hours post-exercise. Although significant decreases in torque values were 

observed at 1 hour post-exercise, it was most likely due to fatigue rather than actual 

muscle damage. It is important to highlight that the exercise-induced muscle damage 

commonly reported with high-intensity exercise is predominantly due to the eccentric 

phase of the contraction. With this in mind, Thiebaud et al. (2014) submitted participants 

to LLRE+BFR at 30% of 1RM with only eccentric actions being performed. The results 

from this study were similar to those from Loenneke et al. (2013) in which torque 

decrements were observed only 1 h post-exercise. Additionally, there were no significant 

changes in muscle soreness, muscle thickness, limb circumference, or range of motion up 

to 4 days following exercise. These results were further corroborated by another study by 

the same research group (Thiebaud et al., 2013). In contrast, Sieljacks et al. (2015) 

observed significant muscle damage, measured as decreased torque, increased soreness, 

water retention, and plasma concentrations of muscle proteins, after a single bout of 

LLRE+BFR at 30% of 1-RM to failure. The discrepancies observed across these and other 

studies may be due to differences in their methodological designs. For example, Sieljacks 

et al. (2015) had participants exercising to failure, not commonly incorporated in BFR 
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exercise protocols, while Thiebaud et al. (2014) and Loenneke et al. (2013) used fixed 

sets of 30+15+15+15 repetitions, which is a protocol most often reported in the literature. 

Finally, no study has yet compared the amount of muscle damage resulting from 

a single bout of LLRE+BFR to a bout of traditional resistance exercise. Therefore, even if 

LLRE+BFR does result in muscle damage, it probably occurs at a much lower extent 

compared to traditional resistance exercise. Hence, BFR resistance exercise stands out as 

a safer and more tolerable training method capable of increasing muscle size and strength 

in individuals with MS, without the concerns normally associated with high-load training 

programs. 

 

Inflammation 

Local inflammation is another often observed physiological response to 

traditional resistance exercise. Inflammation occurs as a result of muscle damage as the 

body works to repair the damaged evoked by the exercise. MS sclerosis is characterized 

as a chronic inflammatory disorder that causes demyelination of the neurons inside the 

central nervous system. Since MS is characterized by this increased chronic 

inflammation, exercise interventions that may potentially cause more inflammation 

should be avoided. 

Regarding the potential of LLRE+BFR to induce inflammation, Karabulut et al. 

(2013) compared the effects of 6 weeks of LLRE+BFR (20% of 1-RM) to traditional high-

load (80% of 1-RM) resistance training, performed 3 times a week with interleukin-6 

being used as a marker of inflammation in older men. The authors observed that neither 

training regimen elicited significant increases in plasma levels of interleukin-6. Similarly, 
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in a recent study, Bugera et al. (2018) investigated the acute effects of performed 

(30+15+15+15 repetitions at 30% of 1-RM) and traditional high-load resistance exercise 

(4 sets of 7 repetitions at 80% of 1-RM) on interleukin-6 and interleukin-15 immediately 

post-, 1 h post-, and 24 h post-exercise. No significant changes were observed in any of 

the inflammation markers after any of the tested exercise interventions. Clark et al. (2011) 

also did not observe any changes in C-reactive protein, used as an inflammation marker, 

either immediately after a single bout of exercise or after 4 weeks of both high-intensity 

(3 sets of 10 repetitions at 80% of 1RM) and LLRE+BFR (3 sets of 10 repetitions at 30% 

of 1RM). In regard to special populations, a pilot study using ischemic heart disease 

patients reported no inflammatory response (measured as C-reactive protein) after an 

acute session of LLRE+BFR (Haruhiko Madarame et al., 2013). To note, only one study 

reported increased inflammatory response after LLRE+BFR (Takarada, Nakamura, et al., 

2000). However, it was not clear if the increased plasma levels of interleukin-6 were due 

to an actual inflammatory response or to the exercise energy demand, since it has been 

speculated that interleukin-6 may play a role in exercise metabolism (Pedersen, 2012). 

 

Oxidative Stress 

Increased oxidative stress is another common physiological response to resistance 

exercise (Hudson et al., 2008). Oxidative stress involves the formation of reactive oxygen 

species that can cause cell damage by reacting with proteins, lipids, and even DNA within 

the cell. For this reason, oxidative stress is also considered a risk and an undesired 

physiological event. Therefore, an elevated oxidative response to exercise would impose 

major risks for MS patients by further increasing damage to their musculature, which is 
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already markedly frail due to the disease itself. However, it has been suggested that some 

of reactive oxygen species produced during exercise can actually serve as signaling 

molecules driving some of the exercise adaptations (Powers et al., 2010). Therefore, a 

non-exacerbated oxidative response to exercise may not impose major issues. 

Oxidative stress occurs primarily under conditions that require fast oxygen 

consumption, overloading the electron transport chain, and under low oxygen availably, 

with the latter corresponding to what happens during LLRE+BFR. The application of 

restrictive cuffs commonly results in diminished arterial inflow and occlusion of venous 

outflow, which forces the muscle to operate in a low-oxygen environment. LLRE+BFR 

may further induce oxidative stress by ischemia/reperfusion post cuff deflation. These 

characteristics of LLRE+BFR have concerned scientists regarding the oxidative response 

to this method of training. Takarada et al. (2000) provided the first evidence that 

LLRE+BFR does not induce significant oxidative stress. Goldfarb et al. (2008) also 

reported no significant oxidative response after 3 sets to failure of LLRE+BFR (30% of 

1RM). Curiously, the authors reported significant oxidative stress immediately post and 

15 min post high-intensity resistance exercise as well as after 5 min of BFR application 

in the absence of exercise. Therefore, the resistance exercise combined with BFR seemed 

to attenuate the oxidative stress. Additionally, Garten et al. (2015) confirmed this ability 

of LLRE+BFR to attenuate oxidative stress post-exercise. The authors reported lower 

protein carbonyl concentrations after a single bout of low-load resistance exercise to 

failure (30% of 1-RM) with BFR or without BFR compared to high-intensity resistance 

exercise to failure (80% of 1-RM) with or without BFR, and also after BFR application 

in the absence of exercise. More research is needed in order to elucidate how LLRE+BFR 



33 

actually attenuates oxidative stress, however, there is strong evidence suggesting that 

LLRE+BFR does not induce significant oxidative stress. 

 

Resistance Training for Multiple Sclerosis Patients 

Several studies have demonstrated the ability of progressive resistance training to 

enhance several fitness parameters in people living with MS, including muscle size, 

strength, physical function, perceived fatigue, and others. Moreover, these results have 

been shown to ultimately result in improved quality of life. 

White et al. (2004), had 8 individuals diagnosed with MS complete 8 weeks of 

resistance training twice-weekly consisting of knee flexion and extension, plantarflexion, 

and spinal flexion and extension, at intensities ranging from 50% to 70% of maximal 

voluntary contractions. Although 8 weeks of resistance training did not elicit any changes 

in muscle cross-sectional area, there were significant improvements in several functional 

parameters, including strength gains (7.4% to 52%) and stepping performance (8.7%), as 

well as a decrease in the self-reported fatigue (from 32 to 26). In another study, Dalgas et 

al. (2009) had 19 individuals diagnosed with relapsing-remitting complete 12 weeks of 

progressive resistance training for the lower-body (leg press, knee extension, hip flexion, 

hamstrings curl, and hip extension), twice a week, with the number of sets and repetitions 

ranging from 3 to 4 and 8 to 12, respectively. Maximum isometric strength for the knee 

extensors and flexors, 1-RM strength, and functional capacity were measured before and 

after training. Following the 12-week training program, there were significant increases 

in all strength parameters (≈16% to 37%) and in functional capacity (21.5%) in the 

training group over the non-exercising control. The same training program has also been 
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shown to induce muscle fiber hypertrophy of the type II muscle fiber in MS patients 

(Dalgas et al., 2010). Furthermore, another study from the same research group 

demonstrated that this progressive resistance training program was also effective at 

improving fatigue, mood, and quality of life in people living with MS (Dalgas et al., 

2010). 

Additional studies have confirmed the ability of resistance training to improve 

muscle size, strength, power and physical function in individuals with MS (Broekmans 

et al., 2011; de Souza-Teixeira et al., 2009; Dodd et al., 2011). Interestingly, Dodd et al. 

(2006) performed a qualitative analysis to identify the self-reported positive and negative 

effects of progressive resistance training. The sample consisted of 8 participants that 

completed 10 weeks of resistance training performed twice a week. The participants cited 

improvements in many physical (e.g., strength, endurance, function, less fatigue, etc.), 

psychosocial (e.g., confidence, mood, etc.), and social (e.g., friendship, encouragement, 

and others) parameters as positive training outcomes. However, participants also 

identified muscle soreness, during and after exercise, as a negative short-term effect of 

resistance training. This highlights the importance of developing new resistance training 

interventions capable of eliciting positive long-term adaptations, while resulting in less 

mechanical stress and muscle damage, and, consequently, diminish muscle soreness. 

 

Summary of Review of Literature 

 In summary, the above review of the literature provides scientific background 

demonstrating that resistance exercise in combination with BFR has the potential of 

serving as a clinically relevant non-pharmacological tool to help improve physical fitness 
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and, consequently, enhance the quality of life of those suffering from MS. Besides being 

useful at potentially attenuating the effects of MS, LLRE+BFR also imposes low risks in 

terms of inducing muscle damage, inflammation, oxidative stress, mechanical stress. 

 The primary mechanisms discussed herein thought to drive the positive 

adaptations following LLRE+BFR include the exercise-induced metabolic stress, muscle 

activation, muscle swelling, hormonal responses, and the regulation of biomolecular 

pathways. However, additional research is needed to confirm if this is also applicable in 

the context of MS research. 

 Despite the strong evidence presented above supporting the hypothesis that LLRE-

BFR may benefit individuals with MS, there is surprisingly still no studies that were 

conducted to test that hypothesis. Thus, there is a critical need for studies to investigate 

the safety of this training method in this specific population as well as to test if individuals 

with MS can tolerate performing such a training protocol. Then, additional research is 

needed to prove whether this training modality may potentially result in long-term 

positive adaptations, such as increased muscle hypertrophy, strength, and physical 

function.  
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Chapter III: Methodology 

 

Participants 

Originally, five men and fifteen women with a physician confirmed diagnosis of 

relapsing-remitting MS volunteered for the current study, however, three people were not 

included for exhibiting higher physical activity levels, which included currently 

performing high-load resistance exercise, one person was removed for getting injured for 

reasons unrelated to the study, and one person requested to be withdrawn from the study. 

Therefore, the study included a total sample size of 15 participants (males: n = 4; females: 

n = 11) with a confirmed diagnosis of relating-remitting MS, aged 18 to 64 years from 

the Multiple Sclerosis Oklahoma Medical Research Foundation (OMRF) located in 

Oklahoma City, OK. Sample size was established based on a power analysis using 

previous data from our laboratory collected from healthy individuals. According to this 

analysis, 8 participants would be adequate to reach a statistical power of at least 0.80 

(Beck, 2013). 

 

Inclusion Criteria 

1. Relapsing-remitting MS diagnosis confirmed by a neurologist. 

2. A disability score ≤ 6.5 on the EDSS scale (Kurtzke, 1983). 

3. Age between 18 and 64 years. 

4. Non-pregnant women. 

5. Not resistance trained for the past 6 months. 
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6. Normotensive or controlled hypertension (arterial brachial blood pressure ≤ 140/90 

mm Hg). 

7. Ankle brachial index between 0.9 and 1.2. 

 

Exclusion Criteria 

1. Exacerbation of the disease symptoms during the period of the study. 

2. The occurrence of any injuries that could limit the performance of the exercise trials 

or strength tests included in the study. 

3. Failure to follow specific guidelines and instructions. 

4. A direct request from participant to be withdrawn from the study. 

 

Experimental Design 

This study consisted of a randomized, within-within subjects crossover design that 

required participants to complete a total of five visits to the Neuromuscular Laboratory. 

During the first visit, participants were informed about the study protocols and 

experimental procedures and provided written informed consent before any testing was 

initiated. Participants also filled out and signed standardized questionnaires. Then, 

participants completed a familiarization session for the 1-RM test. During visit two, 

participants rested for five to ten minutes before completing the measurements of brachial 

arterial blood pressure, ankle-brachial index, and total arterial occlusion pressure for both 

legs, specifically in this order. Participants then completed the 1-RM test for the 

horizontal two-leg leg press and bilateral knee extension exercises. At visit three, 

participants’ total body composition and bone mineral density were measured using DXA 
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scans, with one additional DXA scan at the spine and two at the hip (left and right side). 

Then, participants completed a second 1-RM test for the same two-leg press and bilateral 

knee extension exercises. Lastly, participants were familiarized with the sensation of 

performing resistance exercise while wearing the restrictive cuffs. During visits four and 

five, participants randomly completed the two experimental exercise trials (LLBFR-RE 

and HL-RE). There was a minimum three-day interval between visits two, three, and four 

and a 14-day period between visits four and five. 

For each exercise trial visit, participants arrived at the laboratory between 6:00 

AM and 8:00 AM, in a fasted state of at least eight hours. Participants, then, consumed a 

light breakfast consisting of yogurt, fruits, cereal, and orange juice, and rested for 15 

minutes in the seated position. After resting, the baseline measures of muscle thickness 

and thigh circumference were taken, followed by a nurse obtaining a sample of venous 

blood. Blood samples were be used to measure whole blood lactate, cortisol, and 

interleukin-6, myostatin, and mTOR concentrations. Participants then lifted a load 

equivalent to their highest 1-RM, previously assessed at visits two and three, which was 

also used to determine the loads to be lifted during each exercise trial and for superficial 

electromyography normalization. After that, the exercise session assigned for that day 

was initiated. Myoelectrical activity was continuously measured during exercise in the 

vastus medialis and vastus lateralis muscles of both legs. Ratings of pain were measured 

before and immediately after each set of leg press and knee extension as well as 5 min, 

30 min, 60 min, and 24 hours post-exercise. Ratings of perceived exertion were measured 

immediately after each set of both exercises. Muscle thickness and thigh circumference 



39 

were re-assessed immediately post-, 15 min post-, and 60 min post-exercise. Two 

additional blood samples were taken 5 min post- and 60 min post-exercise. 

 

Forms and Questionnaires 

 Participants were requested to fill out and sign all the following documents before 

any testing was carried out:  

1. Consent form: To ensure voluntary participation in the study. 

2. Health insurance portability and accountability act: To provide authorization for 

collection and usage of health-related information. 

3. Physical activity readiness questionnaire: To ensure that participants were safe to 

perform exercise (Shephard, 1988). 

4. International physical activity questionnaire: To collect information related to the 

participants’ physical activity levels (Hagströmer et al., 2006). 

5. Bone-specific physical activity questionnaire: To obtain information related to bone 

loading physical activity (Weeks & Beck, 2008). 

6. Self-administered Kurtzke Expanded Disability Status Scale (EDSS): To quantify the 

levels of disability of each participant (Kurtzke, 1983).  

7. Menstrual history questionnaire: To acquire information related to the regularity of 

the female participants’ menstrual cycle and hormonal replacement therapy history. 

8. Medical history questionnaire: to guarantee that participants met the inclusion criteria 

for this study and did not have any other diseases that would be negatively impacted 

by the study procedures or that could interfere with the study outcomes. 
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Arterial Brachial Blood Pressure 

Arterial brachial blood pressure was measured using a portable automatic monitor 

(BP710, OMRON, IL) placed on the left arm and with participants lying down in the 

supine position. Before the measurement, participants rested in a supine position for 5 to 

10 minutes in a quiet room. Measurements were taken in duplicate and the average was 

used in further analysis. 

 

Ankle-Brachial Index 

Ankle-brachial index (ABI) was measured following the measurement of blood 

pressure with participants lying down in the same position. A pneumatic inflatable cuff 

was manually inflated and used to measure the systolic blood pressure on both arms and 

ankles with the help of a handheld doppler placed on the radial and posterior tibial 

arteries, respectively. ABI was calculated as a ratio of the systolic blood pressure 

measured in the arms over the systolic blood pressure measured in the ankles.  

 

Total Arterial Occlusion Pressure 

Following the ABI measurement, the total amount of pressure required to totally 

occlude the arterial blood flow to each leg was measured with participants also lying 

down in the supine position. A 13.5 cm wide nylon cuff (SC12, D.E. Hokanson, Bellevue, 

WA, USA) connected to a rapid cuff inflator system (E20 Rapid Cuff Inflator, D. E. 

Hokanson, Bellevue, WA) was placed at the most proximal portion of the thigh and used 

to occlude arterial blood flow. A handheld Doppler probe (MD6 Doppler, D. E. 

Hokanson, Bellevue, WA, USA) coated will transmission gel was placed over the 
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posterior tibial artery and used to detect the auscultatory pulse. The cuff was first inflated 

to 50 mm Hg for approximately 20 seconds, deflated, and, then, re-inflated to the 

participant’s systolic blood pressure. From this point, the cuff was deflated and re-inflated 

in increments of 10 mm Hg until the auscultatory pulse was interrupted. Then, the cuff 

was slowly deflated until the pulse was re-detected by the Doppler. This procedure was 

repeated in the contralateral limb. The pressure displayed immediately before the pulse 

was re-detected was considered the total arterial occlusion pressure was used to calculate 

the 50% BFR pressure to be applied during exercise, as the average of the two legs. 

 

Standing Height and Body Mass 

Standing height and body mass was measured and used to calculate body mass 

index (BMI). Standing height was measured to the nearest 0.5 cm using a calibrated 

stadiometer (Stadi-O-Meter, Novel Products, Rockton, IL) attached to the wall. 

Participants were asked to stand straight with their body aliened to the stadiometer and 

with heels, back, and head touching the wall. Standing height was measured after 

participants inspired as much air as possible and held their breath for a few seconds. Body 

mass was measured to the neatest 0.1 kg using a calibrated digital scale (BWB-800A, 

TANITA, Japan). Participants were wearing as minimal amounts of clothing and as 

possible, free from accessories such as watches and necklaces, and with empty pockets. 

Body mass was measured with participants standing immobile on the scale for about 3 

seconds. BMI was calculated as body mass (kg) divided by the squared root of standing 

height (m). 
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Body Composition and Bone Mineral Density 

Dual-energy X-ray absorptiometry (GE Lunar Prodigy DXA, GE Healthcare, 

Madison, NI) scans were used to assess body composition and bone mineral density. A 

total of 4 scans were performed: total body, lumbar spine (from L1 to L4), and dual 

proximal femur (femoral neck, trochanter, and total hip). Body composition was 

measured for the whole body presented as bone-free lean body mass (BFLBM), fat mass 

(FM), and bone mineral content (BMC). All scans were analyzed using specific software 

(enCORE 16, Healthcare, WI). Quality assurance tests were performed at each testing 

day for calibration and to ensure that the device was working properly. Before each scan, 

participants were asked to remove shoes and any metal accessories (e.g., earrings, 

necklace, piercing, etc.) and to wear minimal clothing. During the scans, participants lied 

down in the supine position, with arms and legs straight, and head positioned 2 to 3 cm 

below the horizontal line at the top of the measuring table. Hips and shoulders were 

evenly spaced in the center of the table with arms positioned parallelly to the body without 

touching it. For the total body scan, straps were wrapped around the knees and ankles and 

were used to prevent movements and to keep the legs straight during the scan. Following 

the total body scan, a foam block was placed under both legs and knees, which were bent 

at 45 to 60 degrees. Participants were asked to maintain their hips and upper body straight, 

and to point out their navel so that the scan arm could be adjusted to 2 finger widths below 

the navel, and then to hold their arms upright while the lumbar spine is scanned. Upon 

lumbar spine completion, the foam block was removed, and were placed on each side of 

the foot brace using straps. During the hip scans, the leg being measured was kept straight 

during assessment. The same procedure was repeated in the contralateral limb. Radiation 
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exposure ranged from 0.08 to 0.18 mrem per scan for each participant. All scans and 

follow-up analyses were performed by the same technician. The coefficients of variation 

for the DXA scans in the bone lab range between 1.2 – 1.7% for the total body scans, 1.3 

- 1.8% for the dual hip, and 1.8% for the lumbar spine. 

 

One-Repetition Maximum Test 

Participants completed bilateral one-repetition maximum (1-RM) tests for the 

horizontal leg press and knee extension exercises (Cybex International Inc., Medway, 

MA, USA), which were used to determine the loads to be lifted during each experimental 

trial. The tests were performed during visits two and three and followed guidelines from 

the National Strength and Conditioning Association (Baechle & Earle, 2016). The 1-RM 

test represented the maximum amount of weight that could be lifted in a single attempt 

through a full range of motion. Before starting the test, participants were introduced to 

proper technique and performed an initial warmup with a load that easily allowed the 

completion of 8 to 10 repetitions; then, the weight was increased, and participants 

completed 4 to 5 repetitions; next, the weight was increased again, and participants 

performed 2 to 3 repetitions. Following the warmups, the weight was progressively 

increased until the participant was no longer able to complete a repetition with proper 

form through a full range of motion. Participants were given 2 to 4 min to rest between 

warmups and between each maximal attempt. The 1-RM was considered the last load 

lifted with proper form through a full range of motion. The 1-RM for each participant 

was obtained within 3 to 5 attempts. There was a minimum rest period of 3 minutes 

between the 1-RM test for the leg press and the knee extension exercises. The same 
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trained technician administered all tests for each participant. Reliability estimates for the 

1-RM tests are presented in the results section. 

 

Surface Electromyography 

Myoelectric activity was measured using surface electromyography (sEMG) and 

was represented as root mean square (RMS). Data acquisition was carried out using an 

amplifier system (MP-100, BIOPAC systems Inc, CA) and superficial bipolar electrodes 

(EL503, BIOPAC systems Inc, CA), placed over the vastus medialis and vastus lateralis 

muscles of both legs with an inter-electrodes distance of 2 cm. Electrodes’ placement 

followed the recommendations from the SENIAM project (surface ElectroMyoGraphy 

for the Non-Invasive Assessment of Muscles). The skin was shaved, abraded, and 

whipped with alcohol prior to electrode placement. Although the intent was 

electromyography signal to be sampled at a rate of 2000 Hz, due to technical error, the 

signal was collected at 200 Hz. However, a similar procedure has previously been 

reported in a study investigating myoelectric activity in individuals with MS (Dalgas et 

al., 2013). The signal was full-wave rectified and a low pass 4th order Butterworth filter 

with a 6 Hz cut-off frequency was used prior to the calculation of the root mean squares. 

Prior to the start of each exercise bout, participants lifted their 1-RM load while sEMG 

was recorded. This recording was used for signal normalization. Additionally, 

participants performed 3 repetitions at 70% of their 1RM with 50% of BFR before the 

LLRE+BFR exercise protocol. The same number of repetitions was performed at 20% of 

1-RM without BFR before the HI-RE exercise trial. This procedure was used to 

investigate the impact of BFR on the sEMG signal. sEMG was also recorded continuously 
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at each set during exercise and stored in a personal computer. The signal was analyzed at 

the end of the study using specialized software (Acknowledge 3.9.1, BIOPAC systems 

Inc, CA) using the concentric and eccentric contractions for all the 4 sets of both exercises 

for each experimental condition. 

 

Whole-blood Lactate 

Whole-blood lactate (WBL) was measured in mmol/L using a portable lactate 

analyzer (Lactate Plus, Nova Biomedical Corporation, Waltham, MA, USA). Intravenous 

blood samples of about 0.7 µL were collected after a 5-min rest period at baseline and 5 

min and 60 min post-exercise. The portable lactate analyzer was calibrated at least once 

a day before data collection using low (1.0 to 1.6 mmol/L) and high (4.0 to 5.4 mmol/L) 

control solutions (Lactate Plus, Nova Biomedical Corporation, Waltham, MA, USA). All 

analyses were performed in duplicate and used to calculate intra- and inter-day intraclass 

correlation coefficients (ICCs) and minimal differences needed to be considered a real 

change (MD). The inter- and intra-tests ICCs for WBL measurements were 0.985 and 

0.994, respectively. 

 

Muscle Thickness 

Muscle thickness was measured to the nearest 0.1 cm using a B-mode ultrasound 

device and a 5 MHz linear probe (UF-750XT, Fukuda Denshi, Japan) at the 50% anterior 

portion of both thighs, before, immediately post-, 30 min post-, and 60 minutes post-

exercise. The measurements were performed at the 50% portion of the thigh, which 

consisted of the distance from the greater trochanter to the lateral condyle of the femur. 
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This site was marked with semi-permanent ink to ensure consistency of the measurements 

between visits. Transmission gel was placed over the linear probe, which was positioned 

perpendicularly to the skin interface without causing any depression. Muscle thickness 

was considered as the distance from the subcutaneous adipose tissue-muscle interface to 

the muscle-bone interface, measured in a straight line. All measurements were be 

performed with participants seating down, feet positioned shoulder width apart, arms 

straight. All measures were obtained by the same trained technician. The ICCs between 

visits for muscle thickness measured in the right and left legs were 0.925 and 0.972, 

respectively. 

 

Thigh Circumference 

 Thich circumference was measured to the nearest 0.1 cm using a tape measure at 

the same time points and in the same sites used to measure muscle thickness. Thigh 

circumference was measured with the participant seating down, feet positioned shoulder 

width apart, and arms straight. All measures obtained by the same trained technician. The 

ICCs between visits for thigh circumference measured in the right and left legs were 0.980 

and 0.991, respectively 

 

Hematocrit and Plasma Volume Change 

Hematocrit was measured at baseline, 5 min post-, and 60 min post-exercise using 

venous blood samples (approximately 6 µL in volume) collected from the antecubital 

vein and transferred to microhematocrit heparinized capillary tubes. The blood was 

allowed to rest at room temperature for approximately 5 min and then it was centrifuged 
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for 2 min at 16,000 rpm (StatSpin, Norwood, MA). The reading was performed using a 

manual reader plate and all measurements were performed in duplicate. Percent plasma 

volume change will be calculated using the following equation (Van Beaumont, 1972):  

%𝑃𝑉∆=
100

(100 −	𝐻𝐶𝑇!"#)
× 100 0

𝐻𝑇𝐶!"# − 𝐻𝐶𝑇!$%&
𝐻𝐶𝑇!$%&

1 

Then, the concentration of the blood markers measured in this study were 

corrected for the changes in plasma volume using individual values and using the 

following equation: 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑'$(' =	𝑈𝑛𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑'$(' 	× 0
100 + 	%𝑃𝑉∆

100 1 

 

Blood Handling and Assays 

Venipunctures were performed to collect blood samples of approximately 7.5 mL 

by a certified nurse. Following each blood draw, the blood was allowed to rest and clot 

at room temperature for about 30 min. Then, it was centrifuged at 2,000 G for 15 min and 

serum was separated, pipetted into ½ mL aliquots, and frozen at -80 °C until all assays 

were performed at the end of the study. All assays for mammalian target of rapamycin 

complex 1 (mTOR), myostatin, interleukin-6 (IL-6), and cortisol were performed using 

specialized kits following manufacturers’ instructions (Appendix D). In summary, the 

procedures were in initiated by letting the serum samples and the assay kit rest for 

approximately an hour until reaching room temperature. Then, the standards would be 

diluted following the instructions from each assay kit, and 100 microliters would be 

transferred to the first wells of the microtiter plate, followed by the transfer of 

approximately 50 microliters of serum samples to the remaining wells. Blank wells would 
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be used if determined by the manufacture. The remaining steps included the addition of 

reagents, that varied according to the ELISA kits being used, and rounds of incubation 

between 60 and 30 min. Finally, the microtiter plate was transferred to spectrophotometer 

device and read at 450 nm. The intra and inter-assay CVs for the mTOR, myostatin, IL-

6, and cortisol assays were, respectively: 4% and 11.5%; 7% and 13%; 5% and 11%; and 

3.5% and 10%. The ELISA kits were purchased from the following manufactures: USA 

R&D Systems (IL-6), DRG Instruments GmbH (Cortisol), MyBiosource (myostatin), and 

Bioassay Technology Laboratory (mTOR). 

 

Ratings of Perceived Exertion 

RPE was measured using the OMNI perceived exertion scale for resistance 

exercise (OMNI-RES) (Robertson et al., 2003), designed to measure effort immediately 

after each set of resistance exercise. In addition to numeric values linked to verbal 

anchors, the scale also includes figures to help participants rate their perceived exertion. 

The scale is divided into 11 categories from 0 to 10, as follows: 0 = extremely easy, 2 = 

easy, 4 = somewhat easy, 6 = somewhat hard, 8 = hard, and 10 = extremely hard. No 

verbal anchors are given in association with the numbers 2, 4, 6, and 8. The scale was 

carefully explained to the participants and they were familiarized with the scale during 

the exercise familiarization session at visit 2 and an anchoring procedure for the scale 

was performed during visits three. Participants were also reminded on how to properly 

use the scale prior to each experimental trial session.  
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Ratings of Pain 

The ratings of pain and ratings of delayed onset muscle soreness were assessed 

using a visual verbal analog scale (Cook et al., 1997). This scale combines numeric values 

with verbal anchors and is divided into 12 categories from 0 to 10, as follows: 0 = no pain 

at all, 0.5 = very faint pain (just noticeable), 1 = weak pain, 2 = mild pain, 3 = moderate 

pain, 4 = somewhat strong pain, 5 = strong pain, 7 = very strong pain, 10 = extremely 

intense pain (almost unbearable). No verbal anchors were given in association with the 

numbers 6, 8, and 9. On the top of the scale, there was also a point (•) with the verbal 

anchor “unbearable pain”. Participants were shown the scale and asked to rate the amount 

of pain or pain that they felt in their legs before the start of each exercise bout (LP and 

KE) and immediately after each set of exercise. Participants were also asked to rate their 

levels of pain at 5 min, 30 min, and 60 min post-exercise. Moreover, participants were 

contacted via phone 24 hours following each exercise trial and asked to rate their levels 

of delayed-onset muscle soreness using the scale.  The scale was carefully explained to 

the participants and they were familiarized with the scale during the exercise 

familiarization session at visit 3. Participants were reminded on how to properly use the 

scale prior to each experimental trial session.  

 

Modified Fatigue Impact Scale 

Participants were required to rate their levels of symptomatic fatigue using the 

Modified Fatigue Impact Scale (MFIS) (Multiple Sclerosis Council for Clinical Practice 

Guidelines, 1998) during each visit. The scale contains 21 items, including 9 physical 

items, 10 cognitive items, and 2 psychosocial items. The maximum score possible is 84, 
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with higher scores indicating greater fatigue. Previous studies have confirmed the 

reliability and validity of the MFIS (Flachenecker et al., 2002; Téllez et al., 2005). This 

scale was used to guarantee that participants will display similar levels of fatigue during 

both exercise trials. Therefore, participants’ levels of fatigue during the last two trial 

sessions were considered different if a standard deviation greater than 2.5 was observed, 

calculated based on the score of the first 3 visits. In this case, the visit would be 

rescheduled for another day, in which the participants’ fatigue levels would be reassessed. 

All participants’ MFIS scores were within the 2.5 standard deviation limit and, thus, no 

visit had to be rescheduled. 

 

Contraction Speed 

An iOS-based metronome application (MetroTimer 4.6, ONYX 3) was used to 

control the speed of both the concentric and eccentric portion of the contraction during 

all exercise trials. The metronome was set at 40 bpm, which allowed 1.5 second for each 

portion of the contraction. Participants were familiarized with this pace during the 

exercise familiarization session and, during the actual experimental trials, participants 

received verbal encouragement to maintain the pre-determined contraction speed. 

 

Resistance Exercise Protocols 

 Participants were required to randomly complete the following exercise 

conditions: low-load resistance exercise with BFR (LLRE+BFR) and high-load resistance 

exercise without BFR (HL-RE). The LLRE+BFR condition consisted of 4 sets of 

30+15+15+15 repetitions of both bilateral horizontal leg press and knee extension 
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exercises, performed at 20% of the individual’s 1-RM, with a 1-minute rest interval 

between sets and 3-min between exercises, and at a metronome-controlled pace of 1.5 

second for each portion of the contraction. Arterial blood flow to both legs were restricted 

by 50% of the total arterial occlusion pressure using a pair of 13.5 cm wide nylon cuffs 

(SC12, D.E. Hokanson, Bellevue, WA) connected to a rapid inflator device (E20 Rapid 

Cuff Inflator, D. E. Hokanson, Bellevue, WA) and placed at the most proximal portion 

of each thigh. The cuffs were inflated immediately before exercise and deflated following 

completion of the last set of leg press and knee extension exercises. Thus, cuffs remained 

inflated during the entire exercise period, including the between sets rest intervals, but 

were deflated during the 3-min interval between leg press and knee extension. For the 

HL-RE exercise condition, participants completed 4 sets of 8 to 10 repetitions of the same 

leg press and knee extension exercises, at 70% of 1-RM, with the same rest interval 

between sets and exercises, and at the same contraction speed. No BFR was applied 

during the HL-RE testing condition. 

 

Statistical Analyses 

Data Distribution 

Descriptive and graphical information from histograms and Q-Q plots 

supplemented by the Shapiro Wilk test were used to determine data distribution. All data 

was analyzed using RStudio 3.6.1 (R Foundation for Statistical Computing, Vienna, 

Austria) and significance level was set at p ≤ 0.05. 
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Parametric Data 

Parametric data consisted of 1-RM strength values, whole-blood lactate, sEMG, 

muscle thickness, thigh circumference, and all blood markers. These variables were 

analyzed using two-way (condition x time) repeated measures analyses of variance to test 

all main effects and interactions. In the case of significant interactions, pairwise t tests 

were used to test the simple effects. Familywise error rate was controlled using the 

Bonferroni procedure. If the sphericity assumption was not met, the Greenhouse-Geisser 

correction was used.  

Generalized eta-squared (𝜂!") was used as estimates of effect size for all main 

effects and interactions and was interpreted as follows: 0.02 as small, 0.13 as medium, 

and 0.26 as a large effect size (Cohen, 1988). Cohen’s d was calculated as estimates of 

effect size for the pairwise comparisons, whenever deemed necessary. Intraclass 

correlation coefficients were calculated as test-retest reliability estimates for the 1-RM 

tests based on an absolute agreement, two-way mixed-effects model. The standard error 

of the measurement (SEM) was calculated as the squared root of the mean squared error 

and was be used to calculate the minimum difference (MD) needed to be considered a 

real change (MD=SEM × 1.96 ×√2) with a 95% confidence interval. All parametric data 

are presented as means ± SD, unless stated otherwise. 

Nonparametric data  

Nonparametric data consisted of RPE, ratings of pain, and MFIS scores. 

Therefore, these variables were analyzed using nonparametric statistics. The Wilcoxon 

test was used to compare the two experimental conditions within specific time points. 

The Friedman’s nonparametric test was used to test for significant differences in the 
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median rank scores across the time points. If a significant difference was detected, 

pairwise Wilcoxon nonparametric tests with Bonferroni procedure were used to locate 

the differences. Nonparametric data are presented as Winsorized means ± Winsorized 

SD. 
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Chapter IV: Results and Discussion 

Results Section  

Descriptive Characteristics 

Table 1 presents the descriptive characteristics of all participants included in the 

study. Out of the 11 female participants included, 3 were post-menopausal, 2 were not 

taking any oral contraceptives, and 5 were taking hormonal contraceptives (Skyla IUD, 

Mirena [2 participants], Lo Loestrin Fe, Trinessa, Vivelle-Dot). 

 

Table 1. Participants’ descriptive characteristics (n = 15). 
Variable Mean ± SD Minimum Maximum 
Expanded disability status scale (EDSS) 1.87 ± 1.51 0.00 5.50 
Age (years) 45.67 ± 9.35 33.40 64.00 
Standing height (cm) 170.03 ± 7.06 155.00 182.50 
Total body mass (kg) 91.74 ± 19.63 61.40 120.70 
Body mass index (kg/m2) 31.91 ± 7.18 18.83 40.10 
Bone-free lean mass (kg) 49.24 ± 7.11 38.83 60.12 
Fat mass (kg) 39.84 ± 14.64 15.10 63.11 
Body fat (%) 43.33 ± 8.97 25.71 54.00 
Total body bone mineral content (kg) 2.66 ± 0.39 1.90 3.34 
Total body BMD (g/cm2) 1.245 ± 0.15 0.98 1.50 
Spine region BMD (g/cm2) 1.261 ± 0.15 1.01 1.53 
Total hip BMD (g/cm2) 1.002 ± 0.14 0.78 1.24 
Femoral neck BMD (g/cm2) 0.972 ± 0.16 0.71 1.28 
Trochanter BMD (g/cm2) 0.800 ± 0.11 0.61 0.96 
Z-score for total body BMD 0.59 ± 1.00 -1.2 2.00 
Z-score for spine region BMD 0.16 ± 0.94 -1.40 1.40 
Z-score for total hip BMD -0.39 ± 0.76 -1.60 1.30 
Z-score for femoral neck BMD -0.38 ± 0.92 -1.80 1.40 
Z-score for trochanter BMD -0.81 ± 0.71 -2.00 0.10 
T-score for total body BMD 1.31 ± 1.39 -1.00 4.10 
T-score for spine region BMD 0.77 ± 1.20 -1.40 2.90 
T-score for total hip BMD -0.04 ± 1.12 -1.80 1.90 
T-score for femoral neck BMD -0.51 ± 1.17 -2.40 1.70 
T-score for trochanter BMD -0.44 ± 0.98 -2.10 0.90 
Left leg occlusion pressure (mmHg) 169.33 ± 26.00 128 214 
Right leg occlusion pressure (mmHg) 161.13 ± 21.17 123.00 194 
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 Regarding their levels of physical activity, 3 participants were classified as high, 

3 as moderate, and 9 as low levels of physical activity (Table 2). Table 2 also presents 

data from the Bone Specific Physical Activity Questionnaire. 

 

Table 2. Participants’ physical activity characteristics (n = 15). 
Variable Mean ± SD Minimum Maximum 

Total physical 
activity MET 
 

6447.70 ± 6855.11 803 26898 
 

Walk MET 2603.70 ± 3848.42 0 11088 
 

Moderate 
physical 
activity MET 
 

3465.33 ± 4322.05 110 13410 

Vigorous 
Physical 
Activity MET 
 

378.67 ± 740.98 0 2400 
 

Current BPAQ 
 

0.22 ± 0.63 0 2.35 

Past BPAQ 
 

277.66 ± 268.55 66.36 1141.28 

Total BPAQ 140.47 ± 133.8 33.18 571.82 
BPAQ: Bone Specific Physical Activity Questionnaire, MET: Metabolic equivalent. 

Table 3 presents the exercise volumes achieved within each of the experimental 

exercise conditions, for the leg press and knee extension exercises. 

Table 3. Exercise volume (kg) for each exercise condition during leg press and knee 
extension (n = 15). 

 Leg press Knee extension 
LLRE+BFR 1727.35 ± 433.43 790.12 ± 203.15 
HL-RE 3685.01 ± 924.66** 1573.16 ± 457.54** 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. 
**Significantly greater than LLRE+BFR at p < 0.01. Data are mean ± SD. 
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Physiological responses 

Whole-Blood Lactate 

A significant condition × time interaction (F = 14.905, p = 0.001, η)*  = 0.15) and 

significant condition (F = 31.118, p < 0.001, η)*  = 0.16) and time (F = 53.046, p = 0.001, 

η)*  = 0.60) main effects were observed for whole-blood lactate (Table 4 and Figure 1). 

Further analyses revealed that HL-RE resulted in significantly greater lactate levels 5 min 

post-exercise compared to the LLRE+BFR condition (p < 0.001, d = 1.03), with no 

significant differences between trials at baseline (p = 0.11) or 60 min (p = 0.055) post-

exercise. Furthermore, for both conditions, whole-blood lactate was significantly elevated 

from baseline levels 5 min post-exercise (p < 0.001), however, it returned to pre-exercise 

levels 60 min post-exercise (p = 1.00). 

 

Table 4. Absolute values for whole-blood lactate concentration (mmol/L) before and after 
each exercise condition (n = 15). 

      Pre      5 min     60 min 
LLRE+BFR 0.94 ± 0.51 2.20 ± 0.67 αβ 0.92 ± 0.41 
HL-RE 1.19 ± 0.70 3.72 ± 1.41**αβ 1.08 ± 0.42 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. 
**Significantly greater than LLRE+BFR at p < 0.01, αSignificantly different than pre at p 
< 0.05, βSignificantly different than 60 min at p < 0.05. Data are mean ± SD. 
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Figure 1. Individual absolute changes from baseline in whole-blood lactate concentration 
(mmol/L) from pre-exercise at 5 min and 60 min following each exercise condition (n = 
15). 
LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. Filled symbols (i.e., ●/◼) represent females and clear symbols (i.e., 
◻/○) represent males. 
**Significantly greater than LLRE+BFR at p < 0.05. 
 

Hematocrit 

There was a significant condition × time interaction (F = 3.67, p < 0.039, η)*  = 

0.01) but no significant condition (F = 0.02, p = 0.866, η)*  < 0.01) nor time (F = 0.13, p 

= 0.879, η)*  < 0.01) main effects for the changes in hematocrit levels (Table 5). Further 

analysis of the condition × time interaction using pairwise comparisons revealed that such 

effect does not actually exist (p ≥ 0.06). 
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Table 5. Mean values for hematocrit concentration (%) before and after each exercise 
condition (n = 14). 
 Rest 5 min 60 min 
LLRE+BFR 43.04 ± 3.04 43.48 ± 2.92 42.71 ± 3.54 
HL-RE 43.02 ± 2.92 43.66 ± 3.22 43.45 ± 3.17 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. Data are mean ± SD. 
 

Plasma Volume Change 

There was not a significant condition × time interaction (F = 3.67, p < 0.039, η)*  

= 0.01) nor significant condition (F = 0.02, p = 0.866, η)*  < 0.01) or time (F = 0.13, p = 

0.879, η)*  < 0.01) main effects for the changes in plasma volume (Table 6).  

 

Table 6. Mean values for plasma volume changes (%) following each exercise condition 
(n = 14). 
 Rest 5 min 60 min 
LLRE+BFR - -1.67 ± 5.37 1.59 ± 6.85 
HL-RE - -2.41 ± 5.87 -1.45 ± 7.43 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. Data are mean ± SD. 
 

Cortisol 

 Data from only 13 participants were used for statistical analyses. One 

female was excluded for missing one blood draw and another female was removed due 

to exaggeratedly high cortisol levels during the HL-RE testing visit. The uncorrected 

cortisol concentration for this participant were 1369.65 ng/mL at rest, 2184.382 ng/mL 5 

min post-exercise (Δ = 814.73 ng/mL), and 3841.92 ng/mL 60 min post-exercise (Δ = 

2472.71 ng/mL). 

Plasma cortisol concentrations were corrected for plasma volume changes and 

thus will be presented as corrected as well as uncorrected concentrations. As displayed 
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on Table 7 and Figure 2, there was a significant time main effect (F = 5.61, p = 0.02, 𝛈𝑮𝟐  

= 0.05) but no significant condition main effect (F = 0.02, p = 0.89, 𝛈𝑮𝟐  < 0.01) or 

condition × time interaction (F = 2.40, p = 0.112, 𝛈𝑮𝟐  = 0.01) for the uncorrected cortisol 

concentration. Pairwise comparisons revealed no significant changes in uncorrected 

cortisol concentrations from pre-exercise (169.56 ± 24.18 ng/mL) at 5 min post-exercise 

(152.32 ± 15.57 ng/mL, p = 0.52), but there was a significant decrease 60 min post-

exercise (125.13 ± 18.94 ng/mL) compared to pre-exercise (p < 0.01) and 5 min post-

exercise (p = 0.02) measures. 

Similar results were observed for the corrected plasma cortisol concentrations 

with a significant time main effect (F = 5.18, p = 0.029, η)*  = 0.06) being detected, but 

no significant condition main effect (F = 0.02, p = 0.893, η)*  < 0.01) or condition × time 

interaction (F = 2.10, p = 0.143, η)*  = 0.01). Follow-up analyses of the time main effect 

demonstrated no significant changes in corrected cortisol concentrations from pre (169.56 

± 24.18ng/mL) compared to 5 min post-exercise (148.95 ± 18.65 ng/mL, p > 0.37), but 

there was a significant decrease 60 min post-exercise (123.10 ± 13.38 ng/mL) compared 

to pre (p < 0.001) and 5 min post-exercise (p = 0.032). 

 

Table 7. Cortisol responses (ng/mL) before and after each exercise condition (n = 13). 
Uncorrected values Pre 5 min 60 min α 
LLRE+BFR 168.74 ± 25.44 161.53 ± 20.20 115.00 ± 12.98 
HL-RE 170.38 ± 25.78 143.12 ± 19.56 135.26 ± 18.93 
Corrected values Pre 5 min 60 min α 
LLRE+BFR 168.74 ± 25.44 159.12 ± 20.47 115.45 ± 12.44 
HL-RE 170.38 ± 25.78 138.78 ± 18.55 130.76 ± 15.41 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. 
αSignificantly different than pre at p < 0.05. Data are mean ± SE. 
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Figure 2. Individual absolute changes in corrected cortisol concentration (ng/mL) from 
pre-exercise at 5 min and 60 min following each exercise condition (n = 13).  
LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. Filled symbols (i.e., ●/◼) represent females and clear symbols (i.e., 
◻/○) represent males. 
αSignificantly different than pre at p < 0.05. 
 

Inflammation 

As illustrated in Table 8 and Figure 3, there were no significant condition × time 

interactions (uncorrected: F = 0.24, p = 0.71, η)*  < 0.01; corrected: F = 0.49, p = 0.55, η)*  

< 0.01) nor condition (uncorrected: F = 0.09, p = 0.77, η)*  < 0.01; corrected: F = 0.13, p 

= 0.72, η)*  < 0.01) or time (uncorrected: F = 0.79, p = 0.41, η)*  < 0.01; corrected: F = 1.1, 

p < 0.32, η)*  < 0.01) main effects for either uncorrected or corrected serum IL-6 

concentrations. 
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Table 8. IL-6 concentrations (pg/mL) before and after each exercise condition (n = 14). 
Uncorrected values Rest 5 min 60 min 
LLRE+BFR 2.69 ± 0.64 2.66 ± 0.69 3.02 ± 0.75 
HL-RE 2.70 ± 0.50 2.58 ± 0.51 2.80 ± 0.58 
Corrected values Rest 5 min 60 min 
LLRE+BFR 2.69 ± 0.64 2.64 ± 0.70 3.14 ± 0.81 
HL-RE 2.70 ± 0.50 2.57 ± 0.52 2.80 ± 0.59 

BFR: blood flow restriction resistance exercise, HL-RE: high-load resistance exercise. 
Data are mean ± SE. 
 
 

 
Figure 3. Individual absolute changes in interleukin-6 concentration (pg/mL) from pre-
exercise at 5 min and 60 min following each exercise condition (n = 13). 
LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. Filled symbols (i.e., ●/◼) represent females and clear symbols (i.e., 
◻/○) represent males. 
 

Mammalian Target of Rapamycin Complex 1 

There were no significant condition × time interactions (uncorrected: F = 2.16, p 

= 0.14, η)*  < 0.01; corrected: F = 0.40, p = 0.11, η)*  < 0.01) nor condition (uncorrected: 

F = 0.04, p = 0.84, η)*  < 0.01; corrected: F = 0.29, p = 0.60, η)*  < 0.01) or time 
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(uncorrected: F = 0.25, p = 0.78, η)*  < 0.01; corrected: F = 0.29, p = 0.75, η)*  < 0.01) 

main effects for either uncorrected or corrected serum mTOR concentrations (Table 9 and 

Figure 4). 

 

Table 9. Absolute values for mTOR concentration (pg/mL) before and after each exercise 
condition (n = 14). 
Uncorrected values Rest 5 min 60 min 
LLRE+BFR 8.40 ± 1.54 7.82 ± 1.48 8.15 ± 1.51 
HL-RE 7.99 ± 1.72 8.34 ± 1.59 7.89 ± 1.45 
Corrected values Rest 5 min 60 min 
LLRE+BFR 8.40 ± 1.54 7.73 ± 1.48 8.48 ± 1.66 
HL-RE 7.99 ± 1.72 8.30 ± 1.67 7.91 ± 1.55 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. Data are mean ± SE. 
 

 
Figure 4. Individual absolute changes in corrected mTOR concentration (pg/mL) from 
pre-exercise at 5 min and 60 min following each exercise condition (n = 13). 
LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. Filled symbols (i.e., ●/◼) represent females and clear symbols (i.e., 
◻/○) represent males. 
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Myostatin 

There were no significant condition × time interactions (uncorrected: F = 1.89, p 

= 0.19, η)*  = 0.02; corrected: F = 1.75, p = 0.21, η)*  = 0.02) nor condition (uncorrected: 

F = 1.23, p = 0.29, η)*  < 0.01; corrected: F = 1.43, p = 0.25, η)*  = 0.01) or time 

(uncorrected: F = 0.63, p = 0.46, η)*  = 0.01; corrected: F = 1.03, p = 0.34, η)*  = 0.01) 

main effects for either uncorrected or corrected serum myostatin concentrations (Table 

10 and Figure 5). 

 

Table 10. Mean values for myostatin concentration (pg/mL) before and after each 
exercise condition (n = 14). 
Uncorrected values Pre-exercise 5 min 60 min 
LLRE+BFR 2.11 ± 0.42 1.65 ± 0.17 1.73 ± 0.19 
HL-RE 1.63 ± 0.18 1.77 ± 0.22 1.66 ± 0.18 
Corrected values Pre-exercise 5 min 60 min 
LLRE+BFR 2.11 ± 0.42 1.62 ± 0.18 1.69 ± 0.81 
HL-RE 1.63 ± 0.18 1.70 ± 0.22 1.58 ± 0.19 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. Data are mean ± SE. 
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Figure 5. Individual absolute changes in corrected myostatin concentration (pg/mL) from 
pre-exercise at 5 min and 60 min following each exercise condition (n = 13). 
LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. Filled symbols (i.e., ●/◼) represent females and clear symbols (i.e., 
◻/○) represent males. 
 

Muscle Thickness 

There was a significant time main effect (right leg: F = 13.196, p < 0.001, η)*  = 

0.03; left leg: F = 14.921, p < 0.001, η)*  = 0.624), but no significant condition main effect 

(right leg: F < 0.01, p = 0.98, η)*  < 0.01; left leg: F = 0.212, p = 0.65, η)* 	= 0.023) or 

condition × time interaction (right leg: F = 0.735, p = 0.50, η)*  < 0.01; left leg: F = 0.538, 

p = 0.660, η)*  = 0.056) for muscle thickness measured in both the right and left legs (Table 

11 and Figure 6). Further analyses revealed that, for the right leg, muscle thickness 

significantly increased from pre-exercise levels (3.43 ± 0.70 cm) at immediately post- 

(3.76 ± 0.68 cm, p < 0.01) and 30 min post-exercise (3.58 ± 0.73 cm, p = 0.03) and 
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returned to resting levels 60 min post-exercise (3.48 ± 0.70 cm, p = 1.00). Additionally, 

immediately post- (p < 0.01) and 30 min (p = 0.02) post-exercise measures were also 

significantly greater than 60 min post-exercise levels. Similar results were observed for 

the left leg with muscle thickness peaking immediately post-exercise (3.81 ± 0.66 cm) 

compared to resting (3.44 ± 0.61 cm, p < 0.01), 30 min (3.54 ± 0.68 cm, p < 0.01) and 60 

min (3.45 ± 0.68 cm, p < 0.01) post-exercise values. 

 

Table 11. Absolute values for muscle thickness before and after each exercise condition 
(n = 10). 
Right Leg Pre-exercise α 0 min β 30 min β 60 min α 
LLRE+BFR 3.39 ± 0.64 3.75 ± 0.61 3.59 ± 0.63 3.52 ± 0.61 
HL-RE 3.46 ± 0.80 3.77 ± 0.78 3.57 ± 0.85 3.44 ± 0.82 
Left Leg Pre-exercise α 0 min β 30 min α 60 min α 
LLRE+BFR 3.44 ± 0.60 3.82 ± 0.58 3.61 ± 0.64 3.49 ± 0.61 
HL-RE 3.44 ± 0.65 3.80 ± 0.76 3.48 ± 0.84 3.43 ± 0.78 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. 
αβDifferent Greek letters represent significant (p < 0.05) time main effect differences. 
Data are mean ± SD. 
 

 

 
Figure 6. Individual absolute changes in muscle thickness (cm) from pre-exercise 
immediately post- and at 30 and 60 min following each exercise condition (n = 10). 
A: Right leg, B: left Leg, LLRE+BFR: low-load resistance exercise with blood flow 
restriction, HL-RE: high-load resistance exercise. Filled symbols (i.e., ●/◼) represent 
females and clear symbols (i.e., ◻/○) represent males. 
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Thigh Circumference 

There was a significant time main effect for thigh circumference (Table 12 and 

Figure 7) for both right and left legs (right leg: F = 13.16, p < 0.001, η)*  = 0.01; left leg: 

F = 16.45, p < 0.001, η)*  < 0.01), but no significant condition main (right leg: F = 0.02, p 

= 0.897, η)* 	< 0.01; left leg: F = 0.46, p = 0.510, η)*  < 0.01) effect or significant condition 

× time interaction (right leg: F = 0.33, p = 0.806, η)*  < 0.01; left leg: F = 0.143, p = 0.860, 

η)*  = 0.01). Follow up analysis of the time main effect, for the right leg, revealed that 

thigh circumference increased significantly compared to pre-exercise levels (61.52 ± 9.36 

cm) immediately post- (62.36 ± 9.30 cm, p < 0.01) and 30 min post-exercise (61.99 ± 

9.36 cm, p = 0.01), which were both significantly greater than 60 min-post-exercise 

(61.25 ± 9.25 cm, p < 0.01 for both). Regarding the left leg, significant increases from 

baseline (61.15 ± 9.63 cm) were detected only immediately post-exercise (62.14 ± 9.75 

cm), which was also significantly greater than 30 min (61.52 ± 9.57 cm, p < 0.01) and 60 

min (60.72 ± 9.32 cm) post-exercise measures. 

 

Table 12. Absolute values for thigh circumference (cm) before and after each exercise 
condition (n = 15). 
Right Leg Pre-exercise α 0 min β 30 min β 60 min α 
LLRE+BFR 61.57 ± 9.58 62.37 ± 9.62 61.85 ± 9.51 61.24 ± 9.20 
HL-RE 61.47 ± 9.47 62.35 ± 9.32 62.12 ± 9.54 61.26 ± 9.62 
Left Leg Pre-exercise α 0 min β 30 min α 60 min α 
LLRE+BFR 61.29 ± 9.63 62.21 ± 9.8 61.59 ± 9.95 60.88 ± 9.45 
HL-RE 61.03 ± 9.95 61.99 ± 10.08 61.43 ± 9.74 60.57 ± 9.51 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. 
αβDifferent Greek letters represent significant (p < 0.05) time main effect differences. 
Data are mean ± SD. 
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Figure 7. Individual absolute changes in thigh circumference (cm) from Pre-exercise 
immediately post- and at 30 and 60 min following each exercise condition (n = 10). 
A: Right leg, B: left Leg, LLRE+BFR: low-load resistance exercise with blood flow 
restriction, HL-RE: high-load resistance exercise. Filled symbols (i.e., ●/◼) represent 
females and clear symbols (i.e., ◻/○) represent males. 
 

Electromyography 

 Table 13 displays the changes in the myoelectric activity of the vastus medialis 

and vastus lateralis of both right and left leg during the leg press exercise. No significant 

condition × time interactions (F ≤ 1.10, p ≥ 0.333, η)*  < 0.01) or time main effects (F ≤ 

2.90, p ≥ 0.065, η)*  ≤ 0.01) were observed for any of the muscles or legs analyzed; 

however, significant condition main effects (F ≥ 101.42, p < 0.001, η)*  ≥ 0.75) were 

observed in all analyses, demonstrating that HL-RE tends to elicit greater myoelectric 

activity than LLRE+BFR, regardless of the muscle or leg utilized during the leg press 

exercise. 
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Table 13. Electromyography amplitude values (% of 1-RM) within each set of both 
exercise conditions during leg press (n = 15).  
 Set 1 Set 2 Set 3 Set 4 Condition 

Effect  
Time 
Effect Interaction 

RL_VM        
LLRE+BFR 29.29 ± 

10.36 
27.29 ± 
11.04 

26.63 ± 
10.02 

25.53 ± 
11.39 

F = 160.11 
p < 0.001 
𝜂!"  = 0.86 

F = 2.39 
p = 0.082 
𝜂!"  = 0.01 

F = 0.52 
p = 0.333 
𝜂!"  < 0.01 HL-RE 75.84 ± 

8.72 
77.90 ± 
10.44 

74.64 ± 
8.58 

75.58 ± 
11.65 

RL_VL        
LLRE+BFR 28.11 ± 

10.30 
26.07 ± 
10.86  

26.13 ± 
10.41 

25.41 ± 
11.71 

F = 127.17 
p < 0.001 
𝜂!"  = 0.81 

F = 2.59 
p = 0.065 
𝜂!"  = 0.01 

F = 0.80 
p = 0.499 
𝜂!"  < 0.01 HL-RE 80.60 ± 

12.87 
80.31 ± 
16.52 

76.66 ± 
14.33 

76.74 ± 
14.71 

LL_VM        
LLRE+BFR 32.59 ± 

10.73 
28.74 ± 

9.30 
28.60 ± 

9.99 
28.28 ± 

9.22 
F = 101.42 
p < 0.001 
𝜂!"  = 0.75 

F = 1.31 
p = 0.283 
𝜂!"  < 0.01 

F = 1.10 
p = 0.361 
𝜂!"  < 0.01 HL-RE 74.36 ± 

16.82 
75.68 ± 
16.86 

74.46 ± 
16.56 

73.64 ± 
15.61 

LL_VL        
LLRE+BFR 32.38 ± 

13.02 
29.27 ± 
12.47 

28.93 ± 
12.75 

27.86 ± 
10.88 

F = 112.67 
p <0.001 
𝜂!"  = 0.77 

F = 2.90 
p = 0.075 
𝜂!"  = 0.01 

F = 0.29 
p = 0.71 
𝜂!"  < 0.01 HL-RE 83.40 ± 

16.87 
82.39 ± 
17.10 

80.18 ± 
17.86 

80.77 ± 
16.30 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. RL_VM: Right leg vastus medialis muscle, RL_VL: Right leg vastus 
lateralis muscle, LL_VM: Left leg vastus medialis muscle, LL_VL: Left leg vastus 
lateralis muscle. 

 

 Table 14 displays the changes in the myoelectric activity of the vastus medialis 

and vastus lateralis of both right and left leg during the knee extension exercise. 

Differently than what was observed during knee extension exercise, there was a 

significant condition × time interaction (F = 4.31, p = 0.043, η)*  = 0.01) and a significant 

condition main effect (F = 81.82, p < 0.001, η)*  = 0.53), but no significant time main 

effect (F = 3.83, p < 0.057, η)*  = 0.01) for the electromyography amplitude measured in 

the vastus medialis of the right leg. Although a significant condition × time interaction 

was observed, further analyses demonstrated that significantly (p < 0.001) greater EMG 
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amplitude were observed during HL-RE compared to LLRE+BFR during all sets, and that 

no significant differences were observed across sets within HL-RE (p ≥ 0.26) or 

LLRE+BFR (p ≥ 0.37).  For the remaining muscle groups of both legs, there were no 

significant condition × time interactions (F ≤ 1.98, p ≥ 0.16, η)*  < 0.01) and although a 

significant (F = 6.22, p = 0.01, η)*  = 0.02) time main effect was detected for the vastus 

medialis of the left leg, pairwise comparisons revealed that such difference does not 

actually exist (p ≥ 0.077). Finally, no additional significant time main effects were 

observed for the remaining muscle groups (F ≤ 1.86, p ≥ 0.19, η)*  < 0.01), whereas 

significant (F ≥ 56.24, p < 0.001, η)*  ≤ 0.53) condition main effects were observed for all, 

demonstrating that HL-RE tends to elicit greater myoelectric activity than LLRE+BFR, 

regardless of the muscle or leg utilized during the knee extension exercise. 
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Table 14. Electromyography amplitude values (% of 1-RM) within each set of both 
exercise conditions during knee extension (n = 15).  
 Set 1 Set 2 Set 3 Set 4 Condition 

Effect  
Time 
Effect Interaction 

RL_VM        
LLRE+BFR 57.08 ± 

13.78 
54.73 ± 
14.84 

55.62 
± 

15.07 

57.28 ± 
16.30 

F = 81.82 
p < 0.001 
𝜂!"  = 0.53 

F = 3.83 
p = 0.057 
𝜂!"  = 0.01 

F = 4.31 
p = 0.043 
𝜂!"  = 0.01 

HL-RE 100.24 
21.12 

105.44 
27.79 

110.48 
34.51 

115.46 
42.22 

RL_VL        
LLRE+BFR 55.55 ± 

16.69 
51.94 ± 
15.29 

52.64 
± 

16.20 

54.17 ± 
16.91 

F = 66.01 
p < 0.001 
𝜂!"  = 0.58 

F = 1.14 
p = 0.29 
𝜂!"  < 0.01 

F = 1.98 
p = 0.16 
𝜂!"  < 0.01 

HL-RE 101.64 
± 20.33 

103.97± 
23.54 

107.48 
± 

29.60 

109.08 
± 35.17 

LL_VM        
LLRE+BFR 51.49 ± 

15.63 
51.64 ± 
17.46 

52.98 
± 

16.84 

54.30 ± 
16.67 

F = 100.06 
p < 0.001 
𝜂!"  = 0.62 

F = 6.22 
p = 0.01 
𝜂!"  = 0.02 

F = 1.98      
p = 0.17 
𝜂!"  < 0.01 

HL-RE 97.27 ± 
17.29 

103.02 
± 21.12 

105.22 
± 

25.73 

108.58 
± 30.60 

LL_VL        
LLRE+BFR 57.18 ± 

15.45 
57.88 ± 
15.90 

60.86 
± 

16.78 

60.22 ± 
16.97 

F = 56.24 
p <0.001 
𝜂!"  = 0.55 

F = 1.86 
p = 0.19 
𝜂!"  < 0.01 

F = 0.38 
p = 0.64 
𝜂!"  < 0.01 

HL-RE 100.77 
± 19.87 

102.30 
± 22.99 

102.34 
± 

22.48 

104.96 
± 28.84 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. RL_VM: Right leg vastus medialis muscle, RL_VL: Right leg vastus 
lateralis muscle, LL_VM: Left leg vastus medialis muscle, LL_VL: Left leg vastus 
lateralis muscle. 
 

Table 15 outlines a comparison of the myoelectric activity of the right versus the 

left leg during both leg press and knee extension exercises using the vastus lateralis and 

vastus medialis muscles. In all analyses, there were no significant condition × leg 

interactions (F ≤ 1.04, p ≥ 0.32, η)*  < 0.01), except for the vastus lateralis muscle during 

knee extension (F = 4.77, p = 0.046, η)*  = 0.01), however, pairwise comparisons reveal 
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that such effect does not actually exist. Furthermore, there were no significant leg main 

effects for any of the analyzes (F ≤ 1.86, p ≥ 0.19, η)*  ≤ 0.01), demonstrated that 

participants did not display any limb asymmetry, when comparing the right and left legs. 

Finally, there were also significant condition main effects, with HL-RE being 

significantly greater than LLRE+BFR.  

 

Table 15. Electromyography amplitude values within each set of both exercise conditions 
during knee extension (n = 15).  
 Right Leg Left Leg Condition 

Effect  
Leg   

Effect Interaction 

LP_VM      
LLRE+BFR 27.34 ± 10.32 29.55 ± 9.32 F = 155.29 

p < 0.001 
𝜂!"  = 0.82 

F = 0.02 
p = 0.89 
𝜂!"  < 0.01 

F = 1.04 
p = 0.32 
𝜂!"  < 0.01 HL-RE 75.99 ± 8.87 74.53 ± 15.34 

LP_VL      
LLRE+BFR 26.43 ± 10.49 29.61 ± 11.87 F = 135.37 

p < 0.001 
𝜂!"  = 0.81 

F = 1.86 
p = 0.19 
𝜂!"  < 0.01 

F < 0.01 
p = 0.98 
𝜂!"  < 0.01 

HL-RE 78.58 ± 13.54 81.69 ± 16.03 
KE_VM      
LLRE+BFR 56.18 ± 14.58 52.60 ± 16.46 F = 107.34 

P < 0.001 
𝜂!"  = 0.59 

F = 0.80 
P = 0.39 
𝜂!"  = 0.01 

F = 0.03 
P = 0.86 
𝜂!"  < 0.01 HL-RE 107.91 ± 

30.62 103.52 ± 22.87 

KE_VL      
LLRE+BFR 53.58 ± 16.01 59.03 ± 15.89 F = 67.85 

P < 0.001 
𝜂!"  = 0.59 

F = 0.17 
P = 0.69 
𝜂!"  < 0.01 

F = 4.77 
P = 0.046 
𝜂!"  = 0.01 HL-RE 105.54 ± 

26.14 102.59 ± 22.71 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. LP_VM: Myoelectric activity of the vastus medialis muscle during 
leg press, LP_VL: Myoelectric activity of the vastus lateralis muscle during leg press, 
KE_VM: Myoelectric activity of the vastus medialis muscle during knee extension, 
KE_VL: Myoelectric activity of the vastus lateralis muscle during knee extension. 
Data are mean ± SD. 
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Figure 8 illustrates the changes in myoelectric activity of the vastus medialis and 

vastus lateralis muscle of right and left legs from the initial 3 repetitions to the final 3 

repetitions of the leg press and knee extension exercise, within both experimental 

conditions. During leg press, LLBFR-RE resulted in significantly greater myoelectric 

activity than HL-RE for all muscle groups (all p < 0.001), with no significant differences 

between the initial and last 3 repetitions within both conditions (p > 0.05), except for the 

vastus lateralis muscle of the right leg, in which a significant increase from the first to the 

last 3 sets was observed within the LLBFR-RE condition (p < 0.001). During knee 

extension, there were similar results with LLBFR-RE inducing significantly greater 

myoelectric activity than HL-RE for all muscle groups (all p < 0.001). Additionally, there 

were also significant time effects (all p < 0.001), with greater myoelectric activity being 

observed during the last 3 repetitions compared to the first three repetitions for both 

exercise protocols.  
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Figure 8. Surface electromyography during the initial 3 repetitions and final 3 repetitions 
of leg press and knee extension within each experimental trial (n = 15). 
LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. **Significantly greater than LLRE+BFR at p < 0.01, αSignificantly 
greater than the initial repetitions at p < 0.05. Data are mean ± SD. 
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1-RM test re-test reliability 

 As presented on Table 16, 1-RM reliability was exercise dependent. For the leg 

press exercise, although a significant intraclass correlation coefficient was observed (p < 

0.001, ICC = 0.847), there was also a significant (t = 4.36, p < 0.001) 14.32 % increase 

in the mean 1-RM score. On the other hand, a larger significant ICC (p < 0.001, ICC = 

0.932) was observed for the 1-RM test for the knee extension exercise, with no significant 

(t = 0.71, p < 0.491) difference in the mean 1-RM scores from trial 1 and 2. 

 

Table 16. Changes in 1-RM values (kg) from Trial 1 to Trial 2 for both Leg Press and 
Knee Extension (n = 15). 
 Leg Press 

Trial 1 Trial 2 Δ Δ% SEM t p ICC 
101.93 ± 
29.46 

114.48 ± 
27.75** 

12.55 ± 
11.15 

14.32 ±  
13.05 

7.88 4.36 < 0.001 0.847** 

 Knee Extension 
Trial 1 Trial 2 Δ Δ% SEM t p ICC 
50.77 ± 
12.97 

51.67 ± 
13.30 

0.90 ± 
4.91 

2.61 ± 
10.20 

3.47 0.71 0.491 0.932** 

**Significant p-value at p ≤ 0.001. Data are mean ± SD. Δ: Absolute change from Trial 
1 to Trial 2, Δ%: Percent change from Trial 1 to Trial 2, SEM: Standard error of the 
measurement, t: paired t-test value, p: p-value, ICC: Intraclass correlation coefficient. 
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Perceptual Responses 

Ratings of Perceived Exertion  

As presented on Table 17, HL-RE elicited significantly (p ≤ 0.01) greater RPE 

than LLRE+BFR following all sets of leg press, and after sets 2 to set 4 of knee extension. 

Additionally, RPE levels observed following set 3 were significantly (p < 0.05) than those 

observed after set 2 for both experimental trials during leg press, whereas no significant 

(p > 0.05) differences were observed across sets for either exercise condition during knee 

extension. Finally, Figure 9 presents the RPE scores for each participant averaged across 

all four sets of LP and KE within each experimental trial, and it demonstrates that HL-

RE elicited a significantly greater overall RPE response than LLRE+BFR during both LP 

(p<0.01) and KE (p=0.01). 

 

Table 17. Ratings of perceived of exertion for both experimental conditions during each 
set of leg press and knee extension (n = 15). 

Leg Press Set 1 Set 2 Set 3 Set 4 
Time 
(p<0.05)    

LLRE+BFR 4.0 ± 1.1 3.5 ± 1.4 4.5± 1.4 4.4 ± 1.4 2 < 3 
HL-RE 6.8 ± 0.9** 6.7 ± 1.4* 7.6 ± 1.3** 7.6 ± 1.7** 2 < 3 
Knee Extension Set 1 Set 2 Set 3 Set 4  
LLRE+BFR 6.8 ± 1.7 6.7 ± 1.5 7.0 ± 1.7  7.2 ± 1.4 N.S. 
HL-RE 8.1 ± 1.0 8.9 ± 0.9** 8.9 ± 0.9** 9.2 ± 1.0** N.S. 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. 
*Significant condition effect at p≤0.05, **Significant condition effect at p≤0.01. Data are 
Winsorized mean ± Winsorized SD. 
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Figure 9. Individual Ratings of Perceived Exertion (RPE) values averaged across sets 
within conditions during leg press and knee extension (n = 15). 
LLBFR+RE: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. 
**Significant condition effect at p≤0.01. Winsorized means (vertical bars) and individual 
data (dots) from each participant is presented. 
 

Ratings of Pain 

Table 18 presents the ratings of pain values assessed immediately before and 

immediately after each set of leg press and knee extension during the LLRE+BFR and 

HL-RE trials. For the ratings of pain measured prior to each set, LLBFR+RE elicited 

significantly (p < 0.05) greater pain than HL-RE before sets 3 and 4 of leg press and 

before sets 2, 3, and 4 of knee extension. Curiously, immediately after each set of the leg 

press and knee extension exercises, both LLBFR+RE and HL-RE protocols resulted in 

similar (p > 0.05) ratings of pain; except after the first set of knee extension, when 

LLBFR+RE was significantly (p < 0.05) greater than HL-RE. 

Regarding the comparisons across sets within each condition, the ratings of pain 

measured before sets 2, 3, and 4 were significantly (p < 0.05) greater than those measured 

before set 1 (i.e., pre-exercise), with no significant (p > 0.05) differences across sets 2, 
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3, and 4 for either leg press or knee extension during BFR+RE. During HL-RE, 

significant (p < 0.05) differences from pre-set 1 values were observed only before set 4, 

for leg press, and before sets 3 and 4, for knee extension. Regarding the pain levels 

measured immediately after each set, post-sets 3 and 4 were significantly (p < 0.05) 

different than post-set 1 values, and post-set 4 was also significantly (p < 0.05) different 

than post-set 2 for during LLBFR+RE for the knee leg press exercise, whereas no 

significant (p > 0.05) differences existed across post-set measures within the LLRE+BFR 

during knee extension or for the HL-RE exercise condition during either leg press or knee 

extension exercises.  

Finally, there were significant (p ≤ 0.05) increases in the ratings of pain from 

immediately before to immediately after sets 1 and 4 of leg press and sets 1, 3, and 4 of 

knee extension, for the LLRE+BFR condition (Figure 10). During HL-RE, significant (p 

≤ 0.05) pre- to post-set elevations in pain levels were observed during sets 1, 3, and 4 of 

leg press and all sets of knee extension. 
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Table 18. Ratings of pain immediately before and immediately after each set for both 
experimental conditions during leg press and knee extension (n = 15). 
Pre-set pain levels  
Leg press Pre-Set 1 Pre-Set 2 Pre-Set 3 Pre-Set 4 Time (p<0.05)    
LLRE+BFR 0.0 ± 0.0 2.7 ± 0.9* 2.9 ± 1.4** 3.2 ± 1.7** 1 < 2, 3, 4 
HL-RE 0.0 ± 0.0 0.3 ± 0.5 0.4 ± 0.5 0.9 ± 0.9 1 < 4 
Knee 
extension     

 

LLΒFR-RE 
0.6 ± 0.9 3.60 ± 

1.7** 
2.85 ± 
1.8** 

2.93 ± 
1.90* 

1 < 2, 3, 4 

HL-RE 0.3 ± 0.5 1.17 ± 1.3 0.98 ± 0.7 1.48 ± 1.18 1 < 2, 4 
Post-set pain levels  
Leg press Post-Set 1 Post-Set 2 Post-Set 3 Post-Set 4 Time (p<0.05)    
LLRE+BFR 2.4 ± 1.2 2.7 ± 1.3 3.4 ± 1.2 4.0 ± 1.8 1 < 3, 4; 2 < 4 
HL-RE 1.2 ± 0.8 1.5 ± 1.6 2.1± 1.5 2.4 ± 1.9 N.S. 
Knee 
extension     

 

LLRE+BFR 4.6 ± 1.8** 3.6 ± 1.3 3.8 ± 1.6 3.9 ± 2.1 N.S. 
HL-RE 2.2 ± 1.6 3.0 ± 1.7 3.1 ± 1.7 3.4 ± 2.2 N.S. 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. 
*Significant condition effect at p≤0.05, **Significant condition effect at p≤0.01. Data are 
Winsorized mean ± Winsorized SD. 

 

 

 

Figure 10. Changes in the ratings of pain from pre to post each set within both 
experimental trials (n = 15). 
LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. 
*Significant condition effect at p≤0.05, **Significant condition effect at p≤0.01, 
#Significant pre- to post-set difference within each individual set at p≤0.05. Data are 
Winsorized means ± Winsorized SD. 
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Soreness 

Table 19 presents the changes in soreness following each bout of exercise. There 

were no significant (p > 0.05) differences in soreness levels between conditions at any 

time point from 5 min up to 24 h post-exercise.  The pairwise comparisons across time 

within the LLRE+BFR condition revealed that soreness levels after 30 min and 60 min 

post-exercise were significantly (p = 0.028 and 0.029, respectively) lower than 5 min 

post-exercise measures, but not significantly (p = 1.00) different than 24 h post-exercise. 

For the HL-RE exercise trial, the soreness measured 24 h post-exercise was significantly 

(p = 0.025) greater than that from 60 min after exercise. No other significant time 

differences were observed for the HL-RE protocol. 

 

Table 19. Soreness levels following each experimental trial (n = 15). 
 5 min 30 min 60 min 24 h Time (p<0.05) 
LLRE+BFR 0.9 ± 0.9 0.1 ± 0.2 0.0 ± 0.0 0.8 ± 0.9 5 > 30, 60 
HL-RE 0.9 ± 1.0 0.1 ± 0.2 0.0 ± 0.0 1.3 ± 1.3 24 > 60 

LLRE+BFR: low-load resistance exercise with blood flow restriction, HL-RE: high-load 
resistance exercise. Data are Winsorized means ± Winsorized SD. 

 

Modified Fatigue Impact Scale 

The score for each domain of the MFIS is presented below on Table 20. The 

Friedman Rank test demonstrated that no significant (p = 0.063) differences existed in 

the physical domain scores across visits, although significant time effects were observed 

for the cognitive (p = 0.001) and psychological (p = 0.004) domains. Pairwise 

comparisons utilizing the Wilcoxon Signed-Rank test revealed that significantly (p = 

0.05) lower scores for the cognitive domain were observed during visit 5 in comparison 



80 

to visit 1, while no actual significant (p > 0.05) difference existed across visits for the 

psychological domain. 

 

Table 20. Modified Fatigue Impact Scale Scores for each visit (n = 15). 
 Visit 1 Visit 2 Visit 3 Visit 4 Visit 5 

Physical 14.7 ± 8.9 9.1 ± 8.6 10.0 ± 9.0 10.0 ± 8.7 8.0 ± 6.9 
Cognitive 10.2 ± 5.6 6.2 ± 5.0 4.6 ± 4.3 5.9 ± 4.7 5.3 ± 4.4 α 
Psychological 3.2 ± 2.9 0.9 ± 1.1 0.9 ± 1.0 1.9 ± 1.8 1.4 ± 1.8 

αSignificantly different than Visit 1 at p = 0.05. Data are Winsorized means ± Winsorized 
SD. 
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Discussion 

Physiological Responses 

Whole-Blood Lactate 

Whole-blood lactate was measured as a means to estimate the exercise-induced 

metabolic response. This study demonstrated that HL-RE induced a greater metabolic 

response 5 min post-exercise compared to the LLRE+BFR trial, which corresponded to 

approximately a 212% increase for the former and 134% increase for the latter. These 

data suggest that, although LLRE+BFR seems to induce a smaller metabolic response than 

HL-RE, it is still capable of evoking a considerable metabolic stress. 

Although there are no studies that have investigated the metabolic response of 

individuals living with MS to LLRE+BFR, the results of the current investigation are in 

line with previous data from our laboratory in a cohort of healthy young individuals  

(Freitas, Galletti, et al., 2020; Freitas, Miller, et al., 2020). In these studies, it was also 

observed a smaller metabolic response following LLRE+BFR in comparison to HL-RE. 

Previous studies from other research groups have also corroborated these findings. For 

instance, Suga et al. (2009) used P-magnetic resonance spectroscopy to compare the 

metabolic stress during a single bout of LLRE+BFR (20% of 1-RM) and  HL-RE (65% of 

1-RM) and observed that HL-RE induced  a greater metabolic response in the form of a 

greater decrease in pH, higher concentration of H2PO4, and greater phosphocreatine 

utilization. Curiously, in a follow-up study, Suga et al. (2010) were able to replicate their 

previous findings that LLRE+BFR (20% of 1-RM) elicits a greater metabolic response 

than  HL-RE (65% of 1-RM), but in addition to that, the authors also observed that the 

gap in the metabolic response to both exercise conditions shrinks and is eventually 
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reversed once higher exercise loads are used. In fact, similar changes in intramuscular pH 

and metabolites were observed between LLRE+BFR, performed at 30% of 1-RM, and HL-

RE (65% of 1-RM). Conversely, the decrease in intramuscular pH, creatine phosphate 

utilization, and increase in H2PO4 were much greater following LLRE+BFR, performed at 

40% of 1-RM compared to HL-RE (65% of 1-RM). Therefore, the smaller metabolic 

response to LLRE+BFR compared to HL-RE observed in the present study may be due to 

the lower exercise intensity of 20% of 1-RM used in the LLRE+BFR condition while loads 

of 70% of the participants’ 1-RM were used in the HL-RE condition. 

It should also be noted that, in comparison to previous literature, the lactate 

response observed in the current study was much smaller than that of healthy individuals. 

For instance, a previous study from our research group using a similar protocol reported 

lactate levels of 5.82 ± 2.28 mmol/L and 9.42 ± 2.14 mmol/L 5 min following LLRE+BFR 

and HL-RE, respectively (Freitas, Miller, et al., 2020), whereas lactate values of 2.28 ± 

0.72 and 3.85 ± 1.65 were observed following the same respective exercise conditions in 

the current study. These results may be partially explained by the fact that the participants 

enrolled in the present investigation displayed smaller absolute maximal dynamic 

strength (leg press: 115.16 ± 28.90 versus 203.15 ± 38.65, knee extension: 52.67 ± 13.54 

versus 95.97 ± 17.36). Maximal strength levels play a vital role on the exercise-induced 

lactate response as individuals displaying higher maximal strength levels are capable of 

exercising using higher loads and exerting more strength compared to less strong 

counterparts. It should also be highlighted that the majority of the individuals included in 

the current investigation were females, which have been shown to display a smaller 
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lactate response than males following both LLRE+BFR and HL-RE (Freitas, Galletti, et 

al., 2020). 

Altogether, these results demonstrate that LLRE+BFR may elicit a significant 

metabolic response, in the form of lactate accumulation, in individuals living with MS. 

Although such metabolic response was lower than that observed with HL-RE and the 

accumulating evidence (Takada et al., 2012) suggesting that the exercise-induced 

metabolic stress may play an important role in the long-term skeletal muscle hypertrophic 

adaptation to LLRE+BFR, this study demonstrates that LLRE+BFR may serve as a 

potential alternative to people living with MS that cannot withstand higher training loads 

or that would simply prefer to lift lighter weights. 

 

Electromyography 

  Myoelectric activity of the vastus medialis and lateralis of both legs was 

measured using superficial electromyography (sEMG). The data demonstrate that HL-RE 

induced greater myoelectric activity than LLRE+BFR for both muscle groups during the 

leg press (≈28% versus ≈75%, respectively) and the knee extension exercises (≈60% 

versus ≈100%, respectively). Although inferior in comparison to HL-RE, LLRE+BFR was 

capable of resulting in a substantial increase in the myoelectric activity of the tested 

muscle groups. 

 The findings of the current study are in accordance with previous literature 

demonstrating that LLRE+BFR tends to induce lower changes in sEMG amplitude 

compared to HL-RE. For instance, Fatela et al. (2018) employed a similar experimental 

design to the one used in the current study, in which 10 healthy young men completed 4 
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sets of 30+15+15+15 isokinetic concentric contractions of LLRE+BFR (at 20% of 1-RM) 

with 80% of BFR and 4 sets of 10 isokinetic concentric contractions each of HL-RE (at 

75% of 1-RM) for the knee extension. Myoelectric activity of the vastus medialis and 

rectus femoris muscles was reported as root mean square amplitude. The authors 

demonstrated that, similarly to the current investigation, HL-RE elicited greater 

myoelectric activity of both muscles measured compared to LLRE+BFR. Furthermore, in 

agreement with the current study, the authors also demonstrated that LLRE+BFR was able 

to induce a substantial increase in the myoelectric activity during LLRE+BFR and 

suggested that it may serve as an effective training alternative to HL-RE. 

 Although global sEMG amplitude has several drawbacks to estimate the order of 

motor unit recruitment, previous studies using P-magnetic resonance spectroscopy and 

split inorganic phosphate has demonstrated that LLRE+BFR is capable of inducing the 

recruitment of the fast-twitch muscle fibers (Suga et al., 2012). 

 To the best of my knowledge, this study was the first to compare the myoelectric 

activity between the right and left legs of individuals with MS. Although no previous 

study has performed such comparison, Chung et al., (2008) reported limb asymmetries in 

peak torque and power in people with MS compared to healthy controls. However, in 

their analysis, the authors did not identify which leg (i.e., right or left) greater or smaller 

torque or power levels. A few differences between the current study and that by Chung 

et al., (2008) should be highlighted. Firstly, in the current study, both legs performed the 

physical task simultaneously, whereas Chung et al., (2008) test each leg separately. 

Secondly,  participants in Chung’s et al., (2008) study had slightly higher EDSS scores 
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(4 ± 1) compared to the ones included in the current study (1.87 ± 1.51), which could 

have contributed to attenuate any potential leg differences. 

 

Muscle Swelling 

In this study, exercise-induced muscle swelling was estimated utilizing measures 

of muscle thickness and thigh circumference. Additionally, changes in plasma volume 

were also used to indirectly estimate fluid shifts into the muscle. This study demonstrated 

that both the LLRE+BFR and the HL-RE conditions resulted in similar increases in muscle 

thickness and thigh circumference that lasted for up to 30 min post-exercise, compared 

to baseline levels. However, although plasma volume slightly decreased 5 min post-

exercise, it did not reach statistical significance. 

Although only a few studies have directly compared the acute effects of 

LLRE+BFR and the HL-RE on post-exercise muscle swelling, the findings of the current 

study are in agreement with previous studies demonstrating that LLRE+BFR is capable of 

eliciting significant muscle swelling post-exercise (Freitas et al., 2017; Nyakayiru et al., 

2019; Wilson et al., 2013; Tomohiro Yasuda et al., 2015). Nonetheless, there is conflict 

findings regarding the separate effects of the LLRE+BFR and HL-RE protocols on muscle 

swelling. For example, Freitas et al. (2017) reported greater muscle thickness, measured 

via ultrasound, immediately post-exercise for LLRE+BFR compared to HL-RE, whereas 

no differences in muscle swelling were observed between conditions 15 min post-exercise 

when estimated through either muscle cross sectional area (measured via peripheral 

quantitative tomography) or thigh circumference. Follow-up studies from our laboratory 
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have confirmed that LLRE+BFR and HL-RE seems to induce similar muscle swelling 

(Freitas, Galletti, et al., 2020; Freitas, Miller, et al., 2020). 

The potential contributions of the exercise-induced muscle swelling to the skeletal 

muscle chronic hypertrophic response commonly observed following LLRE+BFR 

emerged with previous studies demonstrating that the application of BFR in the absence 

of exercise attenuates muscle atrophy of the quadriceps following surgery of anterior 

crucial ligament (Takarada, Takazawa, & Ishii, 2000) or immobilization (Kubota et al., 

2008). Although the contributions of muscle swelling to prevent muscle atrophy still 

warrants further investigation, there is accumulating evidence that LLRE+BFR increases 

rates of myofibrillar hypertrophy to a much greater extent than low-load resistance 

exercise without BFR. 

 

Inflammation 

Inflammation was estimated by measuring post-exercise plasma levels of IL-6. 

The data demonstrated that no significant changes in IL-6 levels occurred in response to 

either LLRE+BFR or HL-RE, up to 1 hour post-exercise. Although the IL-6 concentrations 

observed in the current study were slightly lower than those previously reported in healthy 

individuals (MacDonald et al., 2003), they were similar to those reported in older subjects 

(Nicklas et al., 2008) and other clinical populations such was obese and diabetic patients 

(Abd El-Kader, 2011). 

The findings from this study are in accordance with previous literature. For 

instance, Clark et al. (2011) investigated the acute and chronic (4 weeks) effects of 

LLRE+BFR and HL-RE on inflammation in healthy young males, estimated in this case 
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by changes in plasma levels of high-sensitivity c-reactive protein. The LLRE+BFR 

protocol consisted of 3 sets of knee extension at 30% of 1-RM performed to volitional 

failure and with BFR set at 130% of the individuals resting systolic blood pressure, while 

the HL-RE protocols consisted of the same exercise performed at 80% of 1-RM. Similarly 

to the current study, Clark et al. (2011) reported no acute changes in high-sensitivity c-

reactive protein levels up to 1 hour post-exercise, as well as no chronic changes in 

baseline plasma levels of high-sensitivity c-reactive protein 4 weeks following either 

LLRE+BFR or HL-RE. Interestingly, in the same study, the authors also reported similar 

increases in isometric strength following both training methods (LLRE+BFR = ≈ 8% 

versus HL-RE = ≈ 13%) without any changes chronic changes in important safety 

parameters such as pulse wave velocity, ankle-brachial index, prothrombin time, nerve 

conduction, fibrinogen, and D-dimer. Karabulut et al. (2013) also compared the long-

term (6 weeks) effects of LLRE+BFR (30+15+15+15 repetitions of leg press and knee 

extension at 20% of 1-RM and with BFR set at 160 mmHg to 240 mmHg) and HL-RE 

(8+8+8 repetitions of the same exercises at 80% 1-RM) on inflammation (i.e., IL-6) in 

older men (≈ 56 years old). The authors reported no significant pre to post training 

differences in plasm IL-6 levels, but, surprisingly, no significant increase in muscle cross-

sectional area were detected. In another study investigating the acute effects of 

LLRE+BFR on plasma IL-6 levels, Bugera et al.  (2018) detected no changes in IL-6 levels 

following a single bout of either LLRE+BFR or HL-RE immediately, 1 hour post-, or 24 

hours post-exercise in 1-year resistance trained young males. 

Nonetheless, the capacity of LLRE+BFR to cause inflammation should not be 

completely ruled out. In an earlier study and classic study, Takarada et a. (2000) 
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demonstrated that LLRE+BFR induced a greater inflammatory response than the same 

exercise protocol performed without BFR by inducing greater accumulation of plasma 

IL-6 starting at 30 minutes post-exercise and maintained up to 24 h post-exercise. Similar 

results, were also observed by Patterson et al. (2013), except that both LLRE+BFR and 

low-load resistance exercise without BFR induced similar increases in plasma levels of 

IL-6. 

Therefore, based on the finding from the current investigation and the previous 

research performed on post LLRE+BFR, it seems that LLRE+BFR does not seen to trigger 

an exaggerated inflammatory response post-exercise in people with MS; at the most, 

inducing resulting in similar inflammation to HL-RE. 

 

Mammalian Target of Rapamycin Complex 1 

 This study demonstrated no time or condition differences for plasma levels of 

mTOR. Before contrasting the aforementioned findings with the current literature on the 

topic, it is important to highlight that the majority of the studies investigating mTOR 

activity in response to exercise utilized muscle biopsy samples rather than plasma. Thus, 

it represents a major limitation of the current study, as changes in plasma levels may not 

necessarily reflect what is occurring within the intramuscular environment. 

 Fujita et al. (2007) and Fry et al. (2010) were one of the first to investigate mTOR 

expression following LLRE+BFR. Although not observing an increase in protein kinase 

B (also known as Akt) or mTOR up to 3 hours after either LLRE+BFR or low-load 

resistance exercise without BFR, Fujita et al. (2007) reported a three-fold increase in 

ribosomal protein S6 kinase beta-1 (S6K1) phosphorylation, a downstream target of 
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mTOR, 3 hours following LLRE+BFR, whereas no time effects occurred in the control 

low-load resistance exercise condition. Moreover, Fry et al. (2010) reported an increase 

in mTOR expression 1 hour after a single bout of LLRE+BFR, which was maintained up 

to 3 hours post-exercise. Additionally, the 1-hour post-exercise increase was greater than 

that observed with low-load resistance exercise without BFR. Furthermore, the authors 

also reported increased phosphorylation of S6K1 at 1 and 3 hours post-exercise, whereas 

no changes occurred in the control resistance exercise condition. Follow-up studies have 

confirmed the ability of LLRE+BFR to enhance mTOR signaling pathways in both human 

and animal models (Gundermann et al., 2012; Nakajima et al., 2016). 

 

Myostatin 

 Similar to mTOR, no significant condition or time effects were observed for 

plasma levels of myostatin. Once again, it should be considered that plasma levels of 

myostatin were measured in the current study, while previous studies have relied on 

biopsy samples, thus, limiting our ability to interpret the aforementioned findings. 

 Only a few studies have investigated myostatin expression following LLRE+BFR. 

A pioneer study in the area was conducted by Drummond et al. (2008), who demonstrated 

that an acute bout of LLRE+BFR was capable of reducing myostatin gene expression 3 

hours post-exercise, although to the same extent as low-load resistance exercise. 

However, no further comparison to a HL-RE condition was included in the referred study. 

A recent study using an animal model design (Nakajima et al., 2016) had similar findings 

to the current invewtigation in which no significant changes in myostatin expression were 

detected up to  3 hours post-exercise. There is also evidence that walking with BFR does 
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not seem to alter myostatin expression acutely (Khoubi et al., 2020), although it has been 

demonstrated that walking combined with BFR may induce skeletal muscle hypertrophy 

(Abe et al., 2006; Ozaki et al., 2017). In another study, Laurentino et al. (2012) compared 

the long-term effects of low-load resistance exercise with and without BFR and HL-RE 

on myostatin expression as well as skeletal cross-sectional area and dynamic strength. In 

this study, 8 weeks of LLRE+BFR (knee extension at 20% of 1-RM and 50% of BFR) and 

HL-RE (knee extension at 80% of 1-RM) promoted significant increases in muscle cross-

sectional area (6.3% and 6.1%, respectively) and dynamic strength (40.1% and 36.2%, 

respectively), which were accompanied by a significant decrease in myostatin gene 

expression (45% and 41%, respectively). 

 Although some concerns may be raised regarding the validity of measuring 

myostatin through ELISA assays using plasma samples, it should however be noted that 

several previous studies have been capable of detecting significant changes in myostatin 

concentration using the same procedures (Bagheri et al., 2019; Hittel et al., 2010; Saremi 

et al., 2010). 

 

Cortisol 

 Interesting findings for changes in plasma cortisol levels were observed in the 

current study. Both LLRE+BFR and HL-RE conditions resulted in a decreased in cortisol 

levels 1 hour post-exercise, compared to baseline values. 

 These findings contradict many of the previous research investigating the 

hormonal response to LLRE+BFR, which have demonstrated either significant increases 

or no post-exercise changes. For instance, Fry et al. (2010) observed significant increases 
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in cortisol levels from baseline 15 min after LLRE+BFR, lasting up to 2 hours post-

exercise. Similar results were observed by Fujita et al. (2007) who reported significant 

increases from baseline at 10 min up to 40 minutes following LLRE+BFR. In both Fry et 

al. (2010) and Fujita et al. (2007), blood samples were taken from 6:00 AM, following an 

8-hour fast period, and 15:00 PM. In another study, Madarame et al. (2010) also reported 

significant increases from baseline in cortisol following LLRE+BFR for either the upper- 

or lower-body. On the other hand, Patterson et al. (2013) observed no changes in cortisol 

levels at any time point following an acute bout of LLRE+BFR, between 7:00 and 9:00 

AM. However, similar findings to the current observation were reported by Chen, Wu, 

and Cai (2018) who observed significant decreases in cortisol following compared to 

baseline from immediately post up to 30 min post resistance exercise with and without 

BFR (between 9:00 and 11:00 AM), however, in the referred study, the authors 

investigated the effects of BFR combined with local vibration, which was not performed 

in the current observation. I speculate that the decline in cortisol levels observed in the 

current study may be due to the fact that baseline levels were measured using blood 

samples collected following an overnight 8-hour fasting period, after which participants 

consumed a standardize meal. Food ingestion is known for decreasing cortisol levels 

(Stachowicz & Lebiedzińska, 2016), therefore, the observed reductions in cortisol levels 

may be due to food consumption and not related to any of the exercise protocols 

performed. Additionally, another potential mechanism influencing the decreased cortisol 

concentration observed in this study may be related to natural fluctuations due to the 

circadian rhythm. Cortisol levels is well known for peaking early in the morning and to 

decrease towards the end of the day (Hayes et al., 2010). 
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Only a few studies have directly compared the effects of LLRE+BFR and HL-RE on the 

post-exercise cortisol response. In this regard, Kim et al. (2014) reported similar increases 

in cortisol from pre to immediately post both LLRE+BFR (30+15+15+15 repetitions of 

knee extension and leg press exercises at 20% of 1-RM and BFR pressure set at 200 

mmHg) and HL-RE (3 × 10 repetitions of the same exercises at 80% of 1-RM without 

BFR). Altogether, the current study demonstrated that both LLRE+BFR and HL-RE 

induce the same stress response post-exercise in people with MS. 
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Perceptual Responses 

Ratings of Perceived Exertion 

 Although several studies have investigated the perceptual responses of healthy 

individuals to different exercise modalities, including resistance (Martín-Hernández et 

al., 2017; Santos et al., 2019) and endurance exercise (da Silva et al., 2019), the scientific 

literature is scarce of studies exploring this topic in the context of MS. Nonetheless, 

Kiselka et al. (Kiselka et al., 2013) reported that people with MS are capable of providing 

RPE in a similar fashion to healthy individuals during near maximal and submaximal 

isometric contractions, demonstrating that the disease does not seem to affect a person’s 

perception of muscular exertion. Additionally, although using a different RPE scale, 

Cleland et al. (2016) demonstrated that individuals with MS were also able to provide 

reliable RPE estimates during endurance exercise. Therefore, the findings from the 

current investigation provide novel insight into the perceptual responses of those with MS 

to different forms of resistance exercise. Specifically, the findings that LLBFR-RE 

requires less muscular exertion than HL-RE is of great relevance as it would likely 

translate into LLBFR-RE being an appealing alternative to traditional exercise, which may 

drive increases in exercise adherence for this clinical population. Several studies have 

demonstrated that LLBFR-RE leads to positive long-term neuromuscular adaptations in 

many clinical populations(Alves et al., 2020; Erickson et al., 2019; Groennebaek et al., 

2019) and that sometimes it may even match the hypertrophy gains observed following 

traditional high-load resistance exercise (Lixandrão, Ugrinowitsch, et al., 2018a), 

although involving less mechanical stress to the joints, no to minimal muscle damage, 

and, as demonstrated in the current study, lower muscular exertion. 
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Ratings of Pain 

 Rating of pain is an additional perceptual variable that impacts an individual’s 

tolerance to a specific exercise modality. In this study, I measured pain immediately 

before and immediately after each set of exercise. Measuring pain prior to a subsequent 

set of repetitions provides an indirect measure of recovery status from a previously 

completed set. Further, given that strict resistance exercise guidelines (e.g., rest intervals) 

may not be adamantly followed outside of the laboratory setting, this measure provides a 

baseline for comparison between protocols at similar time points. Hence, it was observed 

that both resistance exercise protocols tested resulted in similar pain levels immediately 

after sets, however, pain remained elevated during the rest period between sets and was 

still elevated prior to a subsequent set during LLBFR-RE compared to HL-RE. This 

finding is not surprising considering that the restrictive cuffs used to reduce blood flow 

during LLBFR-RE remained inflated during the entire exercise period. Therefore, 

deflating the cuffs during the rest intervals between sets may diminish the pain perceived 

during exercise. Although one may argue that deflating the cuffs may compromise the 

efficacy of LLBFR-RE, previous research has demonstrated that similar increases in the 

physiological markers of muscle hypertrophy occur regardless the cuffs remain inflated 

or are deflated during the rest periods between sets (Freitas, Miller, et al., 2020). 

 

Delayed-Onset Muscle Soreness 

 Regarding the DOMS response up to 24 h post-exercise. Curiously, similar 

DOMS were observed between protocols at all time points. Considering that the HL-RE 



95 

protocol was performed using higher-loads (70% of 1-RM), it was expected that the 

greater stress would translate into higher DOMS levels 24 hours following the exercise 

session, which did not happen. Considering that people with MS commonly display lower 

absolute strength levels than healthy age matched individuals (Jørgensen et al., 2017) and 

that participants included in the current study were not resistance trained, it is possible 

that it resulted in relatively lower loads being lifted during the HL-RE trial. However, 

DOMS was significantly elevated 24 h post-exercise in comparison to 60 minutes post-

exercise for the HL-RE trial only. As mentioned earlier, such increase represents only a 

“mild pain” as it was rated in the lower end of the pain scale used and should also be 

highlighted that it did not represent a significant difference from the BFR-RE protocol. 

Therefore, the clinical and practical relevance of such observation is unknown. 
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Chapter V: Conclusions 

The purpose of this study was to compare the acute physiological and perceptual 

responses of people living with MS to a single bout of low-load (20% 1RM) resistance 

exercise with BFR (LLRE+BFR) and high-load (70% 1RM) resistance exercise without 

BFR (HL-RE).  

 

Research Questions 

1. Does LLRE+BFR induce the same metabolic response (whole-blood lactate) as 

traditional HL-RE? 

LLRE+BFR did not induce the same metabolic response as HL-RE in terms of 

whole-blood lactate concentrations post-exercise. Although both resistance exercise 

conditions significantly increased lactate levels 5 min post-exercise, the increases 

observed following HL-RE (≈ 210%) were significantly greater than those observed 

following LLRE+BFR (≈ 130%). 

 

2. Are changes in electromyography amplitude similar between LLRE+BFR and HL-RE? 

Changes in surface electromyography (sEMG) amplitude were significantly 

greater during HL-RE compared to LLRE+BFR, during the leg press and knee 

extension exercises as well as for the vastus lateralis and vastus medialis muscles of 

both legs. On average, there was approximately a 28% increase in sEMG during 

LLRE+BFR versus ≈ 75% increase during HL-RE, during leg press, and 

approximately 60% versus ≈ 100%, respectively, during knee extension. 
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3. Is there a difference in the acute exercise-induced muscle swelling response (muscle 

thickness and thigh circumference) between LLRE+BFR and HL-RE? 

There were no significant differences in the exercise-induced muscle swelling 

response following both LLRE+BFR and HL-RE, measured in both legs as changes in 

muscle thickness and thigh circumference. Additionally, the increases in muscle 

thickness remained elevated up to 30 min post-exercise. 

 

4. Is the hormonal stress response (cortisol) similar between LLRE+BFR and HL-RE? 

A similar hormonal stress response, in the form of plasma cortisol concentration, 

was detected following both LLRE+BFR and HL-RE protocols. Further, a reduction 

from baseline was observed in plasma cortisol levels 1 hour post-exercise, however, 

such decrease may be related to the fact that participants consumed a light meal before 

exercise, which may have contributed to the observed decrease in cortisol, rather than 

the exercise protocols performed. Lastly, diurnal variations of cortisol levels are well 

known for causing declining cortisol concentrations from morning to afternoon levels. 

 

5. Do biomolecular markers of muscle anabolism (mTOR) and catabolism (myostatin) 

display similar responses to LLRE+BFR -RE and HL-RE? 

Similar responses were observed for both mTOR and myostatin following 

LLRE+BFR and HL-RE. In fact, no significant changes in both markers were detected 

up to 1 hour following the LLRE+BFR and HL-RE trials. 
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6. Is the exercise-induced inflammatory response (interleukin-6) similar between 

LLRE+BFR and HL-RE? 

The post-exercise inflammatory response was similar between the LLRE+BFR and 

HL-RE experimental conditions. 

 

7. Are the post-exercise changes in plasma volume and hematocrit levels similar between 

LLRE+BFR and HL-RE? 

Similar changes in plasma volume were observed following both LLRE+BFR and 

HL-RE conditions. Additionally, there were no significant time differences up to 1 

hour post-exercise for both testing conditions. Such responses may be attributed to the 

fact that MS is well known for causing sweating impairments (Saari et al., 2009).  

 

8. Do LLRE+BFR and HL-RE elicit similar ratings of perceived exertion? 

LLRE+BFR elicited significantly lower ratings of perceived exertion (RPE) than 

HL-RE during both leg press and knee extension exercises. On average, LLRE+BFR 

resulted in a RPE score of approximately 4 while an average score of about 7 was 

observed for HL-RE, during leg press. During knee extension, average scores of 

approximately 6 and 8 were observed for the LLRE+BFR and HL-RE, respectively. 

 

9. Are pain levels perceived during LLRE+BFR similar to those perceived during HL-

RE? 

LLRE+BFR tended to induce greater pain than HL-RE immediately before sets, 

meaning that maintaining the restrictive cuffs inflated during the rest interval between 
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sets diminishes the full recovery from a previous set. On the other hand, when 

measured immediately after each set, both exercise conditions resulted in similar levels 

of pain.  

 

10. Is the 24-h post-exercise delayed-onset muscle soreness response similar between 

LLRE+BFR and HL-RE. 

The 24-h post-exercise muscle soreness response was similar between LLRE+BFR 

and HL-RE. In fact, only a score of 0.8, in a scale from 0 to 10, was detected 24 hours 

after the LLRE+BFR trial, and a score of 1.3 24 hours after the HL-RE trial. 

 

Research Subquestions 

1. Were participants able to complete the pre-determined standard BFR protocol (4 sets 

of 30+15+15+15 repetitions at 20% of 1-RM)? 

Participants were able to complete the 4 sets of 30+15+15+15 repetitions at 20% 

of 1-RM for the LLRE+BFR experimental trial for both leg press and knee extension 

exercises. 

 

2. Were participants able to complete the pre-determined high-load resistance exercise 

protocol (4 sets of 10 repetitions)? 

Participants were able to complete the scheme of 4 sets of 10 repetitions for the 

leg press exercise but not for the knee extension, unless the load was decreased. 
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3. Is there any difference in exercise volume between leg press and knee extension 

exercises within the same exercise protocol? 

Exercise volume was slightly greater for leg press compared to knee extension 

during HL-RE due to the fact that most participants were unable to complete the pre-

determined number of repetitions for the latter.  

 

4. Were individuals with MS able to tolerate the application of BFR during exercise? 

Most participants were able to tolerate the BFR stimulus during exercise, with 

only one participant feeling lightheaded immediately post-exercise, which was 

dissipated following a few minutes of rest. 

 

5. Was there any difference in electromyography amplitude when comparing muscles of 

the right and left legs? 

There were no differences in electromyography amplitude within the vastus 

medialis or vastus lateralis muscles, during the leg press or knee extension exercise, 

when comparing right and left legs. 

 

6. Was 1-RM testing a reliable method to measure maximum dynamic strength in people 

living with MS? 

Conflicting findings were observed regarding the reliability of the 1-RM test in 

people living with MS. Although high reliability scores were observed for the 1-RM 

test performed in both the leg press and the knee extension exercise, a significant 
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increase from trial 1 to trial 2 was observed during leg press, potentially due to a 

learning effect, but not during knee extension.  

 

Hypotheses 

1. Considering the literature suggesting the exercise-induced metabolic response as one 

of the potential mechanisms contributing for muscle hypertrophy following 

LLRE+BFR and the several studies reporting similar hypertrophy gains following 

both LLRE+BFR and HL-RE, it was hypothesized that a similar metabolic response 

(whole-blood lactate) would be observed between the LLRE+BFR and HL-RE 

protocols 

This hypothesis was rejected as HL-RE resulted in a greater post-exercise whole-

blood lactate accumulation compared to LLRE+BFR. 

 

2. Myoelectric activity during exercise would be greater during HL-RE in comparison 

to LLRE+BFR. This hypothesis was based on multiple studies demonstrating smaller 

myoelectric activity during LLRE+BFR compared to HL-RE. 

This hypothesis was confirmed as LLRE+BFR resulted in greater myoelectric 

activity than HL-RE for all muscles tested during both leg press and knee extension 

exercises. 

 

3. There are also several studies demonstrating that LLRE+BFR and HL-RE may induce 

similar post-exercise responses. Thus, it was hypothesized that the exercise-induced 
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muscle swelling response (muscle thickness and thigh circumference) would be 

similar between LLRE+BFR and HL-RE. 

This hypothesis was also confirmed as a similar muscle swelling response was 

observed following both the LLRE+BFR and HL-RE experimental trials, in the form 

of increases in muscle thickness and thigh circumference. 

 

4. Although only a few studies have directly compared the hormonal stress response 

following LLRE+BFR and HL-RE, considering the higher mechanical stress involved 

with HL-RE, it was hypothesized that a greater hormonal stress (cortisol) response 

would be observed following HL-RE compared to LLRE+BFR. 

This hypothesis was rejected as no significant differences were observed between 

the LLRE+BFR and HL-RE conditions up to 1 hour post-exercise.  

 

5. As the regulation of biomolecular pathways has also been suggested as potential 

mechanisms through which both LLRE+BFR and HL-RE elicit the positive 

adaptations, it was hypothesized that similar levels of biomolecular markers of 

muscle anabolism (mTOR) and catabolism (myostatin) would be observed following 

LLRE+BFR and HL-RE. 

This hypothesis was confirmed as no significant differences were observed 

between LLRE+BFR and HL-RE for the post-exercise changes in mTOR and 

myostatin plasma concentrations. 
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6. The higher mechanical loads used during HL-RE have been well documented to 

induce muscle damage after an exercise bout, whereas the current literature is yet to 

demonstrate that LLRE+BFR induces any muscle damage. Considering the common 

inflammatory response taking place following damaging exercise, it was hypothesized 

greater inflammation (interleukin-6) would be observed following HL-RE compared 

to LLRE+BFR. 

This hypothesis was rejected as no significant differences were observed for the 

post-exercise interleukin-6 plasma concentration following either LLRE+BFR or HL-

RE. 

 

7. There would be no difference in changes in plasma volume and hematocrit levels 

between LLRE+BFR and HL-RE. This hypothesis was based on previous literature 

demonstrating minimal to no changes in plasma volume and hematocrit levels. 

This hypothesis was confirmed as no significant differences were detected 

between LLRE+BFR and HL-RE for changes in plasma volume and hematocrit levels. 

 

8. Considering the higher mechanical loads used during HL-RE, it was hypothesized 

that HL-RE would result in greater ratings of perceived exertion (RPE) compared to 

LLRE+BFR. 

This hypothesis was confirmed as HL-RE resulted in greater RPE values during 

both leg press and knee extension exercises in comparison to LLRE+BFR. 
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9. Although one would naturally expect HL-RE to result in lower ratings of pain 

compared to LLRE+BFR, due to the use of lower loads, it should also be considered 

that the restriction of blood flow may, on the other hand, contribute to increase the 

ratings of pain during exercise. Therefore, it was hypothesized that LLRE+BFR would 

result in similar ratings of pain when compared to HL-RE. 

This hypothesis was partially confirmed as similar levels of pain were observed 

between the LLRE+BFR and HL-RE trials. However, for the levels of pain measured 

immediately before each set, the LLRE+BFR trial tended to result in greater pain. 

 

10. As HL-RE is expected to result in greater muscle damage than LLRE+BFR, it was 

hypothesized that HL-RE would also result in greater ratings of delayed-onset muscle 

soreness 24 h post-exercise, while LLRE+BFR will not induce any delayed-onset 

muscle soreness. 

This hypothesis was confirmed as no significant differences existed between 

LLRE+BFR and HL-RE for the delayed-onset muscle soreness score. Moreover, only 

small non-significant increases were observed 24 hours following both experimental 

conditions.  

 

Subhypotheses 

1. Based on fact that participants are resistance untrained, not familiar with 

LLRE+BFR, and that individuals with MS fatigue more quickly compared to healthy 

individuals, it was hypothesized that most participants would not be able to complete 

all the repetitions for the 4 sets of the BFR exercise protocol. 
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Participants were able to perform the required number of repetitions for the 

LLRE+BFR condition during leg press, but not during the last set of the knee extension 

exercise.  

 

2. Also considering the fact that participants are resistance untrained and have a 

compromised ability to perform high-load resistance exercise for prolonged periods 

of time, it was hypothesized that most participants would not be able to complete the 

10 repetitions of the last 2 sets of the high-load resistance exercise protocol. 

Participants were able to perform the required number of repetitions for the HL-

RE condition during leg press, but not during the last set of the knee extension 

exercise.  

 

3. It was hypothesized that greater exercise volume would be observed with the leg press 

compared to knee extension exercise, as participants may experience greater fatigue 

during knee extension, which will be performed after the leg press. 

This hypothesis was partially confirmed as participants completed all pre-

determined number of repetitions for the HL-RE condition during leg press but not 

during knee extension, resulting in a slightly greater exercise volume being observed 

during leg press in comparison with knee extension. 

 

4. Although unpleasant, considering the lower levels of BFR applied, it was 

hypothesized that most participants would be able to tolerate the application of BFR 

during exercise. 
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This hypothesis was conformed as, all participants tolerated well the application 

of BFR during exercise without any apparent adverse effects. Only one participant 

felt light-headed following LLRE+BFR, but fully recovered within a few minutes. 

 

5. Taking into consideration the studies demonstrating limb asymmetry in people 

suffering from MS, it was hypothesized that left and right legs would display 

differences in sEMG amplitude. 

These data did not support the hypothesis that differences in sEMG amplitude 

would be observed when comparing the right and left legs. 

 

6. Considering limb asymmetry and the fact that participants not familiar with the 

technique of resistance training, it was hypothesized that 1-RM would not be a 

reliable testing method to assess maximum dynamic strength in MS patients. 

This hypothesis was not confirmed as high reliability scores were observed for 

leg press and knee extension and 1-RM testing. However, it should be considered that 

a significant 14% mean increase in the 1-RM score was observed during leg press, 

but not during knee extension.  

 

Clinical Significance 

This study was the first to provide scientific evidence that LLBFR-RE may 

potentially serve as a resistance training modality for people living with MS. These 

finding have profound relevance for individuals suffering from MS, considering that 

training at high intensities may potentially increase body temperature leading to a 
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temporary exacerbation of the symptoms of the disease. Considering, the compromised 

physical function parameters commonly observed in these individuals, performing HL-

RE would be difficult and potentially increase the risk of injury. Finally, the use of higher 

training loads could also induce muscle damage and impose a further temporary decline 

in physical function.  

This study demonstrated that people living with MS are capable of tolerating and 

performing LLBFR+RE without any major adverse effects. This study also demonstrated 

that LLBFR+RE is capable of acutely increasing many of the physiological parameters 

commonly thought to contribute the skeletal muscle hypertrophic often observed 

following traditional resistance exercise without BFR, indicating that it may potentially 

serve as a training alternative to HL-RE for MS patients unable or unwilling to lift heavy 

loads. The perceptual data from this study also demonstrated that LLBFR+RE requires 

less muscular exertion compared to HL-RE, and does not cause exaggerated pain during 

exercise or elevated delayed-onset muscle soreness up to 24 h post-exercise, which 

altogether makes it more attractive and appealing for people living with MS. 

 

Future Directions 

The findings of the current study demonstrated that LLRE+BFR is capable of 

acutely increasing many of the physiological parameters commonly used to explain the 

positive adaptations often observed following LLRE+BFR.  Additionally, this study also 

demonstrated that people living with MS are capable of performing a typical LLRE+BFR 

protocol without any major adverse effects. Lastly, this investigation also demonstrated 

that LLRE+BFR requires less muscular effort that traditional high-load resistance training. 
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Therefore, future studies should investigate the long-term effects of low-load resistance 

training combined with blood flow restriction in individuals with MS on skeletal muscle 

size and strength levels, as well as parameters of physical function (e.g., mobility, 

coordination, balance, etc.). 

The current investigation demonstrated that low-load resistance training 

combined with BFR may serve as a potential training alternative to traditional high-load 

resistance training capable of inducing positive neuromuscular adaptations. Nonetheless, 

further research is needed to confirm the long-term benefits of this training modality in 

this clinical population.  
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Appendices 

Appendix A: OMNI Scale for Resistance Exercise 
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Appendix B: Pain Scale 
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Appendix C: IBR Letter of Approval 

 

  

1 1 0 5  N .  S t o n e w a l l  A v e n u e ,  O k l a h o m a  C i t y ,  O K   7 3 1 1 7  ( F W A 0 0 0 7 9 6 1 )

Institutional Review Board for the Protection of Human Subjects

Initial Submission – Board Approval 

Date:  October 9, 2018 IRB#: 9779
Meeting Date:  10/01/2018

To:  Michael G Bemben, PhD Approval Date: 10/08/2018
Expiration Date: 09/30/2019

Study Title:  Acute Physiological Responses to Low-Load Resistance Exercise with Blood Flow Restriction 
Compared to Traditional High-Load Resistance Exercise in Multiple Sclerosis Patients

Reference Number:  682221
Study Status:  Active - Open

At its regularly scheduled meeting the IRB reviewed the above-referenced research study.  Study documents 
associated with this submission are listed on page 2 of this letter. To review and/or access the submission 
forms as well as the study documents approved for this submission, open this study from the My Studies option, 
click to open this study, look under Protocol Items to click on the current Application, Informed Consent and 
Other Study Documents.

If this study required routing through the Office of Research Administration (ORA), you may not begin 
your study yet, as per OUHSC Institutional policy, until the contract through ORA is finalized and 
signed.

As principal investigator of this research study, it is your responsibility to:
• Conduct the research study in a manner consistent with the requirements of the IRB and federal 

regulations at 45 CFR 46 and/or 21 CFR 50 and 56. 
• Request approval from the IRB prior to implementing any/all modifications.
• Promptly report to the IRB any harm experienced by a participant that is both unanticipated and related 

per IRB Policy. 
• Maintain accurate and complete study records for evaluation by the HRPP quality improvement 

program and if applicable, inspection by regulatory agencies and/or the study sponsor.
• Promptly submit continuing review documents to the IRB upon notification approximately 60 days prior 

to the expiration date indicated above.

In addition, it is your responsibility to obtain informed consent and research privacy authorization using the 
currently approved, stamped forms and retain all original, signed forms, if applicable. 

If you have questions about this notification or using iRIS, contact the IRB at 405-271-2045 or irb@ouhsc.edu.

Sincerely,

Karen Beckman, MD, Chair
Institutional Review Board
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Appendix D: ELISA Kits’ Instructions 

Interleukin-6 
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Cortisol 
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Myostatin 
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Mammalian Target of Rapamycin 
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Appendix E: IRB Approved Forms 

Consent Form 
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International Physical Activity Questionnaire 
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HIIPA Form 
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Medical Clearance 
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Modified Fatigue Impact Scale 
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Recruitment Flyer 
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Physical Activity Readiness Questionnaire 
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Bone Specific Activity Questionnaire 
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Self-Administered Kurtzke Scale 
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Menstrual History Questionnaire 
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Medical History Questionnaire 
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Raw sEMG Signal 
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Appendix F: Raw Data 

Descriptive Data 
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Modified Fatigue Impact Scale 
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Muscle Thickness 
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Thigh Circumference 
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Interleukin-6 

 

 

Mammalian Target of Rapamycin 
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Cortisol 

 

 

Myostatin 
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Whole-Blood Lactate 
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Hematocrit 

 

 

 

Plasma Volume Change 
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Ratings of Pain 
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Ratings of Soreness 

 

 

Ratings of Perceived Exertion 
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Surface Electromyography: Leg Press 
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Surface Electromyography: Knee Extension 
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