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ABSTRACT

Author:  Brian Benitez 

Title:   Effect of Proximity to Failure in Resistance Training on 

Circulating Levels of Neuroprotective Biomarkers 

 

Institution:   Florida Atlantic University 

Thesis Advisor: Dr. Michael C. Zourdos 

Degree:  Master of Science 

Year:   2021 

 

This study examined the acute and chronic responses of brain-derived 

neurotrophic factor (BDNF), cathepsin B (CatB), insulin-like growth factor-1 (IGF-1), 

and interleukin-6 (IL-6) and if changes in these biomarkers were correlated during 

resistance training. Fourteen resistance trained men performed resistance training 3 days 

per week for 6 weeks in two groups. The only difference between groups was the 

proximity to failure of each set (4-6 repetitions in reserve or 1-3 repetitions in reserve). 

Serum was collected immediately before and after training on day 1 of weeks 1 and 6. 

There were no significant group interactions for any of the biomarkers assessed, there 

were no main effects for time (p>0.05), and no significant correlations were observed 

between any of the biomarkers. However, a significant main effect for exercise for BDNF 

(p=0.03) and IL-6 (p=0.003) was observed. For CatB, a significant exercise × time 

(p=0.002) interaction was observed, indicating differences in the acute change of CatB in 

week 6 (+15.78%; g=0.25) vs. week 1 (-7.46%; g=0.13). In summary, these results 
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suggest that multi-joint resistance exercise far from failure can confer a BDNF response. 

This investigation is the first to demonstrate the potential for acute resistance exercise to 

elicit a transient increase in CatB.
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I INTRODUCTION

 

Age-related decreases in brain volume and plasticity can result in diminished 

cognitive capacity (1). Fortunately, exercise can aid in attenuating age-related neural and 

cognitive declines (2,3), in part due to upregulating several biomarkers with 

neuroprotective capabilities (3,4,5,6,7,8). In rodents, the neurotrophin brain-derived 

neurotrophic factor (BDNF) stimulates hippocampal neurogenesis (6), while the protease 

cathepsin B (CatB) promotes neurogenesis via upregulation of BDNF (8). In humans, age 

related decreases in serum BDNF have been associated with diminished hippocampal 

volume (9), and low post-mortem hippocampal BDNF (10) and insulin-like growth 

factor-1 (IGF-1) (11) have been associated with cognitive deficits. Additionally, 

excessively low (12) and high (13) resting concentrations of circulating IGF-1 have been 

associated with poor cognition. Therefore, exploring exercise prescriptions to modulate 

these biomarkers is warranted in younger individuals to attenuate age-related cognitive 

decline. 

The effects of aerobic training (AT) on both transient and resting changes in 

BDNF and IGF-1 in humans have been well established in the literature (3,14,15), while 

in mice, CatB has been shown to cross the blood-brain barrier to upregulate protein 

concentrations of BDNF in response to AT (8). However, these biomarkers' responses to 

resistance training (RT) remain equivocal. For example, studies have reported that an 

acute bout of RT is capable of eliciting a transient response in both serum (16,17,18) and 

plasma (19) BDNF, while others have failed to observe an RT-induced BDNF response 
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(20,21,22). Importantly, studies that have reported a transient increase in BDNF have 

utilized free-weight multi-joint exercises close or to muscular failure (16,17,18,19,22,23). 

Additionally, only one study has examined the effects of acute resistance exercise (RE) 

on serum CatB (23), which failed to show a response; however, this study used low-

volume RE (i.e., 4 sets). In mice, increased AMP-activated protein kinase (AMPK) has 

initiated CatB release from skeletal muscle (24), signaling that it may take high amounts 

of RT volume to increase AMPK and elicit a CatB response. 

Regarding longitudinal data, a meta-analysis from Dinoff et al. (25) concluded 

that RT did not confer a resting change in peripheral BDNF. More recently, Gourgouvelis 

et al. (26) reported that eight weeks of combined multi-joint RT and AT, did not confer a 

resting change in plasma BDNF or CatB concentrations. However, Quiles et al. (22) 

reported an exploratory effect size of 0.22, suggesting a decrease in resting plasma BDNF 

after six weeks of multi-joint RT performed close to muscle failure. Moreover, in a cross-

sectional design, De la Rosa et al. 2019 (27) reported that rugby players performing both 

RT and AT had lower resting concentrations of both serum BDNF and CatB compared to 

sedentary controls. 

The neuroprotective benefits of RT may also extend to neuroendocrine and 

immune crosstalk as the myokine interleukin-6 (IL-6) has been shown to stimulate BDNF 

from human monocytes (28). Importantly, IL-6 is responsive to RT (22,23) and increases 

in resting IL-6 have been associated with cognitive decline. Although previous studies 

(16,22,23) have failed to show a relationship between BDNF and IL-6 in response to 

acute RT, none of them used high-volume RT to muscular failure.  
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Overall, it seems that an appropriate configuration of RT variables is crucial to 

reveal the potential of RT-mediated changes in neuroprotective biomarkers. Therefore, 

the purpose of this study was to compare changes in both acute and resting concentrations 

of serum BDNF, CatB, IGF-1, and IL-6 in resistance-trained men using two different RT 

proximities to failure (1-3 RIR, and 4-6 RIR) on the back squat and bench press over six 

weeks. Our secondary aim was to examine the relationship between the acute changes in 

BDNF and IL-6. We hypothesized that RT closer to failure will provide a greater acute 

increase in all biomarkers.
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II REVIEW OF LITERATURE

Introduction 

Historically, cognitive decline has been viewed as a completely unmodifiable 

consequence of aging, with this narrative permeating not only the public but the scientific 

community alike. The physiological effects of aging have been well documented in the 

literature, linking aging to a reduction in hippocampal volume, learning, and memory 

(29). However, it is important to note that the aforementioned physiological changes are 

not uni-factorial, but rather a summation of many inputs spanning multiple genetic, 

environmental, and lifestyle factors. Previously, it was believed that the number of 

neurons in the brain remained static after prenatal and neonatal development; however, 

we now have evidence to demonstrate that neurogenesis occurs well into late adulthood 

(30). Further, older populations that are physically active have displayed enhanced 

learning, memory, and brain plasticity when compared to their sedentary counterparts 

(31). While the original narrative does have support in the literature, more recent 

evidence would suggest that the brain is far more plastic than previously reported. This 

newer line of evidence opens the door for potential lifestyle interventions aimed at 

attenuating the deleterious effects of age-related cognitive decline.  

Exercise and Neurogenesis 

For centuries, researchers have sought to elucidate the mechanisms behind the 

notion that a healthy body leads to a healthy mind. Recent evidence would suggest that 

exercise, even when meeting minimum guidelines, has robust effects on the brain, such as 



5 

enhanced memory, mood, cognitive functioning, plasticity, and learning capabilities 

(32,33,34). Additionally, a strong link between exercise and neurogenesis has been 

established in the literature, with a majority of growth occurring in the dentate gyrus of 

the hippocampus (35).  

Importantly, the hippocampus serves as a key structure in learning and the 

formation of new memories, specifically the creation of long-term memory (29,30,32). 

Due to the critical role of the hippocampus in respect to cognitive function and 

neurogenesis, exercise induced neurogenesis in this region of the brain would have 

important implications in attenuating the aforementioned deleterious effects of aging. 

Early evidence in rodent models have demonstrated that voluntary exercise on a running 

wheel enhances neurogenesis in the dentate gyrus (35). These findings revealed that 

exercise did not only increase neuronal cell proliferation, but also increased their survival 

rate as they differentiated and matured (35). While directly observing these exercise-

induced physiological adaptations in humans has proven to be much more difficult, 

correlative evidence has established that long term exercise is associated with both 

enhanced cognitive function and greater hippocampal volume in humans (29,31,34,36). 

These findings have encouraged researchers to set out and more clearly define the 

potential biological modulators of exercise-mediated neurogenesis. 

Biomarkers for Neuroprotection 

BDNF 

Brain Derived Neurotrophic Factor (BDNF) is a growth factor categorized under 

the neurotrophin family widely expressed in the brain and throughout the rest of the 

central nervous system (37). BDNF has been classified as a neuroprotective agent, 
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regulating synaptic plasticity, neuronal survival, and growth of neuronal axons and 

dendrites. (38).  

Early animal models have revealed BDNF to be crucial to synaptic changes in the 

hippocampus through its receptor Tropomyosin receptor kinase B (TrkB) (39,40,41). 

Specifically, researchers have used TrkB knockdown mice, as well as exogenous factors 

to overexpress BDNF, in efforts to observe its physiological impact. In BDNF 

knockdown mice, it was observed that neural stem cells proliferated significantly less 

than in wild type mice. Further, of the stem cells that did proliferate, significantly more 

deteriorated in the BDNF knockdown group before fully differentiating and maturing 

(41). When investigating the effects of BDNF overexpression on neurogenesis, wild type 

TrkB mice with elevated BDNF concentrations, via administration of exogenous BDNF, 

revealed that more neurons were recruited from neuronal progenitor cells (40). More 

recently, when mice were subjected to chronic upregulation of BDNF, a significant 

increase in net neurogenesis was observed in the dentate gyrus (42). In addition to the 

animal literature in support of BDNF’s neuroprotective role, correlational evidence with 

humans has shown that peripheral measures of BDNF are associated with hippocampal 

volume and spatial memory (31,32,34,36,43). Collectively, findings from both human 

and animal models illustrate the importance of BDNF in cognitive function and 

neurogenesis, as well as the potential use of peripheral BDNF concentrations as a 

biomarker of neurogenesis. 

IGF-1 

Insulin like growth factor 1 (IGF-1) is a single chain peptide involved in several 

physiological processes throughout the body and is considered to play a critical role in 
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normal brain development (44). Specifically, IGF-1 is thought to play an essential role in 

brain neurogenesis, angiogenesis, beta-amyloid clearance, and other metabolic functions 

(44,45). Endogenous IGF-1 is believed to be the essential regulator in the differentiation 

of adult stem cells into neurons, with mutations to IGF-1 and IGF-1 Receptor (IGF-1R) 

genes resulting in some degree of cognitive impairment (46,47).  

To further understand IGF-1’s role in neurogenesis, early work by Beck et al (48) 

revealed that IGF-1 and IGF-1R knockout mice exhibited reduced brain size, loss of 

myelination and behavioral deficits. Accordingly, mice with elevated IGF-1 

concentrations via administration of exogenous IGF-1 exhibit significantly larger brain 

size and an increase in myelin content and number of neurons when compared to controls 

(49). Collectively, several animal models have demonstrated that increased IGF-1 

concentration results in increased neuronal acetylcholine release, activation of N-methyl-

D-aspartate receptors, as well as improved glucose utilization among several other 

neuroprotective adaptations (50,51,52). In humans however, the data is mixed on whether 

IGF-1 concentrations are associated with cognitive function (53). There is data to suggest 

that low IGF-1 concentrations are associated with poor cognition (54), whereas 

conflicting data has indicated that high concentrations of IGF-1 can result in worse future 

cognitive performance (55). Interestingly, there is also data to suggest that moderate 

concentrations of IGF-1 result in better cognition in adults (56). Together, these findings 

indicate that the absolute level of IGF-1 may be relevant to cognition; however, more 

evidence is still necessary to better understand the role of IGF-1 as it pertains to cognitive 

function and neuroprotection in humans. 

CatB 
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CatB is a myokine and a member of the cathepsin lysosomal cysteine protease 

family that serves to catabolize intracellular proteins (57). Recently, CatB has been 

identified as being capable of passing the blood brain barrier, assisting with BDNF 

expression and subsequent hippocampal neurogenesis (8). While the body of evidence for 

CatB is currently limited, the expression of BDNF and subsequent neurogenesis appears 

to be, at least in partial, mediated by CatB. 

Of the limited data available in CatB, Moon et al (8), using both animal and 

human, models were able to identify a role for CatB in mediating exercise-induced 

hippocampal neurogenesis and improvement in hippocampal function. Using CatB-

knockout mice, it was reported that mice lacking CatB did not experience neurogenesis or 

any improved cognitive function following exercise. However, in wild-type control mice, 

exercise resulted in enhancement of neurogenesis and improvement of spatial memory. In 

humans, running on a treadmill appeared to elevate CatB in plasma, with changes in CatB 

levels correlating with fitness and hippocampus-dependent memory function. While these 

findings are promising, more evidence is still necessary to better understand the role of 

CatB as it pertains to cognitive function and neuroprotection in humans. 

IL-6 

Of the myokines investigated in the literature with regards to age related systemic 

inflammation, interleukin-6 (IL-6) is regarded as one of the main inflammatory 

components resulting in age-associated pathologies (58). IL-6 has responsibilities 

including roles in immunological homeostasis and signaling within the central nervous 

system (58). Contrary to the other markers discussed in this review, chronic upregulation 
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of IL-6 appears to result in negative adaptations to cognitive function and neurogenesis 

(58).  

Studies looking at IL-6 as it pertains to learning and plasticity have revealed that 

genetic deletion of IL-6 fails to disrupt learning and memory (59) whereas 

overexpression (60) causes broad memory impairments and diminished long-term 

potentiation. It is speculated that IL-6 serves a modulatory role with respect to cognitive 

function, with evidence reporting hippocampal IL-6 levels being elevated following 

learning (61). In support of this interpretation, mice deficient in IL-6 have shown to have 

enhanced learning capabilities compared with wild type mice (59). In humans, IL-6 levels 

have been shown to inversely correlate with hippocampal gray matter volume of older 

adults, as well as with the integrity of the white matter in the brain of midlife adults (62). 

As it relates to cognitive function, there is evidence to suggest that elevated peripheral 

IL-6 negatively affects memory and learning (61) and is associated with poor cognitive 

performance (62). Collectively, these findings suggest that the modulation of IL-6 levels 

through exercise may protect against developing age-related neurodegenerative diseases 

linked to systemic inflammation. 

Resistance Training and Neuroprotection 

 Most studies that use exercise for the prevention or treatment of age-related 

cognitive decline and neurodegenerative diseases have focused on AT, revealing different 

behavioral and biochemical effects (31,32,33). More recently, RT has also been shown to 

contribute to the prevention of age-related neurodegenerative diseases, as well as to the 

maintenance, development, and recovery of brain activities through specific 

neurochemical adaptations induced through RT. 
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RT is generally associated with a plethora of health benefits in both healthy and 

diseased populations (63). Importantly, it also serves as an alternative form of exercise 

for those who suffer from cardiorespiratory issues or individuals who are limited 

physically and may not be capable of performing other forms of exercise such as jogging 

or cycling. RT has also been shown to attenuate the decreases in strength and muscular 

size that have been correlated with age related frailty (64). Although the benefits of RT 

have been well established in the literature, only recently have we truly begun to explore 

how RT, in isolation, impacts cognitive function and neurogenesis.  

 When discussing the potential benefits of RT as it pertains to cognitive function 

and neurogenesis, one of the direct benefits may arise from the activity-dependent 

modulation of BDNF concentrations. Congregating evidence places BDNF as a central 

modulator of exercise-mediated neuroprotection, making it a primary candidate for 

targeted interventions (65). As mentioned in this review, BDNF has several important 

implications as it pertains to cognitive function and hippocampal neurogenesis (38). 

Importantly, BDNF expression in response to stressful stimuli, such as exercise, has been 

consistently demonstrated in applied human models (38). In particular, several meta-

analyses and systematic reviews have concluded that exercise is capable of modulating 

peripheral BDNF concentrations (65, 66). A recent meta-analysis by Dinoff et al (25), 

concluded that an acute bout of resistance exercise (RE) is capable of transiently 

increasing peripheral BDNF concentrations (66). Additionally, long term RT reportedly 

enhances the magnitude of BDNF response following an acute bout of RE (65). 

However, the ability to modulate resting BDNF concentrations through long term RT 

interventions have not been well established (65,66). A 2020 review by Walsh et al (65) 
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noted that the literature is currently limited by our lack of understanding of the dose-

response relationship between BDNF and exercise. Therefore, while it is plausible that 

RT can be used as an alternative to AT when aiming to modulate circulating and resting 

BDNF concentrations; lack of standardized protocols between studies serves as a major 

limitation in the literature and can partially explain the inconsistent findings with regards 

to RT. 

In addition to RT’s direct impact on BDNF expression, changes in circulating 

hormones, such as IGF-1, are believed to contribute to the regulation of hippocampal 

BDNF expression (53,67). With respect to RT, moderate and high intensity RT has been 

shown to alter circulating IGF-1 concentrations (53). Although, IGF-1 has been identified 

to have a major role in growth, ageing, brain development and adult brain function, it is 

important to note that the link between IGF-1 and normal cognition in human studies is 

mixed (67). In a recent meta-analysis by Stein et al (53) the authors concluded “The 

different protocols used in the studies, together with the heterogeneous samples, hamper 

the establishment of peripheral IGF-1 responses to physical exercise related to cognitive 

functions in the elderly”. Therefore, it is possible that an exercise induced IGF-1 response 

may have implications for cognitive function, however, more consistent guidelines need 

to be established in the literature. 

More recently, CatB has been identified as a novel myokine capable of crossing 

the blood-brain barrier and mediating processes related to cognition through the induction 

of BDNF (8). Although this was seen in aerobic exercise (AE), few attempts have been 

made to observe these changes in RE. Therefore, in order to develop a greater 
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understanding of the potential role of RT as a mediator of circulating CatB, further 

research is required. 

In addition to CatB, IL-6 has also been identified as myokine with important 

implications in the modulation of various cognitive functions. Importantly, acute bouts of 

RE reportedly induce in a transient increase to peripheral IL-6 concentrations (68). 

Although we have described elevated IL-6 in association with negative adaptations, 

several studies have established that an acute increase in IL-6 levels caused by exercise 

gives rise to an anti-inflammatory response by inhibiting tumor necrosis factor alpha 

(TNFα) activation, as well as stimulating the production of several anti-inflammatory 

cytokines (61). Therefore, while chronically elevated IL-6 levels may result in negative 

adaptations to cognitive health, its anti-inflammatory properties could be maximized 

through RT.  

Limitations of Current Perspectives 

Currently, a major hurdle in optimizing the aforementioned markers' response to 

acute and long-term RT, stems from our lack of understanding of their dose-response 

relationship. Although the intensity of exercise seems to be a key factor to improve 

cognition, an intensity dependent relationship between the expression of the 

aforementioned markers and RT has yet to be clearly defined (65,67,69).  

Looking at a recent meta-analysis by Dinoff et al (25), a trend between higher 

intensities and increased BDNF response to exercise was reportedly observed. However, 

meta-analyses are constrained in their capacity to answer specific dosage questions, 

particularly when they do not include the interaction between variables. Although the 

literature commonly claims that exercise intensity is positively associated with increased 
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circulating levels of BDNF, details of this relationship are vaguely defined. Additionally, 

a 2018 systematic review by Stein et al (53) analyzing the effects of exercise on IGF-1 

levels and cognition reported an inability to establish training intensity guidelines due to 

the lack of standardization throughout the literature. In their limitation section, they 

highlighted the importance of standardizing training variables such as intensity in future 

trials. The current inability to clearly define the optimal intensity of RE to stimulate 

transient increases in the aforementioned markers is likely due to a tendency for 

experiments to prioritize novelty in design over mechanistic explanations. Alternatively, 

a more systematic approach whereby research design seeks to understand the optimal 

physiological response necessary in stimulating a targeted marker's release, may be the 

most efficient path forward. 

 Fortunately, there are tools available in the literature to rectify these limitations. 

One of the ways we can define intensity in RT is through proximity to failure. Proximity 

to failure can be defined as the number of repetitions away from the point of reaching 

concentric muscle failure. Using proximity to failure as a metric for intensity, we can 

potentially better prescribe and quantify training intensities as they relate to RT. 

Importantly, this concept can potentially be used to more clearly demonstrate whether the 

aforementioned biomarkers respond in an intensity dependent matter with regards to RE. 

Ultimately, this evidence would serve to establish clearer guidelines when designing a 

RT protocol aimed at enhancing cognitive function and neurogenesis outcome. 

  

Conclusion 
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RT has recently been illustrated to contribute to the prevention of age-related 

neurodegenerative diseases, as well as to the maintenance, development, and recovery of 

brain activities through training induced neurochemical adaptations. Currently, the 

literature is limited in its ability to delineate an intensity dependent relationship between 

the expression of the specific markers and RE. To correct for this limitation, proximity to 

failure can be used as a quantifiable metric of intensity to more clearly demonstrate 

whether the aforementioned biomarkers respond in an intensity dependent matter with 

regards to RE. Ultimately, this evidence would serve to establish clearer guidelines when 

designing a RT protocol aimed at enhancing cognitive function and neurogenesis 

outcome. 
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III METHODS 

Subjects 

Fourteen males between the ages of 18-40 were recruited. For inclusion, subjects 

were required to have trained the back squat and bench press for ≥2 consecutive years as 

determined by a physical activity questionnaire. Subjects were also required to have a 

one-repetition maximum (1RM) squat of ≥1.5 times body mass, and 1RM bench press of 

≥1.25 times body mass. Further, subjects with contraindications to exercise (i.e., heart 

disease, hypertension, diabetes, etc.) as determined via a health history questionnaire 

were excluded. Prior to participation, all subjects provided written consent and the 

University’s Institutional Review Board approved this investigation. 

 

Experimental Design 

The purpose of this study was to examine both acute and resting changes in serum 

BDNF, CatB, IGF-1 and IL-6 concentrations during a 6-week daily undulating RT 

program in resistance trained men. Subjects trained the back squat and bench press three 

times per week on non-consecutive days (i.e., Monday, Wednesday, and Friday) during 

the 6-week program. Subjects were counterbalanced by relative strength into two training 

groups in which each set’s proximity to failure is controlled by an RIR-based RPE rating 

(Figure 1) 7-9 RPE per set (n = 7) and 4-6 RPE per set (n = 7). Blood was collected 

immediately before and after training on day 1 of weeks 1 and 6 (i.e., Monday).  
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RESISTANCE EXERCISE-SPECIFIC RATING OF PERCEIVED EXERTION 

(RPE) 

Rating Description of Perceived Exertion 

10 Maximum effort 

9.5 No further repetitions, but could increase load 

9 1 repetition remaining 

8.5 1-2 repetitions remaining 

8 2 repetitions remaining 

7.5 2-3 repetitions remaining 

7 3 repetitions remaining 

5-6 4-6 repetitions remaining 

3-4 Light effort 

1-2 Little to no effort 

Figure 1: Repetitions in Reserve-Based Rating of Perceived Exertion Scale 

Reprinted, with permission from Zourdos et al., 2016. 

 

For weeks 1 and 2, an undulating periodized repetition pattern of 10, 8, and 6 was 

performed on Monday, Wednesday, and Friday, respectively. In weeks 3 and 4, the 

undulation pattern decreased to 9, 7, and 5 repetitions. In weeks 5 and 6, the undulation 

pattern decreased again to 8, 6, and 4 repetitions (Tables 1-2). At the completion of each 

set, subjects were asked to report an RIR-based RPE value. The above protocol was 

performed on the back squat and bench press exercises. Both groups also performed 

assistance exercises for 2-3 sets of 8-12 repetitions at an 8 RPE. Specifically, barbell 

shoulder press and row were performed on days 1 and 2 of each week with barbell curls, 

triceps extensions, and lateral raises performed on day 3 of each week. Lastly, prior to 
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week 1, a 1RM test and a group-specific introductory training week was completed. The 

specifics of the introductory week can be seen in Tables 1 and 2. 

 

Table 1: 4-6 RPE Training Group 

4-6 RPE Group Day 1 Day 2 Day 3 

Week Protocol Protocol Protocol 

Baseline 

Assessment N/A N/A 1RM Test 

Intro 2 sets × 10 reps @ 3-5 

RPE 

2 sets × 8 reps @ 3-5 

RPE 

3 sets × 6 reps @ 3-5 

RPE 

1 3 sets × 10 reps @ 4-6 

RPE# 

3 sets × 8 reps @ 4-6 

RPE 

4 sets × 6 reps @ 4-6 

RPE 

2 3 sets × 10 reps @ 4-6 

RPE 

3 sets × 8 reps @ 4-6 

RPE 

4 sets × 6 reps @ 4-6 

RPE 

3 3 sets × 9 reps @ 4-6 

RPE 

3 sets × 7 reps @ 4-6 

RPE 

4 sets × 5 reps @ 4-6 

RPE 

4 3 sets × 9 reps @ 4-6 

RPE 

3 sets ×7 reps @ 4-6 

RPE 

4 sets × 5 reps @ 4-6 

RPE 

5 3 sets × 8 reps @ 4-6 

RPE 

3 sets × 6 reps @ 4-6 

RPE 

4 sets × 4 reps @ 4-6 

RPE 

6 3 sets × 8 reps @ 4-6 

RPE# 

3 sets × 6 reps @ 4-6 

RPE 

4 sets × 4 reps @ 4-6 

RPE 

RPE= Rating of Perceived Exertion. Reps= Repetitions. 4-6 RPE= Subjects were instructed to select a load 

that elicited a RPE within the listed range at the prescribed repetition range. #Blood samples collected 

before and after the training session. 

 

Table 2: 7-9 RPE Training Group 
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7-9 RPE Group Day 1 Day 2 Day 3 

Week Protocol Protocol Protocol 

Baseline 

Assessment N/A N/A 1RM Test 

Intro 2 sets × 10 reps @ 6-8 

RPE 

2 sets × 8 reps @ 6-8 

RPE 

3 sets × 6 reps @ 6-8 

RPE 

1 3 sets × 10 reps @ 7-9 

RPE# 

3 sets × 8 reps @ 7-9 

RPE 

4 sets × 6 reps @ 7-9 

RPE 

2 3 sets × 10 reps @ 7-9 

RPE 

3 sets × 8 reps @ 7-9 

RPE 

4 sets × 6 reps @ 7-9 

RPE 

3 3 sets × 9 reps @ 7-9 

RPE 

3 sets × 7 reps @ 7-9 

RPE 

4 sets × 5 reps @ 7-9 

RPE 

4 3 sets × 9 reps @ 7-9 

RPE 

3 sets × 7 reps @ 7-9 

RPE 

4 sets × 5 reps @ 7-9 

RPE 

5 3 sets × 8 reps @ 7-9 

RPE 

3 sets × 6 reps @ 7-9 

RPE 

4 sets × 4 reps @ 7-9 

RPE 

6 3 sets × 8 reps @ 7-9 

RPE# 

3 sets × 6 reps @ 7-9 

RPE 

4 sets × 4 reps @ 7-9 

RPE 

RPE= Rating of Perceived Exertion. Reps= Repetitions. 7-9 RPE= Subjects were instructed to select a load 

that elicited a RPE within the listed range at the prescribed repetition range. #Blood samples collected 

before and after the training session. 

 

Training Load Instruction and Adjustments 

The following script was read to each subject while being shown the RIR-based 

RPE scale before each testing and training session: “Please view this scale to remind you 

of how RPE is scored. Today, working sets should fall within the RPE range of <insert 

RPE range assigned for the week>. Use your knowledge of your prior performances and 
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how the warm-up sets felt to select a load you believe will fall within the assigned RPE 

range. The goal is to maintain your loads in a subsequent fashion, therefore, if the load 

you select falls above or below the target RPE range, an increase or decrease in load 

will occur on the next set. If you fall within the target RPE range, you have the freedom 

to increase or decrease load as you see fit so long as you believe this modified load will 

still fall within the target RPE range. Avoid being overly conservative or aggressive in 

your load selection and expect your RPE to rise with each set as fatigue accumulates.” In 

terms of the specific intra-session set-to-set load adjustments, if the 4-6 and 7-9 RPE 

groups either under- or over-shoot the desired RPE range, load was increased or 

decreased by 2% for every 0.5 RPE value from the middle of the range in accordance 

with Helms et al. 2018 (70) (Table 3). 

 

Table 3: Load change protocol for 4-6 and 7-9 RPE Groups  

Actual RPE Assigned RPE range: 4-6 Assigned RPE range: 7-9 

1 Increase load by 12% Increase load by 24% 

2 Increase load by 8% Increase load by 20% 

3 Increase load by 4% Increase load by 16% 

4 Participant choice Increase load by 12% 

5 Participant choice Increase load by 8% 

6 Participant choice Increase load by 4% 

7 Decrease load by 4% Participant choice 

7.5 Decrease load by 6% Participant choice 

8 Decrease load by 8% Participant choice 

8.5 Decrease load by 10% Participant choice 

9 Decrease load by 12% Participant choice 
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9.5 Decrease load by 14% Decrease load by 2% 

10 Decrease load by 16% Decrease load by 4% 

RPE = Rating of Perceived Exertion. Protocol from Helms et al. 2018. 

 

Testing Procedures 

Anthropometric Assessments. Total body mass (kg) was assessed by a calibrated digital 

scale (Mettler-Toledo, Columbus, Ohio, USA) and the subject's height (cm) was 

measured via a wall-mounted stadiometer (SECA, Hamburg, Germany). Body-fat 

percentage was estimated using the average sum of two skinfold thickness measurements 

acquired from three sites (chest, abdomen, anterior thigh). If any measurement is >2mm 

different than the previous measure, a third thickness was taken. The Jackson and Pollock 

equation (71) was used to estimate body-fat percentage, and the same investigator will 

take all measurements. 

 

Back Squat and Bench Press Technique. Both the back squat and bench press were 

performed in accordance with International Powerlifting Federation standards (72). 

Specifically, for the squat, subjects stood straight with the hips and knees locked, and the 

barbell placed across the upper back/shoulders. Upon the investigators command of 

“squat” subjects descended by bending the knees until the hip joint is below the top of the 

knee. Then subjects returned to the starting position upon their own volition. Subjects 

waited until a rack command was issued to re-rack the barbell. During the bench press, 

subjects lied supine on a weight bench, maintaining five points of contact (head, butt, and 

shoulders in contact with the bench, both feet in flat on the floor throughout the 

movement). Subjects removed the barbell from the rack and held it with arms extended 
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in a stable position. Investigators issued a start command upon which subjects lowered 

the barbell until it contacted the chest and is then pressed upwards until the arms were 

once again fully extended. Subjects waited until a rack command was issued to re-rack 

the barbell. 

 

One Repetition Maximum (1RM) Testing. All 1RM testing was performed in accordance 

with previously validated procedures (73). Specifically, all subjects first completed a 5-

minute dynamic warm-up followed by a squat-specific warm-up consisting of as many 

repetitions as desired with an empty barbell. Next, subjects performed 5 repetitions with 

20% their estimated 1RM, followed by 50% for 3 repetitions, 70% for 2 repetitions, and 

80% of 1RM for 1 repetition. Following the 80% of estimated 1RM warm-up, subjects 

were given 3-5 minutes of rest before a final warm-up at a load determined by the 

investigators (between 85-90% of estimated 1RM). Following the final warm-up, subjects 

took 5-7 minutes of rest while the investigators determined the load for the first 1RM 

attempt. Load was increased on each subsequent attempt until a 1RM was reached and 5-

7 minutes of rest was be given between each attempt. On every warm-up and 1RM 

attempt RPE and average concentric velocity using a previously validated device (74) 

was collected to aid in attempt selection. Following 1RM testing on the back squat 10 

minutes of rest was given and then an identical protocol was followed for the bench 

press. A 1RM was accepted as valid if one of 3 conditions are met: (a) Subject report a 

“10” on the RPE scale and the investigators determine an additional attempt with 

increased load would be unsuccessful, (b) subject reports a “9.5” RPE and then precedes 

to the subsequent attempt with a load increase of 2.5 kg or less, and (c) subject reports an 
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RPE of 9 and fails the subsequent attempt with a load increase of 5 kg or less. Finally, 

Eleiko barbells and lifting discs (Chicago, Ill., USA) calibrated to the nearest 0.25 kg 

were used for all 1RM testing. 

 

Blood Sampling and Analysis. Serum was collected via the antecubital vein using serum 

venipuncture techniques and serum separating tubes. Once collected, samples were set at 

room temperature for 20-30 minutes for clotting and then were centrifuged at 2,000 × G 

for 10 minutes to obtain serum. Once separated, serum was aliquoted and stored at -80º C 

until analysis. Biomarkers (BDNF, CatB, IGF-1, and IL-6) were measured using the 

Epochtm microplate spectrophotometer (BioTek Instruments, Winooski, VT, USA) 

through commercially available enzyme-linked immunosorbent assay (ELISA) kits (Cat# 

ab119584 Human Cathepsin B ELISA Kit, Cat# ab212166 Human BDNF ELISA Kit, 

Cat# ab100545 Human IGF1 ELISA Kit, Cat# ab46042 Human IL-6 ELISA kit High 

Sensitivity, Abcam, Cambridge, UK) and analyzed in duplicate. Blood collection occured 

immediately before and after training on day 1 (i.e., Monday) of weeks 1 and 6.  

 

Statistical Analyses 

Prior to all analyses a Shapiro-Wilk test was used to confirm normality of the data. 

A 3 (pre- vs. post-exercise) × 2 (week 1 vs. week 6) × 2 (4-6 RPE vs. 7-9 RPE) three-way 

mixed factor ANOVA was used to analyze both the acute and resting response of BDNF, 

IGF-1, CatB, and IL-6 at both weeks 1 and 6. Tukey’s post-hoc test for multiple comparison 

purposes was used. To supplement null hypothesis testing both within- and between-group 

Hedges g effect sizes (ES) were calculated. Within-group effect sizes (ES) were calculated 
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as ES = [(post-testing mean – pre-testing mean)/SDpooled] to examine if there is a 

meaningful change from pre- to post exercise in each biomarker in weeks 1 and 6. Between-

group effect sizes were calculated as ES = [(change score mean – change score mean)/pre-

test SDpooled] to examine if there is a meaningful difference in the magnitude of acute 

change in each biomarker for weeks 1 and 6. A small sample size correction, according to 

Hedges (75), was applied to the above ES calculations. Finally, Pearson’s Product Moment 

Correlations were used to analyze the relationship between acute responses BDNF and IL-

6, CatB and IL-6, and BDNF and IGF-1 during weeks 1 and 6. Graphpad Prism 9.1.1 for 

macOS (San Diego, CA, USA) was used for all analyses and significance will be set at p 

≤ 0.05.
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IV RESULTS

Brain Derived Neurotrophic Factor 

The three-way ANOVA revealed no significant three-way interaction (exercise × 

time × group) for serum BDNF (p=0.77). Furthermore, there were no significant two-way 

interactions (group × time, p=0.99; group × exercise, p=0.06; exercise × time, p=0.24), 

nor were there significant main effects for time (p=0.60) or group (p=0.24). However, a 

main exercise effect (pre-exercise to post-exercise) was observed for BDNF (p=0.03); 

indicating that acute RE induced a positive transient change in BDNF. Further, an effect 

size of g=0.41 for BDNF from pre- to post- exercise in week 6 supports the main effect 

for exercise. Table 4 displays mean changes, standard error, standard deviation, 

percentage changes, and within-group effect sizes for BDNF. Individual changes from 

pre- to post-exercise are plotted in Figure 2AB. The intra-assay coefficient of variation 

for BDNF was 7.18%. 

 

     Table 4: Within Condition Pre- to Post-Exercise Changes for all Biomarkers 

 

Variable 

Pre 

Mean ± 

SEM 

Post 

Mean ± SEM 

Mean 

Change  

± SD 

%∆ 
Within-Group  

ES (g) 

BDNF 

Week 1 

(ng.ml-

1) 

Main Effect 10.58±0.64 10.96±0.69 0.39±1.95  3.66 0.12 

4-6 RPE 10.89±1.29 12.22±1.12 1.33±2.11  12.18 0.36 

7-9 RPE 
10.31±0.55 9.89±0.69 -0.42±1.50  -4.07 -0.13 

BDNF  

Week 6 

(ng.ml-

1) 

Main Effect 10.80±0.76 12.20±0.99 1.40±2.09  12.95 0.41 

4-6 RPE 11.26±0.91 13.31±1.64 2.05±2.72  18.19 0.50 

7-9 RPE 
11.34±1.26 11.09±1.09 0.75±1.05  7.26 0.18 

CatB Main Effect 7.42±0.96 6.86±0.92 -0.55±1.08 -7.46 -0.13 
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Week 1 

(ng.ml-

1) 

4-6 RPE 7.52±1.67 6.82±1.61 -0.70±1.12 -9.29 -0.13 

7-9 RPE 
7.33±1.19 

6.90±1.13 -0.43±1.11 
-5.83 -0.08 

CatB  

Week 6 

(ng.ml-

1) 

Main Effect 7.00±1.00 8.10±0.92 1.10±1.24 15.78 0.25 

4-6 RPE 7.52±1.65 8.80±1.43 1.28±1.63 17.00 0.24 

7-9 RPE 
6.48±1.24 7.41±1.21 

0.93±0.79 
14.36 0.17 

IL-6 

Week 1 

(pg.ml-

1) 

Main Effect 2.55±0.44 3.29±0.40 0.74±1.50  29.17 0.39 

4-6 RPE 2.94±0.67 3.51±0.70 0.56±1.39  19.13 0.23 

7-9 RPE 2.21±0.61 3.11±0.48 0.90±1.65  40.67 0.39 

IL-6 

Week 6 

(pg.ml-

11 

Main Effect 2.70±0.57 4.08±0.90 1.39±1.62  51.41 0.54 

4-6 RPE 2.67±1.09 4.80±1.70 2.13±1.68  79.57 0.68 

7-9 RPE 2.72±0.49 3.37±0.69 0.65±1.27  23.76 0.21 

IGF-1 

Week 1 

(ng.ml-

1) 

Main Effect 65.74±16.44 72.12±18.90 6.38±16.21 9.70 0.08 

4-6 RPE 62.14±24.82 72.70±29.57 10.56±19.91 17.00 0.11 

7-9 RPE 68.83±23.67 71.62±26.51 2.79±12.77 
4.06 0.03 

IGF-1 

Week 6 

(ng.ml-

1) 

Main Effect 83.71±19.88 76.89±16.29 -6.82±27.92 -8.14 0.08 

4-6 RPE 80.22±30.95 62.76±14.67 17.46±40.14 -21.76 -0.16 

7-9 RPE 71.42±26.98 74.19±26.64 2.76±11.15 
3.87 0.03 

There were no differences in pre-exercise levels of any biomarker between conditions (p>0.05). Bold = ES 

(effect size) of at least 0.20. SEM = Standard Error of the Mean. SD = Standard Deviation. BDNF = Brain 

Derived Neurotrophic Factor. CatB = Cathepsin B. IL-6 = Interleukin-6. IGF-1 = Insulin-Like Growth 

Factor-1. 

 

Cathepsin B 

 The three-way ANOVA revealed no significant three-way interaction (exercise × 

time × group) for serum CatB (p=0.43). Furthermore, there were no significant two-way 

interactions for group × time (p=0.36) or group × exercise (p=0.99), nor were there any 

significant main effects (time, p=0.75; exercise, p=0.34; group, p=0.63). However, a two-

way interaction revealed a significant effect for exercise × time (p=0.002), indicating a 

difference in the acute change of CatB from pre- to post-exercise in week 6 vs. week 1. 

Specifically, collapsed across groups in week one there was a nominal decrease in CatB 

(-7.46%, g=-0.13); however, percentage change and effect size calculations showed a 

potentially meaningful increase in CatB from pre- to post-exercise in week 6 (+15.78%, 



26 

g=0.25) (Table 4 and Figure 2CD). The intra-assay coefficient of variation for CatB was 

7.38%. 
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Figure 2ABCDEF. Individual Acute Changes in BDNF, CatB, and IL-6. BDNF = Brain-Derived 

Neurotrophic Factor. 4-6 RPE = 4-6 RPE group. 7-9 = 7-9 RPE group. Panel A = Acute pre- to post 

exercise changes in BDNF for combined cohort week 1. Panel B = Acute pre- to post-exercise changes in 

BDNF for combined cohort week 6. CatB = Cathepsin B. 4-6 RPE = 4-6 RPE group. 7-9 = 7-9 RPE group. 

Panel C = Acute pre- to post exercise changes in CatB for combined cohort week 1. Panel D = Acute pre- 

to post-exercise changes in CatB for combined cohort week 6. IL-6 = Interleukin-6. 4-6 RPE = 4-6 RPE 

group. 7-9 = 7-9 RPE group. Panel E = Acute pre- to post exercise changes in IL-6 for combined cohort 

week 1. Panel F = Acute pre- to post-exercise changes in IL-6 for combined cohort week 6. 
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Interleukin-6  

 The three-way ANOVA revealed no significant three-way interaction (exercise × 

time × group) for serum IL-6 (p=0.15). Furthermore, there were no significant two-way 

interactions (group × time, p=0.29; group × exercise, p=0.35; exercise × time, p=0.29), 

nor were there significant main effects for time (p=0.84) or group (p=0.40). As expected, 

a main exercise effect (pre-exercise to post-exercise) was observed for IL-6 (p=0.003); 

indicating that acute RE elicited a transient increase in serum IL-6. Further. All within 

group effect sizes for IL-6 from pre- to post-exercise in both week 1 and week 6 were 

small to moderate (Table 4 and Figure 2EF). The intra-assay coefficient of variation for 

IL-6 was 7.6%. 

 

Insulin Like Growth Factor-1  

The three-way ANOVA revealed no significant three-way interaction (exercise × 

time × group) for serum IGF-1 (p=0.14). Furthermore, there were no significant two-way 

interactions (group × time, p=0.87; group × exercise, p=0.49; exercise × time, p=0.14), 

nor were there significant main effects for time (p=0.47), group (p=0.95), or exercise 

(p=0.94) (Table 4). The intra-assay coefficient of variation for IGF-1 was 4.61%. 

 

Correlations 

There were no significant correlations between the acute change in BDNF and IL-

6 in either week (week 1: r=-0.10, p=0.73; week 6: r=0.22, p=0.44). Furthermore, the 

acute change of IL-6 and CatB nor BDNF and IGF-1 was not significantly correlated in 

weeks 1 or 6 (p>0.05) (Table 5).  
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     Table 5: Pearson’s Correlation with BDNF, IL-6, IGF-1, and CatB 

 
                   Variable 

                   (Mean ∆) 
r-value p-value 

Week 1 

BDNF Mean ∆ 

Week 1 IL-6 -0.10 0.73 

Week 1 IGF-1 0.26 0.39 

Week 6 

BDNF Mean ∆ 

Week 6 IL-6  0.23 0.44 

Week 6 IGF-1 0.10 0.72 

Week 1 

IL-6 Mean ∆ 

Week 1 BDNF -0.10 0.73 

Week 1 CatB 0.15 0.63 

Week 6 

IL-6 Mean ∆ 

Week 6 BDNF 0.23 0.44 

Week 6 CatB -0.27 0.35 

BDNF = Brain Derived Neurotrophic Factor. IL-6 = Interleukin-6. IGF-1 = Insulin Like Growth Factor-1. 

CatB = Cathepsin B. Mean ∆ = Mean Change. 
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V DISCUSSION

 

The primary aim of this study was to compare changes in both acute and resting 

concentrations of serum BDNF, CatB, IGF-1, and IL-6 in resistance trained males 

performing RT sets to two different proximities to failure (i.e., 1-3 RIR, and 4-6 RIR) on 

the back squat and bench press over six weeks. The main findings were 1) acute 

resistance exercise caused a transient increase in serum BDNF, 2) the acute changes in 

serum CatB were different between week 6 and week 1, 3) acute resistance exercise 

significantly increased IL-6 in both weeks, and 4) there was no change in resting 

concentrations for any biomarker. Our hypotheses that subjects training closer to failure 

would experience greater increases in the assessed biomarkers and that acute BDNF and 

IL-6 responses would be correlated was not supported. Our results suggest that free-

weight barbell resistance training far from failure can confer an acute BDNF response. 

Further, we report for the first time, the potential for acute resistance exercise to increase 

serum CatB (g=0.27 in week 6). 

Regarding BDNF, though we failed to observe any significant group interactions, 

a significant main exercise effect was observed for BDNF (p=0.03); indicating that acute 

RE induced a positive transient change in serum BDNF. Similar to our study, no 

longitudinal resistance training study to date has observed a resting change in BDNF 

(18,19,22). The acute BDNF response is consistent with recent evidence supporting acute 

RE as an effective intervention to increase BDNF in both serum (16, 17, 18, 23) and 
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plasma (19, 22). The effect for exercise in the present study seems to be driven by 

changes in week 6 (+12.95%, g=0.41) vs. week 1 (+3.66%, g=0.12). Although there was 

no significant difference in the acute change of BDNF between weeks, the percentage 

change and effect size data indicate a lack of response in week 1 versus a positive BDNF 

response in week 6. These findings are similar to both Yarrow et al. (18) and Quiles et al. 

(22) who did not observe acute RE to increase BDNF in week 1 of a training program but 

did observe a response in weeks 5 and 6, respectively.  

The 4-6 RPE (4-6 RIR) group exhibited an effect size of 0.50 in week 6 (+18.9%) 

suggesting that multi-joint exercise can still confer a BDNF response when sets are 

terminated far from muscular failure. To date, all studies that exhibited an acute BDNF 

response in trained individuals have all utilized failure training (16,17,18,19,23) or taking 

sets to at least a 1-3 RIR (22). In addition to the 6 sets of squat and bench press combined 

per session, subjects in the present study also performed 6 additional sets of the barbell 

shoulder press and row to an 8 RPE (2 RIR); however, since no group × time interaction 

existed it seems likely that the 4-6 RPE squat and bench press were contributory to the 

BDNF response. Further, our study used relatively low-volume training (i.e., 12 total 

sets) compared to Church et al. (19) (24 total sets) and Lira et al. (16) (18 total sets). 

Marston et al. (17) (3 total sets) and Johnson et al. (23) (4 total sets) also observed an 

acute increase in serum BDNF with relatively low-volume multi-joint RE; however, 

training was to failure. Interestingly, Quiles et al. did not find an acute plasma BDNF 

response in a training group that performed 8 sets but did observe a response when 16 

total sets were performed to a 1-3 RIR. Importantly, training to failure has been shown to 

result in greater session RPE than non-failure training (77) and training to -5 RIR has 
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shown superior hypertrophy to failure training (78). Therefore, an individual can train to 

a 4-6 RIR and confer a BDNF response without sacrificing muscle performance 

adaptations and also avoiding the perceptual difficulty of failure training.  

 In agreement with Johnson et al. (23), the only other study to examine the acute 

response of CatB to RE, we did not observe a significant effect for exercise. Specifically, 

Johnson and colleagues failed to elicit a CatB response following 4 sets of the squat, 

bench press, and deadlift. However, we did observe a significant exercise × time effect, 

indicating a difference in the acute change of CatB from pre- to post-exercise in week 6 

vs. week 1. To illustrate, collapsed across groups, CatB during week 1 changed -7.46% 

(g=0.13) with individual data revealing that only two out of 14 subjects showed a 

nominal increase. However, in week 6, CatB increased by 15.78% with an exploratory 

small effect size (g=0.25) and 12 out of 14 subjects (Figure 2B) experienced an acute 

increase in CatB. The potential increase in CatB during week 6, but not week 1, mirrors 

previous data showing BDNF to be augmented after 5 weeks (18) and 6 weeks of training 

(22), but not after week 1. To our knowledge, the current study is the first to demonstrate 

the possibility of acute RE to elicit a transient increase in CatB.  

The lack of resting change for CatB is in agreement with Gourgouvelis et al. (26) 

who found no resting change in CatB after 8 weeks of concurrent training. However, De 

La Rosa et al. (27) reported lower resting concentrations of serum CatB in a cross-

sectional study comparing chronic exercisers (training experience = 35 ± 15yrs) versus 

sedentary individuals. Interestingly, counter to the findings by De La Rosa et al. (27), 

Gökçe et al. (79) recently reported higher basal serum CatB in fencers (training 

experience = 8.27 ± 2.13yrs) versus sedentary individuals. Although we cannot draw 
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causative conclusions from cross-sectional data, previous studies have shown it can take 

years to alter resting concentrations of certain hormones in response to RT (80); thus, the 

lack of a resting change in 6-8 weeks is unsurprising in already trained individuals. In 

support of needing longer periods to elicit a CatB response, Moon et al. (8) demonstrated 

that resting changes of plasma CatB after four months of treadmill training in previously 

sedentary adults. Furthermore, Moon and colleagues also observed that the expression of 

CatB in rat L6 skeletal muscle cell cultures were possible when treated with an AMPK 

agonist; indicating that AMPK activity may be a regulator of CatB expression. 

Importantly, exercise is perhaps the most powerful physiological activator of AMPK, 

with the activation of AMPK occurring in an intensity-dependent manner (81). Dreyer et 

al. (82) found that 10 sets of 10 repetitions with ~70%1RM on a leg extension was 

capable of acutely increasing AMPK activity. Therefore, it is possible that more fatiguing 

RE bouts are needed to induce AMPK pathways and elicit a CatB response. 

Recent data from Johnson and colleagues (23) found that four sets of RE to 

volitional failure at 80% of 1RM in the squat, bench press, and deadlift failed to elicit an 

IGF-1 response similar to the present investigation. In contrast, Arazi et al. (83) recently 

found that 12 total sets of multi-joint RE at moderate intensities (65-70% of 1RM) was 

enough to elicit a transient serum IGF-1 response in older adults. We also failed to 

observe a resting change in IGF-1 following 6 weeks of RT. A recent meta-analysis 

concluded that RT was associated with increased IGF-1 concentration among those who 

trained for ≤16 weeks; however, this effect was primarily observed in elderly participants 

(≥60yrs) (84). Further investigation is warranted to determine if the appropriate RT 

configuration can confer a circulating IGF-1 response in trained young individuals. 
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As expected, IL-6 increased in response to acute RE (p=0.003) (22,23). However, 

no significant correlation was observed between acute responses of BDNF and IL-6 in 

weeks 1 (r=0.25; p=0.39) and 6 (r=0.10; p=0.72). In agreement with our data, Quiles et 

al. (22), Johnson et al. (23), and Lira et al. (16) observed acute RE to increase both BDNF 

and IL-6 but without a relationship between the two biomarkers. Although BDNF was 

expressed in human T-cell, B-cell, and monocyte cultures when treated with an IL-6 by 

Schulte-Herbruggen et al. (28), no study has observed a correlation between acute 

responses in BDNF and IL-6 following RE.  

Various limitations do exist. First, we acknowledge a relatively low sample size 

(n=14) and that this study is likely underpowered. However, our results observing a 

BDNF increase in response to acute RE are in concert with recent literature 

(16,17,19,22,23). A secondary limitation is the absence of cognitive function testing. 

Although a main exercise effect was observed for BDNF, it cannot be ascertained from 

this data if RT-induced increases in BDNF are related to improved cognitive outcomes. 

Finally, this study employed only well-trained college-aged men, therefore it is uncertain 

if the present results can be extrapolated to women, untrained subjects, and individuals of 

different ages.  

 

Conclusion 

In summary, this data suggests that multi-joint resistance training far from failure 

(4-6 RPE) can confer an acute BDNF response. Further, this investigation is the first to 

demonstrate the potential for acute RE to elicit a transient increase in CatB. Though CatB 

did not statistically increase in the current study, we did observe an exercise × time 
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effect, indicating a difference in the acute change of CatB from pre- to post-exercise in 

week 6 vs. week 1 and a small effect size for CatB in week 6. Future research should 

employ higher training volumes to further investigate the ability of RE to elicit a CatB 

response. Additionally, longer studies should be conducted to elucidate if RT can confer 

resting changes in BDNF and CatB. Lastly, since the present study was possibly 

underpowered caution should be taken when interpreting this data and future studies 

should use larger samples sizes to confirm the results. 
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APPENDIX B: INFORMED CONSENT 

 

ADULT CONSENT FORM  

 

 
 

 

Consent Form Version & Date: Version 1.0: March 22rd, 2019.           

 

1)   Title of Research Study:  Effect of Proximity to Failure During Resistance Training on Muscle Performance and 

Fatigue 

 

 

2)   Investigator(s): Michael C. Zourdos, Ph.D., CSCS, Nicholas Sautter, B.S. 

  

3) Purpose: The purpose of this research study is to assess how close performing resistance training sets to 

failure effects muscle hypertrophy, strength, and fatigue outcomes. 

 

4) Procedures:  If you choose to participate in this study you will be required to complete the following 

assessments among 25 laboratory visits over 57 days:  
 

• Refrain from all exercise for at least 48 hours prior to day one and will abstain from any additional 

exercise or excessive physical activity throughout the duration of the study 

• Refrain from the use of any nutritional supplements, recovery modalities (foam rolling, massage, etc.), 

and any unnecessary over-the-counter medications throughout the duration of the study  

• One repetition maximum (1RM) strength in the back squat and bench press 

• Three resistance training sessions per week on the squat and bench press with moderate to heavy loads 

• Ultrasound assessments of the quadriceps and chest to obtain muscle thickness  

• Height and weight assessments 

• Body composition by skinfold caliper (chest, abdomen, thigh)  

• Provide ratings of readiness prior to each training session 

• Provide a rating of fatigue following each training session 

• Undergo a 10 ml (2 teaspoons) blood draw prior to each testing and training session from a prominent 

vein on the forearm 

• Consume branched chain amino acids and whey protein immediately prior to each training session 

• Delayed onset muscle soreness assessments through mild palpations of the quadriceps, hamstrings, and 

chest via an algometer prior to each training session  

• Fast (no food or drink except for water) for at least two hours prior to all blood collections 
 

All measurements will be conducted by the principal investigator or graduate assistants working within the 
Muscle Physiology Laboratory (i.e. the principal investigator will not always be present). For the first visit, 
you will be required to complete an informed consent form, physical activity/training history questionnaire, 
and medical history form followed by anthropometric (height, body mass, upper arm length, forearm length, 
and total arm length) and body composition (skinfolds; chest, abdomen, thigh) measurements.  
 
Afterwards, you will complete a standardized five-minute dynamic warm-up routine designed to increase the 
body’s core temperature and prepare the muscles for exercises that will be performed. Following the warm-
up, you will complete a squat-specific warmup (20% projected 1RM x 5, 50% x 3, 60% x 1, 70% x 1, 80% x 
1, % x 1). Next, one-repetition maximum (1RM) testing for the squat will begin, and all exercises (back squat 
and bench press) will be performed in accordance with the criteria of the United States of America Powerlifting 
(USAPL). After determining the 1RM in the squat, a five-minute rest period will precede a bench press-
specific warmup (same protocol described for squat-specific warmup), followed by a 1RM test for the bench 
press. All 1RM attempts will be separated by 3- to 5-minute rest periods.  
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For the squat, you will stand straight with your hips and knees locked, and the barbell placed across your 

upper back/shoulders. You will then descend with the bending of the knees until the top of your leg at the hip 

joint is below the top of your knee. Then you will return to your starting position upon your own volition.  

 

During the bench press, you will lie supine on a weight bench with your head, butt, and shoulders in contact 

with the bench and, both feet in flat on the floor at all times. You will remove the bar from the rack and hold 

it in your hand with your arms extended in a stable position. You will then lower bar until it comes in contact 

with your chest where it will then be pressed upwards until the arms are once again fully extended.  

 

At this time, you will be placed into your specific group for the study, and given your specific training 

protocol. After 48-72-hours of rest you will begin your introductory training. This training will include 3 

alternating days of low volume resistance training (e.g. Monday, Wednesday, and Friday). This lower intensity 

training is specifically designed for each training group, and will prepare you for the upcoming 8-week long 

training protocol. Following the introductory training, you will perform the specific 8-week long training 

protocol you were assigned to, which will follow the same 3-day per week schedule as your introductory 

training. Lastly, you will begin taper training after completing your final week of your specific protocol. 

Similar to the introductory training, taper training will feature lower volume resistance training on two 

alternating days (i.e. Monday and Wednesday). After your second resistance training day you will rest for 48 

hours and repeat the pre-study measures of: 

 One repetition maximum (1RM) strength in the squat and bench press 

 Blood collection 

 Muscle thickness (MT) of the biceps, chest, and thigh muscles via ultrasound 

 Body composition by ultrasound (chest, abdomen, thigh) 

 Anthropometrics (height & weight) 

 
Seventy-two hours following 1RM testing you will be asked to return to the laboratory for an introductory 
training week. During this introductory weeks and for the next seven consecutive weeks after that (i.e. 8 weeks 
in total) you will be asked to perform resistance training three times per week on non-consecutive days (i.e. 
Monday, Wednesday, Friday) as part of the study. The three groups in this study, of which you will be assigned 
to one of them, perform the same sets and repetitions of resistance training and only differ in terms of how 
close each set is taken to failure. To standardize when you should stop each set each group has a target rating 
of perceived exertion value, which will dictate how close to failure you each set will be. This rating of 
perceived exertion values/scale will be shown and explained to you. Furthermore, you will be asked to fill out 
the Daily Analysis of Life Demands, Perceived Recovery Status scale, and Motivation to Train scale before 
both testing and training days and average concentric velocity will be recording during all repetitions on both 
testing and training days using a linear position transducer. You will also be asked to complete a session rating 
of perceived exertion scale following each training session, which determines fatigue level. Additionally, prior 
to each training session and following each training session you will be asked to consumer branched chain 
amino acids and whey protein, respectively in a powder mixed with water. These will be provided to you by 
the investigators. The exact resistance training protocols that each group will perform can be seen below. 

 

Table 1: 4-6 Rating of Perceived Exertion (RPE) Training Group 

@ 4-6 RPE Group Day 1 Day 2 Day 3 

Week Protocol Protocol Protocol 

0 N/A N/A 1RM Test 

1 - Intro 2 sets x 10 reps @ 3-5 RPE 2 sets x 8 reps  @ 3-5 RPE 3 sets x 6 reps @ 3-5 RPE 

2 3 sets x 10 reps  @ 4-6 RPE 3 sets x 8 reps @ 4-6 RPE 4 sets x 6 reps @ 4-6 RPE 

3 3 sets x 10 reps @ 4-6 RPE 3 sets x 8 reps @ 4-6 RPE 4 sets x 6 reps @ 4-6 RPE 

4 3 sets x reps 9 @ 4-6 RPE 3 sets x 7 reps @ 4-6 RPE 4 sets x 5 reps @ 4-6 RPE 
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5 3 sets x 9 reps  @ 4-6 RPE 3 sets x 7 reps @ 4-6 RPE 4 sets x 5 reps @ 4-6 RPE 

6 3 sets x 8 reps @ 4-6 RPE 3 sets x 6 reps @ 4-6 RPE 4 sets x 4 reps @ 4-6 RPE 

7 3 sets x 8 reps @ 4-6 RPE 3 sets x 6 reps @ 4-6 RPE 4 sets x 4 reps @ 4-6 RPE 

8 - Taper 2 sets x 4 reps @ 3-5 RPE 2 sets x 3 reps @ 3-5 RPE Post-Testing 

 

Table 2: 7-9 RPE Training Group 

@ 7-9 RPE Group Day 1 Day 2 Day 3 

Week Protocol Protocol Protocol 

0 N/A N/A 1RM Test 

1 - Intro 2 sets x 10 reps  @ 3-5 RPE 2 sets x 8 reps @ 3-5 RPE 3 sets x 6 reps @ 3-5 RPE 

2 3 sets x 10 reps @ 4-6 RPE 3 sets x 8 reps @ 4-6 RPE 4 sets x 6 reps @ 4-6 RPE 

3 3 sets x 10 reps @ 4-6 RPE 3 sets x 8 reps @ 4-6 RPE 4 sets x 6 reps @ 4-6 RPE 

4 3 sets x 9 reps @ 4-6 RPE 3 sets x 7 reps @ 4-6 RPE 4 sets x 5 reps @ 4-6 RPE 

5 3 sets x 9 reps @ 4-6 RPE 3 sets x 7 reps @ 4-6 RPE 4 sets x 5 reps @ 4-6 RPE 

6 3 sets x 8 reps @ 4-6 RPE 3 sets x 6 reps @ 4-6 RPE 4 sets x 4 reps @ 4-6 RPE 

7 3 sets x 8 reps @ 4-6 RPE 3 sets x 6 reps @ 4-6 RPE 4 sets x 4 reps @ 4-6 RPE 

8 - Taper 2 sets x 4 reps @ 3-5 RPE 2 sets x 3 reps @ 3-5 RPE Post-Testing 

 

Table 3: Failure Training Group 

@ 10 RPE Group Day 1 Day 2 Day 3 

Week Protocol Protocol Protocol 

0 N/A N/A 1RM Test 

1 - Intro 2 sets x ~10 reps @ 8-10 RPE 2 sets x ~8 reps @ 8-10 RPE 3 sets x ~6 reps @ 8-10 RPE 

2 3 sets x ~10 reps @ 10 RPE 3 sets x ~8 reps @ 10 RPE 4 sets x ~6 reps @ 10 RPE 

3 3 sets x ~10 reps @ 10 RPE 3 sets x ~8 reps @ 10 RPE 4 sets x ~6 reps @ 10 RPE 

4 3 sets x ~9 reps @ 10 RPE 3 sets x ~7 reps @ 10 RPE 4 sets x ~5 reps @ 10 RPE 

5 3 sets x ~9 reps @ 10 RPE 3 sets x ~7 reps @ 10 RPE 4 sets x ~5 reps @ 10 RPE 

6 3 sets x ~8 reps @ 10 RPE 3 sets x ~6 reps @ 10 RPE 4 sets x ~4 reps @ 10 RPE 

7 3 sets x ~8 reps @ 10 RPE 3 sets x ~6 reps @ 10 RPE 4 sets x ~4 reps @ 10 RPE 

8 - Taper 2 sets x ~4 reps @ 8-10 RPE 2 sets x ~3 reps @ 8-10 RPE Post-Testing 

 

 

Lastly, prior to both testing and training days we will ask to draw a 10 milliliter (2 teaspoon) blood sample 
from you, which will be used to test for indirect markers of muscle damage and fatigue (i.e. creatine kinase 
and lactate dehydrogenase). A trained technician will perform all blood sampling by inserting a 21-gauge 
butterfly needle into a superficial vein of the upper arm. At each blood draw two tablespoons of blood will be 
collected into specific collection tubes for subsequent analysis. After blood samples are collected serum will 
be stored in a -80 degree Celsius freezer for further analysis. Further, you will be asked to fast for two hours 
prior to each blood draw. Specifically, this means you will not eat or drink anything for the two hours prior to 
a blood draw, except for water. 
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Finally, participation in this study will in no way affect your grade in any course. 

 

5) Risks: Anytime you engage in exercise there are some inherent risks including: muscle strains, soreness, or joint 

aches. Since you will perform resistance exercise, the muscle soreness caused by muscle damage may be 

experienced for up to 96 hours.   

  

If muscle soreness does occur, the investigators will assure that you can meet the movement standards before 

proceeding with data collection; however, risk of injury is always present during resistance exercise.   

  

If an injury does occur you will notify the principal investigator if present, if not you will notify a graduate research 

assistant whom will immediately notify the principal investigator. The principal investigator will then stay in 

consistent contact with you in regards to your well-being. If serious injury or an emergency situation occurs during 

training, the investigators will immediately contact student health services if you are a student and if you are not a 

student the investigators will call your primary care physician or 911 if necessary.   

 

Additionally, there are possible minor risks anytime there is a collection of blood or bodily fluids. These risks 

include: infections, fainting, inflammation near the skin, collection site soreness and bruising, and unintended 

needle sticks. To minimize the possibility of these events, all blood collections will be performed by a trained 

technician. The collection site will be sterilized with an alcohol swab prior to collection and a new single use sterile 

needle and collection tube will be used for each collection and opened in front of you. Additionally, new sterile 

latex gloves will be used for each collection as well and applied in front of you. Any collection site soreness or 

bruising that may occur should subside within 48-72 hours.  

 

Finally, there is a risk of breach of confidentiality, however, to minimize this risk a code number will be assigned to 

you and will be kept by the investigators with your name on a password-protected computer, and all data will be 

destroyed in seven years.   

 

6) Benefits: The potential benefits to you are:  

  

o Free measurements of body composition and one-repetition maximum testing  

o Access to calibrated training equipment that is approved by and used within the 

International Powerlifting Federation (IPF) competitive events  

o A greater understanding of how to design resistance training programs to improve 

muscle hypertrophy and strength 

 

7) Compensation for Injury: If you are injured or get sick as a result of the study procedures, you should 

obtain medical treatment and then notify the study Principal Investigator.  Payment for this medical treatment is 

not available from the study researchers.  You, or any available health insurance you have, will be billed for this 

treatment.  Your health insurance company may not pay for treatment of injuries as a result of your participation 

in this study. Also, no funds are available to pay any wages you may lose if you are harmed by this study.   

  
Further, if an injury or illness does occur in the laboratory during the study the investigators will cease study 
participation and contact student health services immediately.  

  

 

 

7) Confidentiality/ Data Collection & Storage: Potentially identifiable information about you will consist of 

a medical history questionnaire and research data sheets. Data are being collected only for research purposes. All  
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personal identifying information will be kept in password-protected files and a code number will be used for 

identification purposes. Data will be kept for seven years and then destroyed. Although results of this research may 

be presented at meetings or in publications, identifiable personal information pertaining to participants will not be 

disclosed unless required by law.  

 

8) Contact Information: 

• If you have questions about the study, you should call or email the investigator(s), Michael C. Zourdos, at 

(561)-297-1317 or mzourdos@fau.edu.  

  

• If you have questions or concerns about your rights as a research participant, contact the Florida Atlantic 

University Division of Research, Research Integrity Office at (561) 297-1383 or send an email to 

researchintegrity@fau.edu.  

  
 

9) Consent Statement: *I have read or had read to me the information describing this study.  All my questions 

have been answered to my satisfaction. I am 18 years of age or older and freely consent to participate.  I understand 

that I am free to withdraw from the study at any time without penalty.  I have received a copy of this consent form.   
                 
 

Printed Name of Participant:  _________________________________________________  

  

Signature of Participant:  _________________________________________ Date: _____________________  

  

Printed Name of Investigator:  _______________________________________________  

  

Signature of Investigator: _________________________________________ Date: _____________________  
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APPENDIX C: HEALTH HISTORY QUESTIONNAIRE

 
 

 

1 

 

Florida Atlantic University 

Medical History Form 
 

Demographics: 

Name: ________________________________  Sport: ___________ Pos.: _______________ 

Date: ___________ Age: _______________ Birth Date: ____/____/____ 

 

Family History: 

Has anyone in your immediate family had any of the following:  Please circle yes or no. 

 

Heart Disease   Yes No  Diabetes   Yes No 

High Blood Pressure  Yes No  Cancer   Yes No 

Stroke    Yes No  Tuberculosis  Yes No 

Sudden Death (before 50)  Yes No  Asthma   Yes No 

Epilepsy    Yes No  Gout   Yes No  

Migraine Headaches  Yes No  Marfan’s Syndrome Yes No 

Eating Disorder   Yes No  Sickle Cell  Yes No 

 

Personal History: 

1.  Have you ever been hospitalized?      Yes No 

     Have you ever had surgery?       Yes No 

     Are you presently under a doctor’s care?      Yes No 

     Please explain and give dates for all “Yes” answers: ___________________________________ 

     _____________________________________________________________________________  

     _____________________________________________________________________________  

 

2.  Please list any medications you are currently taking and for what conditions.  _______________ 

     _____________________________________________________________________________  

 

3.  Please list any known allergies. ___________________________________________________  

     _____________________________________________________________________________  

 

4.  Have you ever had a head injury / concussion?    Yes No 

     Have you ever been knocked out or unconscious?    Yes No 

     Have you ever had a seizure, “fit”, or epilepsy?    Yes No 

     Have you ever had a stinger, burner, or pinched nerve?   Yes No 

     Do you have recurring headaches or migraines?    Yes No 

     Pleas explain and give dates of  “Yes” answers: _______________________________________ 

     _____________________________________________________________________________  

     _____________________________________________________________________________  

     _____________________________________________________________________________  

 

5.  Have you ever had the chicken pox?     Yes No 

    If yes, at what age? _________ 

 

6.  Have you ever had the mumps or measles?     Yes No 

 

7.  Do you have a history of asthma?     Yes No 

 

8.  Are you missing an eye, kidney, lung, or testicle?    Yes No 

 

9.  Do you have any problems with your eyes or vision?   Yes No 

 

10. Have you ever had any other medical problems (mononucleosis,  

          diabetes, anemia)?       Yes No 

 

11. Have you ever taken any supplements for improved performance?  Yes No 

 

12. Are you presently taking any supplements for diet or performance?  

          (creatine, protein, etc.)?      Yes No 

 If Yes then what substance? ___________________________  
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13.What is the lowest weight you have been at in the last year _____,  

highest _____?  What is your ideal weight _______? 

 

14. Do you have any trouble breathing or do you cough during or after 

 practice?       Yes No 

 

15. Have you ever had heat cramps, heat illness, or muscle cramps?  Yes No 

 

16. Do you have any skin problems (itching, rashes, acne)?   Yes No 

 

Explain all “Yes” answers for questions 5 – 16: _________________________________________  

________________________________________________________ _______________________ 

_______________________________________________________________________________  

_______________________________________________________________________________  

________________________________________________________________________ _______ 

_______________________________________________________________________________  

 

17. Have you ever passed out during or after exercise?   Yes No 

      Have you ever been dizzy during or after exercise?   Yes No 

      Have you ever had chest pain during or after exercise?   Yes No 

      Have you ever had high blood pressure?     Yes No 

      Have you ever been told you have a heart murmur?   Yes No 

      Have you ever had racing of you heart or a skipped heart beat?  Yes No 

      Has anyone in your family died of heart problems or a sudden  

death before the age of 50?     Yes No 

      Have you ever had high cholesterol     Yes No 

      Have you ever had an EKG or echocardiogram?    Yes No 

Explain all “Yes” answers for question 17: _____________________________________________  

________________________________________________________________________________  

________________________________________________________________________________  

________________________________________________ ________________________________  

________________________________________________________________________________  

 

 

18. Have you ever sprained / strained, dislocated, fractured, or had repeated swelling or other injury of any bones or joints?  Explain any “Yes” 

answers. 

Head/Neck  Yes No __________________________________________________  

Shoulder  Yes No __________________________________________________  

Elbow & arm  Yes No __________________________________________________  

Wrist, hand & fingers Yes No __________________________________________________  

Back   Yes No __________________________________________________  

Hip / Thigh  Yes No __________________________________________________  

Knee   Yes No __________________________________________________  

Shin/Calf  Yes No __________________________________________________  

Ankle, foot, toes  Yes No __________________________________________________  

 

19. What is the average number of hours you sleep per night? ________________ 

 

20. What time do you usually go to sleep at night? And, what time do you usually wake-up in the morning? ________________ 

 

21. What time did you go to sleep last night and what time did you wake up this morning? ________________  

 

Would you like to speak further to the principal investigator regarding any topics or  

concerns? (i.e., nutrition, supplements, drugs, heart problems, weight loss/gain,  

sexual diseases, concussions, etc.,)?       Yes No 

If yes then what topic? ________________________________ _____________ 

 

Please sign: 

 I hereby state that, to the best of my knowledge, my answers to the above questions are correct. 

 __________________________________________________________________________  

  Athlete’s Signature      Date Signed 
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APPENDIX D: PHYSICAL ACTIVITY QUESTIONNAIRE

 
 

 

 

Appendix A: Physical Activity Questionnaire 

Think about all the exercise training in which you engage.  Use that information to appropriately 

answer the following questions. 

1. Have you competed before in strength competitions?   If so, how often? 

Yes or No  If so, ___________________ times/year 

a. If yes to #1: How long have you been training for strength competitions? 

______________ years. 

 

b. If yes to #1: When you compete, which sport do you compete in (Powerlifting, 

Strongman, or Bodybuilding)? 

Event:___________________________________  

 

2. Are you currently engaged in a structured resistance-training program?  If so, how long? 

Yes or No  If so, ___________________ years 

 

3. How many hours of resistance training do you perform on average each week?  

___________________ hours/week 

 

4. How many times do you resistance train per week?  Please indicate if you do more than 

once a day. 

___________________ days/week Average___________________ times/day 

 

5. How many times per week do you perform the following exercises? 

a. Barbell back squat: __________ times/week 

b. Barbell bench press: __________ times/week 

 

6. How many years of experience do you have with following exercises? What is your estimated 

1RM? 

a. Barbell back squat: __________ years; 1RM__________pounds 

 

b. Barbell bench press: __________ years; 1RM__________pounds 
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1. Please describe your average resistance training intensity based on your self-estimated 

maximum load.  

___________________ % your maximum         

      

2. Do you incorporate any aerobic training? If so, how many times per week? 

Yes or No  If so, ___________________ times/week 

 

3. Please describe your average aerobic training intensity on a scale below (as close as possible): 

1 2 3 4 5 6 7 8 9 10 

      Very Light           Light             Moderate                Intense     Very Intense 

 

4. Please best describe your occupation or daily activities other than your exercise training. 
 
 

11. Do you have any coaching by a certified professional in general resistance training? 
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