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ABSTRACT

Purpose: We examined hypertrophic outcomes of weekly graded whey protein dosing (GWP)
versus whey protein (WP) or maltodextrin (MALTO) dosed once daily during 6 weeks of
resistance training (RT). Methods: College-aged resistance-trained males (training age=5+1 yrs;
mean+SE) were assigned to WP (25g/d; n=10), MALTO (30g/d; n=10), or GWP (25-150 g/d
from weeks 1-6; n=11). RT occurred 3d/wk (2 upper- and 2 lower-body exercises/d, 10
repetitions/set), and RT volume increased from 10 sets/exercise (week 1) to 32 sets/exercise
(week 6). The 6-week RT program implemented was designed to involve higher RT volumes
than ever investigated in this timeframe. Tests performed prior to training (PRE) and after weeks
3 (MID) and 6 (POST) included dual-energy x-ray absorptiometry (DXA), vastus lateralis (VL)
and biceps brachii ultrasounds, and bioelectrical impedance spectroscopy (BIS). VL biopsies
were also collected for immunohistochemical staining. Repeated-measures ANCOVAs were
performed, although emphasis was also placed on effect size calculations. Results: The GWP
group experienced the greatest PRE to POST reduction in DXA fat mass (FM) (-1.00 kg, d=-
0.24, p<0.05) and increase in DXA lean body mass (LBM) (+2.93 kg, d=0.33, p<0.05). DXA
LBM increases (ALBM) occurred from PRE to MID (+1.34 kg, p<0.001) and MID to POST
(+0.85 kg, p<0.001) across all groups. However, when adjusting ALBM for extracellular water
changes, a significant increase occurred from PRE to MID (+1.18 kg, p<0.001), but not MID to
POST (+0.25 kg; p=0.131). Conclusions: Larger effects on FM and LBM in GWP subjects

indicates a need for longer-term investigations with greater sample sizes examining graded WP
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intakes and RT. Additionally, ECW-corrected LBM gains were largely dampened, but still

positive, in resistance-trained subjects when RT exceeded ~20 sets/exercise/wk.
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CHAPTER 1: INTRODUCTION

Resistance training (RT) and consumption of dietary protein are well-known adjuvants of
skeletal muscle growth (i.e., hypertrophy). Early on, humans recognized the power of RT to
significantly improve skeletal muscle size and strength (1). At least as far back as the 1800s, a
critical relationship between dietary protein and skeletal muscle growth was also observed (2).
First, I provide a brief overview of the history of RT and scientific inquiry thereof; particularly
as it pertains to skeletal muscle hypertrophy. This is intended to set the stage for the structure of
the training paradigm and experimental design for this dissertation. Next, I discuss key events
and findings pertaining to dietary protein and protein supplementation and how this relates to my

specific research question.

Brief History of Resistance Training

Physical training involving external loads is ubiquitous throughout human history for
improving both the size and strength of skeletal muscle. Writings discussing RT paradigms in
order to realize specific muscular adaptations dates back to as far as 6th century B.C., but
certainly no further in the past than second century A.D. Mention of tests of strength and RT can
be traced back to the Chou Dynasty in China and Milo of Croton in 5th and 6th century B.C.,
while discussion of exercise with external loads (e.g., halteres) is more thoroughly described in

writings related to the physical culture of the ancient Greeks (3). Consideration of the optimal



methods for resistance exercise (RE) in order to realize specific muscular adaptations is at least
as old (4).

Reportedly, the calf-carrying Milo of Crotona, frequently touted as the father of the RT
principle of progressive overload, was using specifically designed weighted implements for
training purposes during 6th century B.C. (3). Milo is also famously believed to have hoisted and
shouldered a calf from infancy to full-grown on a daily basis, whilst also consuming kilograms
of meat and wine per day. In second century A.D. ancient Greece, the physician, Galen,
published De Sanitate Tuenda while philosopher, Philostratus, also published writings promoting
structured models of load and exercise manipulation for Olympic preparation and the lifting of
heavier implements upon being strong enough to lift lighter implements for muscular strength
adaptation (i.e., progressive overload) (3,5). Although prevalent throughout human history, a
milieu of approaches to RT have resulted in much debate and, in the modern World, scientific
research attempting to elucidate optimal methods for maximizing human strength and skeletal
muscle size is ongoing. By the 1900s, with the advent and success of the United States, formal
scientific investigations into RT approaches in humans ensued. In 1946, Dr. Thomas DeL.orme
published “Heavy Resistance Exercises” where he argued that lifting heavy weights to improve
muscle strength after injury prior to building endurance through low resistance, high repetition
modes was a superior rehabilitative strategy compared to the opposite sequence (i.e., promoting
muscular strength development prior to endurance development) (6,7). Dr. DeLorme continued
to publish work in the area of RE during the 1940s and 1950s suggesting the effectiveness of RE

to significantly improve strength and muscle size using loads corresponding to the heaviest that



could be lifted with reasonable technique 10 times or fewer, for multiple sets (e.g., 3 sets of 10
repetitions), beginning an era of a more thoughtful pursuit of muscle hypertrophy and strength in
the Western world.

In 1962, Dr. Richard Berger published a manuscript reporting effects of specific RE dose
configurations for improving maximum strength (8). Dr. Berger’s dissertation research, which
employed the bench press exercise due to the ease of teaching and standardization, suggested
that 3 sets of 6 repetitions resulted in greater strength improvements than sets of 2 reps or 10 reps
per set were performed for a total of either 1 total set, 2 total sets, or 3 total sets. That is, 3 sets of
6 repetitions resulted in the greatest strength improvements when compared to 1-3 sets of 2 or 10
repetitions. Dr. Patrick O’Shea also published work in the area of RT in the 1960s demonstrating
the power of RT to significantly improve skeletal muscle size and strength (9,10). In the early
1960s, the emergence of the skeletal muscle biopsy technique, still prevalent in skeletal muscle
physiological research today (11), paved the way for critical discoveries in the 1970s. The 1970s
are considered a nexus point in the history of RT science (4). In 1970, Ikai and Fukunaga were
apparently the first to measure muscular hypertrophy from RT in humans using ultrasound
technology (12). Ikai and Fukunaga reported increases in bicep muscle thickness of 23.0 % after
100 days of maximum isometric elbow flexion for a total of 30 seconds per day. Through the
1970s, electromyography (EMGQG) investigations and analysis of skeletal muscle fiber property
alterations (e.g., biochemical, structural) in humans undergoing RT further clarified effects of
specific RT paradigms. Costill (13), Thorstensson (14), MacDougall (15), Hakkinen (16), and

others provided pivotal data in the study of neural, structural, and biochemical adaptations to RT



through the 1970s-1980s. For example, Costill et al. showed significant increases in glycolytic
and mitochondrial enzymes after a period of 7 weeks of RT indicating specific, short-term
biochemical alterations of skeletal muscle to RT in humans (13). This decade served as a
foundation for more critical discovery through the 1980s and 1990s by Hakkinen (16), Tesch
(17), Staron (18), and others clarifying relationships between specific dosages of RT (e.g.,
intensity and volume) and resultant adaptations. Data from this era led Dr. Andrew Fry to
conclude that the regular employment of loads corresponding to 80-95 % one-repetition
maximum (1RM) seemed to explain greater cross-sectional areas of muscle fibers biopsied from
powerlifters and weightlifters, compared to those of bodybuilders (19); sparking further scientific
discussion of distinct dose-response relationships of RT parameters and resultant adaptations. Dr.
Robert Staron’s group also produced seminal work in the area of specific muscle fiber
adaptations to RT in the 1990s. For example, Dr. Staron and colleagues were apparently the first
to report reductions in the amount of type IIb (now known as type 1Ix) myosin isoforms with
only 8 weeks of RT, indicating early phase differential phenotypic alterations in skeletal muscle
fibers from short-term RT (20).

This work served as the foundation for ongoing RT investigations in the 21st century.
Although specific relationships to RT paradigms and resultant hypertrophy will be further
discussed in Chapter 2 (see Resistance Training for Hypertrophy), a terse discussion of important
meta-analytical findings follow in this section. In 2004 (21), Kreiger published a meta-analysis
demonstrating significantly greater effect sizes for muscle hypertrophy when programs included

3 sets per week for a specific muscle, compared to 1 set. Peterson and Rhea also published meta-



analytical data demonstrating the same phenomenon for strength, to a point (i.e., greater volume
= greater strength improvement) (22). This data agrees with work from Dr. Stuart Phillips
laboratory demonstrating greater myofibrillar protein synthesis responses from 3 sets of RT
compared to 1 set (23). This led Dr. Brad Schoenfeld et al. to conduct a more recent meta-
analysis of RT studies wherein hypertrophy was measured to further clarify relationships
between RT volume and skeletal muscle hypertrophy (24). This meta-analysis clearly revealed
greater hypertrophy with greater training volumes (e.g., >10 sets per muscle per week). In fact,
Schoenfeld et al. suggest almost a doubling in the hypertrophic response when comparing less
than 5 sets executing specific exercises emphasizing specific musculature per muscle per week
compared to 10 or more sets per muscle per week (i.e., 5.5 % vs 8.6 %) (24). However, as will be
discussed later, insufficient data exists to understand hypertrophic responses beyond 10 sets per
muscle, per week. Theoretically, this observed increase in hypertrophy with greater training
volumes would continue up to a certain point, at which the hypertrophic response would exhaust
and further increases in training volume would result in non-functional overreaching and
eventually overtraining (see Human Adaptation). The lack of data beyond these previously
investigated training volumes served as a catalyst in the development of this dissertation’s
primary research question, namely: What are the hypertrophic responses to RT in previously

trained young men beyond 10 sets per muscle per week?



Brief History of Protein Supplementation

The increased consumption of higher amounts of dietary protein by ancient Homo genus
ancestors is thought to be a primary cause of our human existence today (25). Archaeological
evidence dated at ~2.5 million years old suggests a correlation between skull size (i.e., proxy of
brain volume) and the concurrent prevalence of animal fossils and weapons pointing to the
increased procurement and consumption of animal protein sources in proximity to the emergence
of Homo skeletons. This suggests an intimate relationship between the increased consumption of
dietary protein and our human emergence. More recently, scientific research throughout the past
century has revealed an explicit relationship between the amount and quality of dietary protein
and consequent impacts on human health and adaptations to RT.

Protein was first isolated in the 1830s by Dutch Chemist Gerhard Mulder. Mulder and
colleague Jons Jakob Berzelius quickly recognized the importance of this discovery and
developed the term based on the Greek word proteios meaning “of the first order” (26). Protein
is a nitrogenous organic compound comprised of amino acids linked by peptide bonds (27).
Although specific amounts depend on body fatness, hydration status, and muscle mass, the
human body is typically composed of ~ 20 % protein, ~60 % water, and ~15 % lipid; while
minerals and other trace elements make up the remaining percentage (28). Around 90 % of the
dry weight of human skeletal muscle tissue is composed of protein, immediately presenting a
plausible relationship between dietary protein and skeletal muscle tissue function and size (29,

30). Upon consumption of dietary protein and digestion in the human gut, constituent amino



acids are utilized primarily in their free form to accomplish a host of critical physiological
processes in the human body necessary for development, growth, and repair (31). In reference to
skeletal muscle, amino acid availability is necessary for significant increases in MPS at rest, and
as a means to augment MPS in response to RT (32). Moreover, evidence from the past century of
dietary protein research suggests that: a) relatively high dietary protein intake is critical for
maximizing human muscle growth, particularly in context of ongoing RT, and b) both the amount
and composition of consumed protein can influence muscle hypertrophic responses (33,34).

In way of convenience and economic gain, commercial protein supplements began to
appear in the 1950s (35). Protein supplements were first promoted on a broad scale for health
and muscle-building properties boasting many anecdotal benefits without empirical support (35).
Consequently, scientific investigations into the effectiveness and supposed underlying
mechanisms of protein supplementation followed. Some of the earliest studies on protein
supplementation coupled with RT indicated no significantly different effects on muscle
hypertrophy or strength compared to a control group (36). However, these findings were likely
due to the fact that only ~3g of supplemental protein was provided in capsule form. As shown by
more recent evidence, this serving size is insufficient to instigate significant enhancement of
MPS and a net positive protein balance leading to eventual hypertrophy in neither trained nor
untrained humans (37). Additionally, research since the 1960s has clearly demonstrated that not
only the amount, but also the source of supplemental protein is important for sought-after
hypertrophic effects (34). Nevertheless, specific dose-response relationships between protein

serving sizes and adaptive responses, optimal sources, and effective timing strategies for



maximal muscle hypertrophy in response to specific RT paradigms remains incompletely
resolved.

Recent meta-analytical data, and evidence from original investigations, suggests the
following: a) in comparison to other prevalent commercially-available protein supplements,
whey protein generally results in higher MPS responses on a per-unit serving basis (38), b)
humans undergoing RT supplemented with whey protein typically gain more muscle mass after a
short-term training period when compared to non-supplemented or control groups (37), c)
consuming up to ~0.24 g/kg of protein per meal in the post-RT period results in comparatively
higher MPS responses than lower doses, d) spreading doses into servings of ~0.24 g/kg every 3-5
hours rather than smaller, more frequent, or larger, less frequent doses seems to result in superior
MPS responses in a 24 hour span, and e) dietary protein intakes beyond ~1.6 g/kg/day do not
seem to result in further augmentation of RT-induced increases in lean body mass (LBM) (37).
Also, research in the last few decades has consistently demonstrated that although an excess of
amino acid availability (hyperaminoacidemia) at rest tends to increase MPS above resting levels,
the combination of RT and hyperaminoacidemia results in more pronounced increases in MPS
by comparison (39). These data have persuaded the adoption of field-wide dogma encouraging
the practices described above to maximize the hypertrophic response.

In spite of this evidence, data from recent investigations challenge the non-skeptical
acceptance of these practices for maximal hypertrophic responses to RT, particularly in humans
with previous RT experience (i.e., “resistance-trained”). In 2006, Hoffman et al. published data

from 23 strength/power athletes wherein subjects were stratified into one of three groups, based



on protein intakes from self-reported dietary logs over the course of 12 weeks of RT: 1) below
recommended levels (BL; 1.0-1.4 g/kg/day), 2) recommend levels (RL; 1.6-1.8 g/kg/day), and 3)
above recommended levels (AL; >2.0 g/kg/day). Although not reaching statistical significance,
subjects in the AL group gained, on average, 1.2 kg more lean body mass (LBM) than the BL
group, and 0.33 kg more LBM than the RL group. Furthermore, AL subjects experienced 22 %
and 42 % greater improvements in 1RM squat and 1RM bench press than subjects in the RL
group. In 2014, Antonio et al. presented findings from 30 resistance-trained individuals
continuing their normal RT practices and consuming either: a) 1.8 g/kg/d, or b) 4.4 g/kg/d of
dietary protein over the course of an 8-week exploratory study. Although not reaching statistical
significance, subjects consuming 4.4 g/kg/d gained, on average, 0.6 kg more fat-free mass (FFM)
and lost 0.2 kg more fat mass than subjects consuming 1.8 g/kg/d. Antonio et al. then conducted
a follow-up investigation in 2015 wherein a total of 31 subjects consumed > 3 g/kg/d, and 17
subjects consumed their normal amount of dietary protein (1.8-2.3 g/kg/d) for 8 weeks, while
undergoing 5 days of RT per week. After the 8-week treatment period, both groups gained
statistically equivalent amounts of FFM (+1.5 kg), however, the three highest hypertrophic
responders in the study consumed > 3 g/kg/d. Additionally, subjects consuming > 3 g/kg/d lost
significantly more fat mass (-1.6 kg vs -0.3 kg). Further, in this follow-up investigation, Antonio
and colleagues demonstrated no significant alterations in a basic metabolic panel completed on
blood samples derived from subjects before and after the 8-week treatment period. This suggests
that the consumption of dietary protein > 3 g/kg/d in young, healthy individuals completing

regular RT is a safe practice.



More recently, having employed the tracer infusion technique to objectively measure
MPS responses in the post-RT recovery period, Macnaughton et al. published data in 2016
derived from 30 resistance-trained males consuming either 20g or 40g of supplemental whey
protein during recovery from a single bout of RE demonstrating significantly greater MPS
responses after consumption of 40g of whey compared to 20g. Notwithstanding, the bulk of the
available evidence does seem to indicate a saturable MPS response to dietary protein intake with
maximal effects seeming to occur at 1.8 g/kg/d (34). However, with the above data in mind,
absence of evidence is not evidence of absence regarding effects of significantly higher protein
intakes and more elegant supplemental strategies. In a 2012 literature review titled: “Is there a
maximal anabolic response to protein intake with a meal?””, Dr. Nicolaas Deutz and pioneer of
protein metabolism research Dr. Robert Wolfe suggest that many of the studies examining
effects of various intakes over the past few decades neglected the measurement of protein
breakdown (40). Further, Deutz and Wolfe argue that higher protein intakes when protein
synthesis is seemingly maximized is characterized by suppressed muscle protein breakdown
(MPB) leading to an overall greater anabolic response (e.g., Net Muscle Protein Balance = MPS
— MPB). This occurrence, as noted by the authors, explains why net protein balance
measurements remain linear without an apparent plateau at higher levels of amino acid
availability. Interestingly, Deutz and Wolfe conclude no practical upper limit to the anabolic
response to protein intake in context of a single meal. Considering the above, the second research
question of this dissertation can be framed as: Is the hypertrophic response to increasing volumes

of RT augmented by concomitant increases in dosages of whey protein?
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CHAPTER 2: LITERATURE REVIEW

I first provide a brief overview of scientific literature related to human adaptation in
particular reference to adaptive processes relevant to RT. Next, I review select concepts and
scientific research describing skeletal muscle hypertrophy in response to RT, and specific
underlying mechanisms critical to this process. Lastly, the efficacy of whey protein
supplementation to augment skeletal muscle hypertrophy in response to RT is discussed, leading

to the presentation of data from the original research conducted for this dissertation in Chapter 3.

Human Adaptation

In context of physical exercise and training, recovery can be defined as a reestablishment
of the initial state, while adaptation expands upon recovery processes by including the concepts
of growth or supercompensation (41). Necessary in the discussion of training adaptation, fatigue
is an inherent occurrence of the training process. Although defined in different ways, the
practical definition of fatigue is a reduction in performance capability (e.g., decreased power
output), which is reversible with recovery. By definition, fatigue is required prior to recovery,
from which adaptation may proceed. Adaptation to training has been defined as change in
structure and function that results from repeated bouts of exercise that prepare the body to better

cope with exercise (42). Stated another way by Sands et al.: “Recovery is getting back what was
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lost or simply bringing an athlete’s performance back to where it was. Adaptation deals with the
process of long-term adjustment or alterations related to a specific training program.” In a sense,
recovery can be thought of as replenishment, while adaptation can be characterized as the
superseding of some previous measure or improvement of a previous performance characteristic.
Inherently, the training process aims for adaptation beyond recovery alone. Consequently,
various models of human adaptation to physical training have been proposed dealing with
adaptive processes and their time courses in way of maximizing the effectiveness of training
stimuli. To stay on course, I first discuss what I perceive to be three of the most relevant
biological concepts to training-induced adaptation (i.e., Homeostasis, General Adaptation
Syndrome, Supercompensation) and then segue into a brief description of two models of
adaptation (i.e., Fitness-Fatigue Model, Secondary Signal Model) posited to explain the
qualitative pattern of training adaptation and eventual performance.

The biological concept of homeostasis is credited to Walter Cannon in 1929 and based
largely on experiments of Claude Bernard (43). Simply stated, homeostasis refers to the
phenomenon of the human body tending to maintain a steady state; and, upon perturbation (i.e.,
stress), mounting physiological responses to return to or establish a new steady state (e.g., set
point) (44). It seems that Cannon considered the human body as an open system with reactive
mechanisms able to correct large fluctuations (e.g., negative feedback) in order to maintain
homeostasis. Since Bernard and Cannon’s historical contributions, homeostasis has been
extended to the cellular and protein level (e.g., proteostasis) and is currently considered a robust

theory of human physiology (45). However, more recently, terms like rheostasis, allostasis, and
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others have been proposed to better reflect the human body’s capability to change the steady
state of regulated parameters to adjust to changing environments or regularly encountered
stressors (e.g., training stressors) (44). Regardless of nomenclature, the concept of homeostasis
suggests a dynamic reactivity to stress based upon the capacity of the human body to adjust
physiological parameters as necessary for survival or improved fitness in anticipation for
potential future stressors (i.e., adaptation). Consequently, a failure to defend homeostasis when
faced with excessive stress leads to death at the cellular, tissue, organ, or whole-body level. In
context of RT, the discussion above underpins the rationale for inclusion of the term homeostasis
in this section, since this concept is central to the process of human adaptation to RT. Since RT
causes a disruption in homeostasis (e.g., elevated heart rate, respiration, muscle protein turnover,
etc.), appreciating the magnitudes by which disruption of homeostasis occurs during various RT
paradigms is central to the appropriate dosage for desired adaptations. Practically, stratifying
training stress categorically into adaptable or unadaptable, functional or nonfunctional, etc., is
particularly intriguing in relation to the RT process. Furthermore, clarifying appropriate
individual RT dosages to avoid excessive or unnecessary perturbations in homeostasis is of
paramount importance to a productive RT process.

Based on Cannon’s original work, De Luca et al. suggest Cannon’s original definition of
homeostasis as, “...steady states maintained by mechanisms peculiar to living beings.”, and
argue that the essence of homeostasis is related to the constancy of the extracellular fluid (ECF)
(i.e., blood and lymph) within narrow limits or homeostatic ranges (e.g., plasma glucose, plasma

sodium, etc.) (46). Dysregulation of the ECF (e.g., hypoglycemia, hyponatremia, etc.) has

13



obvious physiological consequences, with the most extreme example being death. Currently, in
support of these homeostatic ranges, nearly all common clinical measurements allow ranges
wherein measurements are considered normal (e.g., blood pressure, plasma electrolytes, etc.),
while measurements outside these ranges generally indicate pathology or correlate with the
presentation of symptoms. For example, plasma glucose levels slightly below the normal range
(~65 mg/dL) cause secretion of counterregulatory hormones (e.g., epinephrine, glucagon); where
values significantly below this point can result in severe cognitive dysfunction, seizure, and even
death (47). Following the theme above, recurrent hypoglycemic events result in characteristic
adaptations to better respond to reduced plasma glucose in the future (e.g., alterations in hepatic
glucose production and potentiated counterregulatory hormone secretion). An abundance of
examples in human physiology could be provided illustrating this qualitative pattern. To be
concise, it seems rather clear that many processes in the body are tightly regulated within
homeostatic ranges and perturbation of these ranges (i.e., stress) elicits both general and specific
responses that can lead to adaptation, and potentially the establishment of a new steady state or
“set-point” (48). Critical to the overarching point of this section, disruption in homeostatic
ranges, to a tolerable extent, is the catalyst of RT-induced adaptation. Clear examples in skeletal
muscle specifically are the significant alterations in MPB and MPS in response to a variety of RT
loading scenarios; where the basal status of skeletal muscle (i.e., skeletal muscle homeostasis) is
disrupted by the generation of muscular tension spurring alterations in breakdown and synthetic
processes. This thesis was beautifully borne-out by demonstrative experiments performed by

pioneer of stress research, Dr. Hans Selye.
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Dr. Selye, termed the qualitative pattern by which organisms respond to stress as the
General Adaptation Syndrome (GAS). Selye proposed two types of physiologic stress: 1.)
eustress and 2.) distress (49). Eustress is considered favorable and would elicit a positive
adaptive outcome (e.g., appropriately dosed RT resulting in muscle hypertrophy), where distress
is considered unfavorable and would elicit maladaptation (e.g., inappropriately dosed RT
resulting in muscle atrophy or significant injury) (49,50). Selye separated the GAS into three
stages: 1.) the alarm reaction, 2.) the stage of resistance, and 3.) the stage of exhaustion. Selye
also coined the Local Adaptation Syndrome (LAS) where a similar qualitative response can
occur to a highly specific, localized stressor (e.g., specific muscle damage from training) (51).
This model and its applicability to RT has been recently critiqued and reviewed extensively
elsewhere (52,53). Importantly, the nature of the GAS was intended to characterize, as it states in
its name, a general response to stress and highlight the fact that stress elicits characteristic
responses from which adaptations can emerge. Additionally, the GAS model highlighted the fact
that too much stress too suddenly, or for too long, can result in maladaptation. Selye also noted
the importance of “conditioning factors” in the general response to stress; one of which,
nutrition, being of particular relevance to this dissertation. However, given the ubiquitous nature
of stress, defined herein as a perturbation in homeostasis, quantifying stress input and adaptive
output from a whole-body perspective is an arduous endeavor. Nevertheless, to move toward a
true predictive model of RT dose-response, it is a necessary one. Recall that recovery is simply a
return to baseline and, although a requisite step for adaptation, is a means to an end in relation to

RT. Rather, adaptation is the logical pursuit of all RT (e.g., improved strength, hypertrophy,
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etc.). Selye pointed to this distinction by discussing “adaptation energy” and noted that
adaptation is an energetically costly process. As an example, we are now aware that muscle
protein breakdown, synthesis, chaperoning, and deposition in tissue is indeed an ATP-costing
phenomenon. Furthermore, a number of investigations have demonstrated significant
improvements in FFM when subjects are overfed, particularly if combined with RT (54-56).
However, these investigations have also shown significant accrual of fat mass, in some cases. Of
course, the desire of most resistance trainees is to maximize muscle gain while minimizing fat
accrual. Therefore, understanding the balance between training stress and resultant recovery-
adaptive responses are central to effective dosing of training parameters. To summarize, stress
perturbs homeostasis, resulting in fatigue. Stressors within a tolerable spectrum result in
physiologic responses (i.e., alarm stage) that can lead to adaptation. Adaptations occur to prepare
the organism for future encounters with a stressor (i.e., resistance stage). However, if a stressor is
excessive, being either too severe too suddenly, or applied for too long, maladaptation will result
(i.e., exhaustion stage). This phenomenon has been termed nonfunctional overreaching or
overtraining in the RT literature (57). With the above in mind, the concept of supercompensation
deals with the resistance stage of Selye’s model, and is a conceptual proposition offered to
explain the biological phenomenon of RT-induced adaptation.

Borrowing from the historic research of physiologist Dr. Carl Weigert,
supercompensation is related to a biological phenomenon involving the compensatory
replacement or overproduction of new tissue during the process of regeneration or repair (i.e.,

Weigert’s Law) (58,59). One of the most well demonstrated supercompensatory responses
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caused by training is that of muscle glycogen supercompensation. Briefly, exercise significantly
reducing muscle glycogen stores followed by a high intake of carbohydrate tends to result in a
significantly increased storage of muscle glycogen in the exercised muscle upon execution
(60,61). Hallmark adaptations of RT like increased strength and muscle hypertrophy can also be
characterized as supercompensatory responses to training. The growth of muscle tissue in
response to appropriately dosed RT aimed at increasing muscle size quite literally adheres to the
concept of supercompensation since a greater amount of tissue exists upon adaptation than was
present previously. Therefore, the RT process can be conceptualized in light of the above
concepts. It logically follows that models have been proposed to help visualize these processes
and better understand dose-response relationships of RT.

Two popularized models are: 1.) The Fitness-Fatigue Model, and 2.) The Secondary
Signal Model (42,62,63). The Fitness-Fatigue Model is a two-component model proposed by
Bannister et al. suggesting that an individual’s preparedness to perform is the summation of both
fatigue and fitness after-effects due to training. The appeal of this model, beyond consideration
of supercompensation alone, is related to the fact that the fatigue generated from training is
considered to influence subsequent training or competition performances and thereby impacts
preparedness. This model has served to form the basis for modern periodization strategies like
tapering or unloading periods wherein attempts are made to reduce fatigue potentially masking
fitness, while fitness is largely maintained through appropriate recovery and training strategies to
better potentiate performance in subsequent events or training sessions. The Secondary Signal

Model builds upon the original tenets of the Fitness-Fatigue Model by distinguishing the acute
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fatigue from training, maladaptation to excessive training loads, and positive adaptive responses
as secondary signals to the primary training stimulus. A detailed discussion of these models and
supporting evidence, along with other proposed models, is outside the scope of this section. The
overarching point of their inclusion is to appreciate the balance between training stress,
consequent fatigue and adaptive responses, and how these factors interact to influence resultant
adaptation and eventual performance. In particular reference to the RT process as it pertains to
maximizing skeletal muscle growth, these models suggest that training sessions be organized in
such a way to allow subsequent, productive training sessions (e.g., overloading sessions) rather
than considering their original intent with keen focus on performance in sport alone. Stated
differently, these models provide conceptual rationale for the organization of training sessions
from which skeletal muscle growth is the sought-after outcome into concentrated periods where
training stimuli, and the secondary signals thereof, are structured to avoid unnecessary signal
interference. Sensibly, the ideal hypertrophy-based RT paradigm instigates appropriate
programming manipulations to avoid regression of muscle tissue, respectively, and maximizes
tissue growth. The pursuit of such a model is related to the research question for this dissertation,
since the available evidence insufficiently explains at what point short-term (e.g., 6-8 weeks)
hypertrophy-based RT dosage surpasses adaptive capacity. That is, it remains unclear at what
point RT aimed at increasing muscle size surpasses the effective dose range and humans move
into the “exhaustion stage” of Selye’s model during such an RT program. In light of these
concepts, the following sections serve to provide an explanation of skeletal muscle hypertrophy

and underlying mechanisms, including an analysis of suggested RT practices surmised from the
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available evidence highlighting the limited data beyond certain training loads. Chapter 2 finishes
with consideration of how whey protein may augment RT-induced skeletal muscle hypertrophy,

before the original work from this dissertation is presented in Chapter 3.

Skeletal Muscle Hypertrophy

Etymology of the term hypertrophy reveals both English and Greek roots where hyper-,
from English, denotes “beyond or exceeding” and —trophia, from Greek, denotes “nourishment”.
Thus, hypertrophy indicates an excess of nourishment required to maintain muscle fiber size, and
intends to describe fiber growth. Consequently, skeletal muscle hypertrophy has been defined as
an enlargement of contractile elements and expansion of the extracellular matrix, indicative of
sufficient nourishment to support cell growth (64,65). Skeletal muscle hypertrophy is an
integrative process involving a milieu of signals. These signals can result in post-translational
modifications to various proteins, transcription of various types of RNA, and/or an enhanced
translation of mRNA into proteins which can eventually serve to expand cell size. This section
serves to provide a conceptual overview of hypertrophy, describe some of the nuances worthy of
consideration for its measurement in humans, and intends to lay a foundation for a more
mechanistic discussion in following sections.

The definition provided above offers more of a macroscopic description of hypertrophy,
while the technicalities pertaining to which contractile elements enlarge and what exactly is

meant by contractile element is left subject to interpretation. For clarity, whole skeletal muscle is
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organized into the following structures, in order from largest to smallest: a) fascicles of muscle
fibers, b) individual muscle fibers, c) myofibrils composing muscle fibers, and d) sarcomeres
composing myofibrils. These structures are suspended in a fluid medium of mostly water (e.g.,
~75 % of muscle is water in vivo), while muscle also contains typical cell components and
organelles. For example, mitochondria, ribosomes, lysosomes, and a phospholipid membrane.
However, skeletal muscle cells are unique to many cell types by their cylindrical, tube-like
shape, direct innervation of alpha motor neurons, relatively abundant capillary supply,
specialized “sarcoplasmic” reticulum, and multiple nuclei per cell. Furthermore, skeletal muscle
represents ~50 % of body mass in most humans and is characterized as post-mitotic. For these
reasons, among others, skeletal muscle is a particularly plastic tissue and represents an important
tissue for health, and, of course, exercise performance. In regard to health, skeletal muscle is the
primary site of glucose disposal, immediately presenting a role in pathological conditions related
to glucose handling (e.g., diabetes). For performance, muscle’s role is obvious in locomotion and
in the performance of advanced athletic skills.

As stated prior, ~90 % of the dry weight of skeletal muscle tissue is protein. Since 5,341
non-redundant proteins have been discovered to be present in human skeletal muscle, the
definition of hypertrophy above provides little clarity regarding specific proteomic changes
during hypertrophy from RT. Approximately 85-90 % of a skeletal muscle cell is occupied by
myofibrils, by volume, and basic myofibrillar arrangement (e.g., sarcomere spacing) is largely
conserved across taxa. Importantly, nearly the entire volume of a skeletal muscle cell is occupied

by three constituents: a) myofibrils, b) mitochondria, and c) sarcoplasmic reticulum (66,67).
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Only ~1-3 % of skeletal muscle cells seem to be occupied by other constituents (e.g., glycogen,
sarcoplasm, nuclei, organelles, etc). This evolutionarily conserved structure is worthy of mention
as an expansion of muscle cell size would seemingly still result in the typically observed
components, with these components simply increasing or decreasing in amounts constrained to a
relatively tightly controlled concentration spectrum. Stated differently and excluding genetic
anomaly, environmental stimuli (e.g., exercise, nutrition, etc.) would seemingly alter amounts of
cell constituents rather than result in separate constituents altogether. Considering this,
hypertrophy seems primarily due to the difference between MPS and MPB rates, since skeletal
muscle is primarily composed of myofibrillar protein. Specifically, an increase in fiber size is
thought to be due primarily to the magnitude of MPS outpacing MPB for a sufficient amount of
time. Conversely, a decrease in fiber size is thought to be due primarily to the magnitude of MPB
outpacing MPS. Importantly, although adequate to parlay the general outcome of RT-induced
skeletal muscle growth, the term “hypertrophy” and the definition provided above insufficiently
describe what exactly within skeletal muscle tissue increases during hypertrophy and where
specifically this increase occurs. Additionally, although generally understood to refer to an
increase in fiber number, etymology of the term skeletal muscle hyperplasia (-plasis from Greek
meaning “formation”) similarly allows a variety of interpretations to the foreign student of
skeletal muscle. For example, myofibril number possibly increases or decreases with training or
detraining (68), which could be interpreted as a form of hyperplasia. Notwithstanding, a clear
observation of an increase in whole fiber number in adult humans in response to RT is evidently

absent, yet debated (69,70). Theoretically, packing density (mass/volume) of myofibrils could
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increase without an observed change in cross-sectional area measured by histological methods
(67,71). In this case, hypertrophy of the cell measured by cross-sectional area (CSA) would be
denied. Clearly, however, since myofibrils are composed of sarcomeres (i.e., the basic functional
unit of a skeletal muscle fiber [contractile elements in the above definition]) and more myofibrils
would necessarily increase the capacity of force production since more myosin and actin cross-
bridges could be formed, it is inappropriate to conclude a lack of hypertrophy in this case.
Conversely, RT has been shown to increase intracellular water concentration and this could
hypothetically expand the measurement of CSA without a concomitant increase in myofibrillar
protein and resultant force production (72). Unless water or ion concentration are considered
“contractile elements”, this observation would be inappropriately termed hypertrophy based on
the definition provided above. For these reasons, this calls into question the various methods
used to measure hypertrophy, and, in particular, CSA measured by immunohistochemistry. Of
course, a multi-compartment model of analysis where multiple measurement techniques are used
can provide more insight and are commonly employed (e.g., DXA, Ultrasound, etc). Still yet,
these measurements do not and cannot for that matter provide direct insight into proteomic
changes in skeletal muscle. This warrants a reconsideration of how the presupposed
physiological response of hypertrophy to RT is scientifically detected moving forward into the
21st century. Semantics aside, the overarching point so far is that the current state of the skeletal
muscle hypertrophy literature provides little clarity in regard to the specific extent to which
contractile elements are altered in response to specific RT paradigms. Presupposition based upon

skeletal muscle structure and function fairly allows an expected increase in sarcomeric protein
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content directly involved in force generation in response to RT, since most physiology obeys the
concept of form following function (e.g., increase in contractile protein content [e.g.,
symmorphosis]). Indeed, mechanistic data indicate an increase in both sarcomeres and myofibrils
in parallel in response to RT (17,73). For this reason, terms like sarcomerogenesis and
myofibrillogenesis have been coined to better describe the process of muscle hypertrophy
(74,75). However, based on this review of the literature, scant evidence allows confident
inference of this process in human skeletal muscle in response to RT wherein hypertrophy data
are provided. This is due to the fact that the majority of investigations provide indirect
measurement of the previously described definition of hypertrophy since contractile elements are
not directly assessed. Contractile elements, in this case, can be thought of as sarcomeric proteins
involved with the formation of myosin and actin cross-bridges. With this in mind, ultrasound
measurement of muscle thickness, muscle fiber cross sectional area (fCSA) assessed by
histological staining, functional magnetic resonance imaging (fMRI), and dual-energy x-ray
absorptiometry (DXA) data are often reported in RT investigations as measurements of
hypertrophy. Although these measurements can be confidently assumed to corroborate increases
in skeletal muscle protein content, they do not directly measure an increase in contractile protein
content, or extracellular matrix protein content. Consequently, it remains unclear if proxies of
hypertrophy like the ones mentioned above strongly correlate to a true increase in contractile
protein content per fiber in response to RT. Or, if an increase in muscle size suggested by these
measurements is rather associated with an expansion of the sarcoplasm due to an increased

volume of fluid, sarcoplasmic protein content (e.g., glycolytic enzymes), or some other factor.
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Stated differently, hypertrophy in response to short-term RT, according to the measurement
methods above, insufficiently clarifies if an increase in muscle size is due to an increase in
myofibrillar protein content, sarcoplasmic protein content, or some other component (e.g.,
increased glycogen storage). Indeed, a recent review in 2016 by Petriz et al. on the skeletal
muscle proteome response to exercise concluded: “studies concerning the proteomic modulations
upon resistance and strength training are still poorly explored” (76). Therefore, future research
can provide important clarification in this area of skeletal muscle physiology and novel methods
allowing more sensitive measurement of the skeletal muscle proteome in response to RT are
warranted. As a follow-up to the primary analysis of this dissertation described in Chapter 3, we
intend to measure myofibrillar and sarcoplasmic protein concentrations using plate-based assays,
along with muscle glycogen content, in vastus lateralis biopsy samples from subjects undergoing
RT over a 7-week period. We intend to also collect both wet and dry weights of samples (after
dehydration of tissues) to characterize fluid alterations. This is a first step to elucidate which
fraction of the skeletal muscle proteome (i.e., sarcoplasmic vs myofibrillar) is more affected
from the training paradigm employed and intends to clarify alterations in light of the other more
indirect measurements of hypertrophy described above and presented in Chapter 3. This can also
allow targeted mass spectrometry analyses probing either the myofibrillar or sarcoplasmic
fraction for specific proteomic alterations, depending on the fraction most affected by RT. These
aspects of skeletal muscle hypertrophy in response to RT are further discussed below.
Additionally, effects of specific training paradigms involving different intensities, volumes, or

frequencies on the human muscle proteome deserve future research. Notwithstanding, a
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conceptual relationship between RT-induced changes in muscle mass have been clarified and are
further discussed below.

Recently, the human skeletal muscle proteome was “reappraised” (77,78). Interestingly,
most of the proteins in skeletal muscle, by percentage, are involved in regulation, transport, cell
cycle, and metabolism. This runs counter to the assumption that most of the proteins in skeletal
muscle serve a direct contractile role (e.g., actin, myosin). To be more specific, around 40 % of
the total number of proteins in skeletal muscle are enzymes whereas under 10 % seem to be
contractile. Furthermore, ~20 % of the proteins in human skeletal muscle are characterized as
mitochondrial, apparently serving critical roles in oxidative metabolism. Notably, these
percentages are relative to the total number of proteins in human skeletal muscle, and not the
concentration of proteins within skeletal muscle. Of the mixed muscle protein pool, ~60-70 % of
proteins are myofibrillar, whereas ~30 % are characterized as sarcoplasmic. According to this
review of the literature, and a recently published review of the literature (79), the formal
measurement of myofibrillar protein turnover in response to RE began in the 1990s (80,81). A
comprehensive discussion of each study investigating the synthetic and breakdown responses to
RT is outside the scope of this section. However, strategically selected examples in the literature
and a discussion of meta-analytical data capturing the current state of the MPS and MPB science
follow. Notably, proteomic investigations and fractional breakdown and synthetic responses to
exercise types other than RT in humans are not discussed.

It was quickly evident that both MPS and MPB increase in response to RT upon

conclusion of some of the earliest experiments in humans (82). As alluded to above, which
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proteins are specifically synthesized and broken down in response to RT is still being unraveled,
although recent progress has been made. In 2011, Hody et al. reported reductions in MHC
1soform abundance and glycolytic enzyme abundance after subjects completed 3 sets of 30
maximal contractions of the quadriceps over the course of two weeks compared to a control
group completing no training (83). Clearly, this runs counter to the concept suggesting an
increase in MHC protein abundance during skeletal myocyte growth. However, based on the
methodology employed by Hody et al. where standard amounts of muscle samples were analyzed
using mass spectrometry, this does not unequivocally indicate a true reduction in total MHC
isoforms. To clarify, it is possible that total MHC isoform number could have increased with
concomitant increases in muscle volume. This would result in an equal concentration, or, if
volume increases outpaced MHC isoform synthesis, a potential reduction in MHC isoform
abundance per unit volume. This could explain the findings of Hody et al., where standard
volumes of sample were analyzed before and after the intervention where fiber volume increased
and MHC isoform number increased, but MHC abundance to a lesser extent (i.e., an apparent
reduction in abundance).

Although in rodents, Tibana et al. reported muscle proteomic data suggesting that higher
volumes of RT resulted in no additional increase in muscle CSA compared to a lower volume RT
model (i.e., CSA was similarly increased in both conditions), wherein the authors reported a
“significant disturbance” of other proteins in the higher volume group and suggested that the
higher volume condition induced excessive protein breakdown (84). The authors speculated that

breakdown processes matched synthetic after a certain training dose, indicating an ineffective
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point of training for hypertrophy after a certain point. In 2017 (85), Camera et al. implicated the
importance of measuring both breakdown and synthesis of muscle proteins reporting significant
responses of 28 proteins in response to RT and highlighted that the most common response
observed was an increase in turnover succeeded by an increase in protein abundance but no
detected increase in protein synthesis. Camera et al. suggest that protein-by-protein turnover
responses should be considered and, particularly, that degradation responses deserve more
attention in response to RE. Interestingly, based on this review of the literature, the above
investigations are the only proteomic-based investigations in apparently healthy humans
employing sub-chronic RT paradigms and analyzing the proteomic effects thereof. This
implicates a severe lack of data regarding which skeletal muscle proteins are significantly
affected by RT beyond acute bouts, and provides a ripe area of inquiry for future experiments.
Along the line of reasoning related to the importance of measuring MPB responses to RT,
in a review article published in 2006 prominent protein metabolism researcher Dr. Robert Wolfe
argues that net muscle protein balance is negative in the fasted state and remains negative for
~24-48 hours after a RE stimulus completed in the fasted state with no provision of amino acids
post-exercise (39). However, Wolfe argues that while ingestion of amino acids alone increases
MPS slightly and thereby results in a transient positive muscle protein balance, RE combined
with post-exercise consumption of amino acids results in a more pronounced increase in muscle
protein balance than either practice alone. This contention has been challenged by other
researchers in the field who have argued that MPB changes comparatively less than MPS in

response to RE and feeding, and that the alteration in MPB does not match the more pronounced
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increase in MPS after RT, particularly when RT is combined with a post-exercise consumption
of amino acids (79). A recent review from Tipton et al. highlights our limited understanding of
MPB in response to RT given the disparate findings up to this point. Since muscle protein
balance is equal to the difference between MPS and MPB, the importance of understanding MPB
responses to RT are obvious (86). Unfortunately, most of the evidence to date has focused on
measurements of MPS, with comparatively less attention paid to MPB. Practically, this is due to
the more technical nature of directly measuring MPB. However, of the evidence available, it
seems that MPS and MPB are positively correlated in the post-absorptive state (81,87,88). This
indicates that both processes decrease or increase together, and that they are related rather than
exclusive. As stated by Tipton et al., MPB seems to primarily increase to facilitate the supply of
amino acids for MPS processes. Logically, if amino acids are supplied from exogenous sources,
the apparent need to increase MPB after RT is reduced. Indeed, when amino acids are consumed
before and/or just after RT, measurements of MPB are comparatively lower than those collected
in fasted conditions (39,86). This agrees with the thesis that supply of exogenous amino acids
reduces the need for increases in MPB to provide amino acids for increases in MPS. That is, the
supply of exogenous amino acids when combined with RT results in comparatively greater
muscle protein balance due to reductions in MPB and significant increases in MPS. In addition to
these points, Damas et al. recently argued that muscle damage and resultant increases in MPB in
response to RT deserve a reexamination regarding their role in RT-induced hypertrophy (89).
Specifically, Damas et al. point out that significant increases in CSA were realized only after

significant damage to the vastus lateralis was attenuated during 9 weeks of RT. The authors
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noted significant reductions in muscle damage after the third and tenth week of RT, compared to
the acute damage response to bout 1, while MPS was still significantly elevated above resting
levels at the third and tenth time points. Damas et al. indicate that the MPB responses to RT near
the beginning of an RT program are directed to tissue remodeling and approximately match
elevations in MPS, while regular presentation of a similar RT stimulus for a period of ~8 weeks
results in reductions in MPB with continued elevations in MPS and thereby an increase in CSA.
Hence, although eliciting damage through an RT stimulus early on in an RT program is likely
requisite to a degree in order to result in eventual hypertrophy (i.e., remodeling followed by
growth), the extent to which damage is necessary in following weeks seems to be reduced and
potentially a net negative if too severe (e.g., non-functional overreaching or overtraining).

To summarize these points, evidence indicates that: a) MPS increases in response to RT,
although the specific proteins synthesized are not entirely clear, b) MPB increases in response to
RT, although the specific proteins broken are not entirely clear, and c¢) consumption of amino
acids post-exercise can promote a positive muscle protein balance after RT. The nuances of
skeletal muscle hypertrophy in response to various RT paradigms remain suspicious. While an
acceptable operational definition was proposed by Schoenfeld (64), it remains to be determined
which specific proteins in skeletal muscle tissue increase in response to various RT paradigms.
However, it seems logical enough that hypertrophy results from a positive muscle protein
balance. This positive balance is the consequence of MPS outpacing MPB for a sufficient
duration for notable changes in cell size. Evidentially, this positive balance is best achieved

through the combination of RT and consumption of essential amino acids. To this end, specific
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mechanisms involved in RT-induced hypertrophy and augmentation through protein
consumption are discussed below. First, a brief analysis of RT dosage parameters and

relationships to skeletal muscle hypertrophy is provided.

Resistance Training for Hypertrophy

It was clear early on in the history of formal RT research that skeletal muscle
hypertrophy was a common adaptation (90). Naturally, certain dogma regarding RT dosing
parameters and expected adaptive outcomes emerged. For example, for many years heavy loads
and specific repetition per set values were promoted for realizing hypertrophy from RT (4), yet,
recent evidence has suggested that a wide spectrum of loads can elicit similar short-term
hypertrophic responses from RT (91-93). Continued debate centers around optimal training
practices for maximizing hypertrophic outcomes to RT (94). Notwithstanding, certain
relationships between training parameters and adaptive outcomes have been well characterized.
A more detailed discussion of the physiological processes underlying hypertrophy follow this
section, while this section primarily serves to establish a relationship between select RT
parameters and hypertrophic outcomes. Given the focus of this dissertation, a discussion of meta-
analytical findings and other relevant findings provoking the design of the RT paradigm for this
dissertation are particularly emphasized. For a more targeted discussion, three key training

parameters will be highlighted in this section as they pertain to RT paradigms for eliciting

30



skeletal muscle hypertrophy: 1) training volume, 2) training intensity, and 3) training frequency.
Given this, defining each of these concisely is warranted.

Although different definitions exist in regard to RT, a more technical definition of
training volume pertains to the total work completed during a set of repetitions for an exercise, a
training session, or another period of time. Invoking the term work denotes the importance of
considering the magnitude of force produced and the displacement of the external load. Although
this definition is robust, measuring displacement is technically demanding in the practical setting
and is often disregarded with the assumption that a post-pubescent individual with given limb
lengths will displace the external load a consistent magnitude when a certain exercise is
performed, therefore largely standardizing this measurement over time. With this in mind and
practically speaking, training volume is often defined as the total number of repetitions
completed for an exercise multiplied by the weight used for the exercise relative to a specific
time period. For example, this can be calculated as a function of a single set for a single exercise,
the sum of this calculation for multiple sets of an exercise, expressed for an entire week of
training where multiple exercise volumes are summed together, or even for a longer duration of
time. This parameter is often calculated for an exercise completed during a single training
session or over the course of a week so that an approximation of the training dose can be built
upon in later weeks or successive training cycles. Training intensity can be defined in a variety
of ways, but is commonly calculated as a percentage of 1RM for an exercise in context of RE. A
more appropriate definition likely includes consideration of rest between sets (95), work

completed relative to time (i.e., power), and other factors. However, given the technical nature of
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these measurements and demands on practitioners, a percentage of 1RM is often employed as a
proxy of intensity. For example, Marston et al. recently showed significantly stronger
correlations between the blood lactate response and a novel intensity metric referred to as
“Exercise Density” which considered work in joules divided by the summed interest recovery
seconds of the session when compared to the traditional metrics of volume load (VL = sets x reps
x weight) and intensity (VL / average % 1RM). Additionally, and in a more relative sense,
training intensity can be expressed as a proximity to repetition failure (e.g., reps in reserve or
reps left) or a perception of exertion magnitude (e.g., RPE). With that said, it is typical to employ
either a percentage 1RM intensity parameter or relative intensity parameter (96) currently in the
practical setting and in much of the RT literature. Training frequency can be defined as the rate
of execution of a certain exercise or training session relative to a specific period of time. Further,
training frequency can be denoted where a count is extrapolated from a number of sessions
emphasizing a certain set of movements or muscles, or, from a combination of exercises
emphasizing a certain muscle group relative to a specific duration of time (e.g., sets or sessions
per muscle per week). Hence, training frequency is commonly characterized as the number of
training sessions emphasizing a certain muscle or exercise per week.

Training volume, of the three parameters discussed so far, seems to be of primary
importance regarding RT program design for hypertrophy, although not exclusive of the other
factors mentioned above. That is, training volume inherently includes both intensity and
frequency in its calculation. Importantly, intensity and frequency relate more to how volume is

partitioned over the course of an RT program, rather than the total amount of work completed.
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Commonly, given the practical nature of applying RT evidence, these concepts are expressed
relative to a week’s time (i.e., 7 days). For this reason, most of the research examples provided in
this section relate to this time frame.

In 2007, Wernbom et al. published a systematic review suggesting that between 4-6 sets
of RT per week resulted in slightly greater increases in CSA of the quadriceps than >10 sets per
week (97). A similar pattern for the biceps was also noted, where 4-6 sets produced slightly
greater hypertrophy than >9 sets per week. This seems to point to excessive tissue damage and
thus MPB relative to MPS past these set per week values for these muscle groups. However, as
noted by the authors, significant heterogeneity in the number of repetitions per set and per week,
along with significant differences in training intensity confound the straightforward
interpretation of a set per week upper limit for hypertrophy. For example, repetitions per session
for studies examining the quadriceps ranged from ~20 - ~150. Indeed, the metabolic and
adaptive responses to a single set of RE can be vastly different if a significant difference between
reps per set, intensity, and rest between sets are involved (98). Stated differently, the term set
should be carefully presented and interpreted since an individual set of repetitions can involve a
host of different characteristics (e.g., load, repetition duration, etc.). Hence, caution should be
exuded when interpreting set per week dosing effectiveness by considering the load employed
during a set, the number of repetitions completed, the rest between sets, and the repetition
tempos, for example. Of note, this has persuaded scientists to posit standardized metrics of RE
dosing terminology and consideration of the specific parameters of a set of RE before judgement

of a paradigm’s effectiveness (95). In other words, standardizing nomenclature and the manner
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by which certain RT parameters are defined and measured is critical to understanding specific
dose-response relationships as we move forward into the 21st century.

Another important limitation in the data from Wernbom and colleagues is the severely
low number of studies reviewed involving previously resistance trained subjects. This is relevant
as the acute responses to RT and adaptive patterns to similar RT programs are expectedly
different in trained subjects (99). Trained muscle tissue has been shown to exhibit different
transcription, translation, and adaptive responses to similarly dosed RT, which will be discussed
further in the following section. Furthermore, greater training volumes are likely required for a
relatively similar quantitative response in trained subjects (100). As discussed prior, if the
training dose is excessive too early in an RT program, MPB rates can outpace or match MPS
rates mitigating the hypertrophic response to RT. This concept denotes that maximum effective
doses for hypertrophy should take into account previous dosing and successive training strategies
relative to the aim of the long-term training process, and that this optimal dose value is dynamic
not static. Stated differently, it is very unlikely that a generalized maximal effective dose of RT
for hypertrophy exists consistently across populations but rather an approximation of appropriate
volumes relative to an individual’s stage of training and physiological status warrant
consideration before confident dose application. As an example of this disparity, in untrained
muscle, based on the review from Wernbom and colleagues, it would seem the maximum
effective dose expressed in terms of sets per week during sub-chronic RT is ~4-6 sets. However,
our laboratory recently published data revealing ~15 % increases in vastus lateralis thickness

measured by ultrasound in untrained subjects completing 15 sets per week for a period of 12
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weeks (101). Indeed, others conducting meta-analyses and systematic reviews since this 2007
review have reported no clear upper limit in untrained and trained subjects over similar time
frames. Some of the most statistically powerful examples are discussed below.

In 2010, Kreiger published a meta-analysis considering 8 separate studies and 19
treatment groups demonstrating greater hypertrophic responses to RT proportional to the number
of sets per exercise completed per week where the following effect sizes were observed: a) 0.24
+ 0.03 for 1 set per week, b) 0.34 £ 0.03 for 2-3 sets per week, and c¢) 0.44 + 0.09 for 4-6 sets per
week, indicating 40 % more hypertrophy when multiple sets were completed compared to a
single set (21). In 2016, Schoenfeld et al. published a systematic review and meta-analysis
including evidence from 15 studies with strict inclusion criteria further expounding upon
Kreiger’s original work showing the greatest effect sizes for hypertrophy when >9 sets per
muscle group per week were performed, compared to less than 5 sets or 5-9 sets per week.
Specifically, <5 sets resulted in a 5.4 % percentage gain, 5-9 sets resulted in a 6.6 % gain, and >9
sets an 8.2 % gain (24). These data indicate that greater training volumes, to a point, result in
greater hypertrophic outcomes. In discussion of their meta-analytical findings in a recent letter to
the editor published in the Journal of Sport Sciences in 2017, Schoenfeld et al. state: ““...we
contend that a minimum of 10+ sets per muscle per week is necessary to maximize the
hypertrophic response to RT (102). Again, this represents a minimum threshold as there were not
enough studies that investigated higher volumes to carry out sub-analysis. What now needs to be

determined is where the upper threshold for volume lies to promote the greatest increases in
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muscular gains.”. This point served to facilitate the general design of the RT program for this
dissertation, further described in Chapter 3.

Dosing RT intensity for hypertrophic outcomes, expressed as a percentage of 1RM, is
likely the most controversial of the three parameters. Conveniently, loads are generally described
in the RT literature as “heavy” or “high” vs “light” or “low” (103). Although no clear standards
exist for this nomenclature, loads corresponding to <40 % 1RM are often termed light, while
loads > 60% 1RM are often termed heavy (91,98). Recently, evidence has suggested that RT
involving regular employment of relatively light loads (<40 % 1RM) can result in similar or even
greater short-term hypertrophic responses than heavy loads (> 60% 1RM) (91). These findings
challenge traditional thought that heavy loads are consistently superior to light loads for
hypertrophic outcomes. However, certain considerations regarding this evidence and application
in the practical setting are warranted.

Neuromuscular physiology research indicates that lifting heavy loads results in
comparatively greater electromyography amplitudes, on average (98), when contractions are
performed to momentary muscular failure. The observed higher EMG amplitudes during heavy
lifting is generally thought to be due to the earlier and more frequent recruitment of higher
threshold motor units during an RE set. Albeit, the validity of surface EMG to detect MU
recruitment, and thereby surmise hypertrophic potential has been challenged due to the influence
of peripheral factors like intracellular action potentials and muscle fiber propagation velocities
during dynamic contractions, particularly in the presence of fatigue (104). Notwithstanding,

higher threshold motor units tend to innervate larger, predominantly fast-twitch muscle fibers.
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The size principle denotes that motor units are generally recruited based on their size and their
recruitment depends on the force production requirements of a task. That is, high-force tasks of a
sufficient duration generally involve the recruitment of both more total and greater sized motor
units than low-force tasks. Additionally, motor units tend to be recruited in an orderly fashion,
from small to large. Consequently, on a per rep basis, heavy loads are assumed to recruit both a
greater total number of motor units and larger motor units in comparison to light loads. This
implicates greater muscle fiber recruitment and suggests a greater hypertrophic effect per
repetition during heavy RE. However, fatigue during dynamic contractions can affect the
presupposed orderly recruitment of MUs based on their size. Fatigue, in this case, can be defined
as the failure to maintain the required or expected force (105). For example, larger motor units
with higher recruitment thresholds tend to exhibit a reduced recruitment threshold during fatigue.
Given this, lifting light loads until presentation of fatigue can result in the recruitment of higher
threshold motor units and/or MU cycling, where MUs are recruited in an acyclic manner to meet
the demands of the loaded task. Logically, this indicates that with enough repetitions, seemingly
near or at the point of momentary muscular failure, a similar or greater number of motor units
could be recruited during RE with light loads and this could result in stimulation of MPS to a
similar degree as RT involving heavy loads. Indeed, Burd et al. have shown greater MPS
responses from light RE compared to heavy RE when both loading conditions involve subjects
achieving momentary muscular failure (106). Additionally, Dr. Stuart Phillips’ lab has conducted
a series of investigations indicating similar or greater hypertrophic effects of light RE compared

to heavy RE in both acute and sub-chronic models in humans (91,93). As stated prior, it is of
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paramount importance for long-term hypertrophic outcomes to consider previous and successive
RE bouts in way of better ensuring desired outcomes void of injury or overtraining. Our
laboratory published evidence in 2017 suggesting that light RE to momentary muscular failure
required a greater amount of time to recover force production capabilities while exhibiting the
same anabolic responses as heavy RE in well-trained young men (98). Furthermore, ~75 more
repetitions were required to achieve momentary muscular failure in the light RE condition
compared to the heavy. Other investigations have shown similar trends(99,107). Hence, although
light RE to momentary muscular failure can induce similar hypertrophic adaptations, heavy RE
seems to be more efficient on a per repetition basis. Furthermore, our investigation was in trained
subjects while Phillips et al. investigated untrained subjects. Thus, not only is training status a
worthwhile consideration before practical application, but also the subsequent effects on training
sessions to follow.

In addition to these points, Dr. Andrew Fry published a review article in 2004 suggesting
greater hypertrophic effects for both type 1 and type 2 fibers from higher average intensities
during a training studies available for review (19). That is, as the average % 1RM of exercise
intensities in training studies increased beyond 40 % 1RM, greater increases in f{CSA were
observed in both type 1 and type 2 muscle fibers. Also, Dr. Jacques Poortmans published a
review article in 2016 revealing higher acute MPS responses to loads above 50 % 1RM
compared to loads below this value (108). Finally, a recent investigation reported significantly
greater strength and hypertrophic adaptations to RT at 80% 1RM compared to 20 % 1RM

indicating that loads less than ~30 % 1RM are likely below a hypothetical minimum intensity
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threshold for stimulation of desired adaptations to RT (107). Lastly, training to momentary
muscular failure is a questionable practice. A review article published by Peterson et al. in 2004
revealed RT where sets were not taken to failure resulted in greater improvements in strength
than RT where sets were taken to failure (22). Other investigators have reported similar findings,
calling into question the practice of training failure, particularly given the increased risk of injury
in this training context (109). With this in mind, research investigating RT with light and heavy
loads where sets are not taken to failure and adaptations are compared can help clarify practical
implications of this RT practice. Since light RE seems to match or surpass the effects of heavy
RE only when taken to failure, this practice deserves strategic inclusion in the long-term training
process, if at all, and warrants careful attention to execution in exercises where injury risk is
higher (e.g., multi-joint exercises).

Another proposed benefit of light RE for hypertrophic outcomes is the accumulation of
metabolites that may be important for stimulating MPS maximally in response to RT. Although
more detailed mechanisms are reserved for the following section, the concept warrants mention
here. The American College of Sports Medicine and National Strength and Conditioning
Association promote repetition per set values of between 6-12 to strike a balance between
enunciating mechanical tension generated by muscle fibers and the magnitude of metabolic stress
experienced by said fibers (110). Additionally, RT studies involving relatively short rest intervals
(e.g.., 60-90 seconds) between sets have been shown to result in greater acute elevations in
testosterone, growth hormone, and metabolic stress (110—113). For example, muscle lactate

levels were significantly increased after 1 set of 12 repetitions at 80 % 1RM and further
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increased after 3 sets to failure (114). This is thought to be in contrast to higher intensity
protocols involving lower rep-per-set values where much of the energy provision occurs via the
more immediate phosphagen system_(115). The lower rep per set value is thought to result in
comparatively lower metabolic stress due to reduced glycolytic activity and subsequent
formation of lactate and other metabolites (116). Furthermore, temporary occlusion of blood
flow due to compression of vascular structures during contraction can result in acute muscle
hypoxia further augmenting metabolic stress (117). Thus, a larger number of contractions over a
fixed amount of time (e.g., greater reps per set) would evidently result in greater metabolic
stress, and potentially greater hypertrophic responses. In support of thesis, Goto et al. showed
significant increases in fCSA after a period of training similar to the style discussed above (~10
reps per set with short rest intervals) while no significant increases in f{CSA were observed after
a period of higher intensity training with longer rest intervals in the same group of subjects
(118). However, a recent systematic review by Grgic et al. suggested that longer rest intervals
tended to be associated with greater hypertrophy than shorter rest intervals (9.2% vs 5.8%),
although considerable heterogeneity in the six studies analyzed was noted (119).

Another provocative RT practice for hypertrophy is related to movement velocity.
Particularly, since potentially more cross-bridge cycling would occur during intentionally slower
movement velocities given greater time allowed for cross-bridging to occur, it has been
speculated that slower movement velocities may provide a greater hypertrophic stimulus (120).
Hypothetically, this practice would allow longer durations for fibers to produce tension and

potentially more metabolic stress via increased cross-bridge cycling and metabolite formation
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per set. However, only a limited number of studies have investigated movement velocity effects
on hypertrophic outcomes which were recently reviewed by Hackett et al. (121). Briefly, the
quadriceps muscle group seems to respond slightly better to movement velocities between 2-4
seconds while the biceps muscle group seems to respond better to faster movement velocities
(e.g., < 2 seconds). Another meta-analysis by Schoenfeld et al. suggests that significant
hypertrophy can occur from repetition durations of 0.5 to 8 seconds per repetition, with little
observed difference in hypertrophy between this time range, while >10 seconds per repetition
seems suboptimal (122). Albeit, both reviews highlight the need for more evidence to clarify an
optimal repetition duration for hypertrophic purposes on a per-muscle/per-exercise basis.
Another important consideration in light of these data is that low-load blood flow
restriction training has been shown to result in significant muscle hypertrophy (123). It has been
posited this is potentially due to comparatively greater metabolic stress from the accumulation of
metabolites (e.g., lactate, inorganic phosphate, hydrogen ions) formed in response to continued
muscle contractions while venous occlusion is induced by a physical implement (e.g., tourniquet,
cuff, etc.) local to the muscle. Occlusion of venous return consequently augments the pooling of
metabolites and results in acute muscle hypoxia (123). The metabolites formed during blood
flow restriction training are thought to potentially upregulate anabolic processes beyond the
stimulus of muscle contraction alone (i.e., tension). For example, in vitro, lactate has been shown
to induce myogenesis in C2C12 myoblasts, increase the phosphorylation of p70S6K (an
important signaling protein involved in increased MPS), and increase myotube diameter via the

activation of the MEK/ERK pathway (124,125). Hence, common recommendations for RT
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programs aimed at hypertrophy are rep per set values from 6-12 with 60-90 second rest intervals.
However, based on this review of the literature, no direct evidence exists from human RE studies
elucidating a clear hypertrophic role of metabolites beyond muscle contraction-induced signaling
alone (i.e., tension). Rather, as noted by Dankel et al., metabolite accumulation may augment
muscle activation and thus tension generation in more fibers since inorganic phosphate and
hydrogen ion accumulation has been shown to interfere with cross-bridge cycling (126). That is,
significant metabolic stress in some fibers might simply result in tension generation in other
fibers during RE thereby catalyzing more anabolic signaling in a greater total number of fibers
compared to the number of fibers recruited in a less metabolically stressed state. Based on these
data, it seems logical to design RT paradigms aimed at maximizing whole-body hypertrophic
outcomes in such a way to induce the greatest total tension in the greatest number of fibers
through a combination of sufficient intensities and metabolic stress. Practically, this intention is
likely best accomplished through creative alteration in training parameters to prioritize the
recruitment of a large number of muscle fibers through the complete range of motion of a joint,
or multiple joints, for a sufficient amount of time to maximize tension and metabolic stress, to a
point. Notwithstanding, tissue damage and time required for recovery-adaptation are vital to
consider so that hypertrophic outcomes may be optimized over long periods of time. As such, the
above data suggest regular employment of loads > 60 %1RM where training volume loads are
increased over time (e.g., number of sets near momentary muscular failure per week) and
precede extended periods of recovery-adaptation to avoid overtraining. However, lighter loads

can be employed for hypertrophic outcomes, so long as a sufficient number of repetitions are
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performed to induce the recruitment of most of the fibers in a muscle (e.g., near momentary
muscular failure). Further, the specific durations wherein training volumes can be increased,
along with the magnitude of training volume optimal to elicit the maximal hypertrophic response
seems to depend on individual characteristics (127). Importantly, considering preceding and
succeeding training bouts is vital to maximize the frequency at which the aforementioned
training stimulus can be applied on an individual basis. Sensibly, this is to provide the most
regular hypertrophic stimulus possible relative to an individual’s current physiological state.
These points lead to a brief discussion of training frequency for hypertrophy.

A systematic review article published in 2016 by Schoenfeld et al. suggests that training
muscle groups twice a week promotes superior hypertrophy compared to once per week (128).
However, insufficient data beyond twice-per-week protocols were available for review, leaving
the authors to conclude that the effectiveness of training frequencies for hypertrophy beyond
twice per week remained to be determined. Interestingly, a recent survey of bodybuilders
revealed that ~70% train a muscle group only once per week, and of the approximately 130
surveyed, no bodybuilders reported training a muscle more than twice per week (129). Dankel et
al. proposed that higher frequencies would be hypothetically more effective for highly trained
individuals given the less prolonged MPS response to RE (~24 hours) compared to untrained
individuals (79). Dankel et al. argue a response similar to the “muscle-full” effect in response to
amino acid infusion or ingestion (a refractory period of the stimulation MPS to amino acid
availability) exists for RE-induced stimulation of MPS as well (130). Evidence from Hakkinen’s

lab showing numerically greater increases in muscle size in a group training twice per day
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compared to once per day where volume was equated is cited by Dankel et al. to support this
thesis. However, long-term training studies in humans wherein training a specific muscle group
with frequencies beyond 2 days per week are warranted to clarify hypertrophic responses as
insufficient data exist to confidently adopt this hypothesis. A recent investigation by Gomes et al.
reported no significant differences in strength improvement or lean tissue mass between a group
of well-trained men training specific muscle groups once per week compared to a group training
specific muscle groups five times per week, although the group training five times per week
realized greater numerical improvements in each dependent variable for strength and lean mass
(131). Another more recent investigation reported similar findings in trained young men where
strength and hypertrophic adaptations were statistically equal between a group of subjects
training 3 x’s/week vs a group training 6 x’s/week (132). Considering this, the current state of
the evidence indicates a training frequency of somewhere between 2 and 5 sessions per week per
muscle group to elicit a maximal hypertrophic response to RE. However, insufficient data exist
to confidently assert that higher training frequencies are suboptimal.

To summarize this section, the following points are provided: a) greater than 10 sets per
muscle group per week likely result in maximal hypertrophic responses, while the upper limit of
dosage is not clear, b) both low and high loads can instigate hypertrophy to an equal extent when
contractions are performed to failure, however, loads > 60 % 1RM likely do so more effectively
on a per repetition basis and particularly so if contractions are not performed to failure, and c)
training frequencies > 2 times per muscle group per week are superior to training a muscle group

once per week for hypertrophy. Although these points provide insight into RT program design
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for hypertrophy, a discussion of mechanisms underlying hypertrophy malleable to RT can
provide further insight into parameter dosing and bring attention to areas deserving future
research in way of maximizing the hypertrophic response to RT. To this end, underlying
mechanisms of RT-induced muscle hypertrophy are discussed in the next section followed by
whey protein supplementation’s potential role in maximizing the hypertrophic response to RT.
Since knowledge gaps remain in regard to dosing RT for maximizing hypertrophic
outcomes, clarification of the underlying mechanisms of hypertrophy can elucidate potential
training strategies worthy of further investigation in humans. RT-induced skeletal muscle
hypertrophy is an integrative, multifactorial physiological response involving multiple
physiological systems. Additionally, skeletal muscle is considered a postmitotic tissue indicating
that, upon development, mature skeletal muscle cell cycles are arrested, in a sense, in the Go
phase of the canonical cell cycle and do not undergo significant cell replacement throughout life.
Stated differently, skeletal muscle cells are terminally differentiated and have apparently lost
their ability to proliferate. In general, this means that skeletal muscle cells respond to various
nutritional and training stimuli by increasing in mass (i.e., hypertrophy) rather than dividing into
multiple cells (i.e., hyperplasia). Therefore, hypertrophy is distinct a distinct process from
hyperplasia. Furthermore, muscle fiber hyperplasia has not been clearly demonstrated in humans.
Thus, hypertrophy is considered the biological construct responsible for increases in muscle size.
The central dogma of molecular biology denotes that genes housed within the cell nucleus
composed of deoxyribonucleic acid (DNA) can be transcribed into messenger ribonucleic acid

(mRNA) molecules, and these mRNA can be translated into proteins. Various stimuli signaling
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skeletal muscle fibers to grow can eventually converge in nuclei of skeletal muscle cells where
the process of gene transcription into mRNA molecules can begin. Further, ribosomal translation
rates of mRNA transcripts can be affected by training and nutrition stimuli (127). Given the
complexity of this hypertrophy-related signaling within muscle, roles of other physiological
systems (e.g., central nervous system, endocrine system), and the influence of circulating factors
in blood (e.g., hormones, nutrients) relevant to skeletal muscle fiber growth, categorizing signals
into the following categories is helpful: a) extrinsic factors (originating outside of skeletal
muscle), and b) intrinsic factors (originating inside of skeletal muscle). Stated differently, both
extrinsic and intrinsic processes to muscle can eventually affect gene transcription and
translation processes in muscle, and, consequently, the accrual of muscle protein. To ensure this
discussion remains concise, RT-related mechanisms discovered in humans or cultured muscle
cells are primarily discussed while analysis of supraphysiological pharmacological stimulation
and exotic animal models of hypertrophy (e.g., synergist ablation) are avoided. First, well-
established intrinsic mechanisms will be discussed. After this, an overview of various extrinsic
factors particularly relevant to this dissertation will be provided.

As discussed prior, changes in muscle fiber size due to RT are primarily related to the
difference between MPB and MPS. Significant changes in MPB or MPS are eventual outcomes
of molecular signaling malleable to RE. In particular, two intrinsic signaling pathways
particularly responsive to RE stimuli play key roles: 1) mammalian target of rapamycin (mTOR)
pathway, and 2) Ubiquitin-Proteasomal (UPP) pathway. The mTOR protein signaling pathway

has emerged as a primary signaling network in muscle tissue directly responsible for increases in
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myofibrillar protein synthesis above basal levels in response to RE (133—135). Although the
specific structural and electrochemical changes to the signaling molecules involved in this
pathway in response to RE are still being unraveled, signaling events leading to increases in MPS
after RE seem to adhere to the following sequence: 1.) upon PI3K phosphorylation via a
myokine (e.g. MGF), interaction with an integrin molecule responsive to mechanical tension
(e.g. FAK, ILK), or PI3K phosphorylating a lipid (phosphatidylinositol) sourced from the fiber
sarcolemma, the PH domain of Akt (i.e. PKB) is phosphorylated (136), 2.) Akt “de-represses”
mTOR from repression of the TSC1/TSC2 complex (137), and mTOR is phosphorylated
(138,139), 4.) mTOR can phosphorylate both 4E-BP1 and p70s6k (138,139), 5.) p70s6k
phosphorylates rpS6 eventually leading to enhanced translation of mRNAs coded for ribosomal
protein expression and elongation factors, while 4E-BP1 hyperphosphorylation leads to
translation initiation of mRNA and thereby increases in protein synthesis (133,135,140).
Evidence indicates that the magnitude of increase in p70s6k phosphorylation in response to a
single bout of RE is strongly correlated with significant increases in muscle mass, 1RM squat
strength, and increases in type Ila muscle fiber CSA in both human and rodent models in
response to 6 and 14 weeks of RT (133,140).

During and in response to RE, Schoenfeld proposed three primary mechanisms
responsible for skeletal muscle hypertrophy: a) mechanical tension, b) muscle damage, and c)
metabolic stress (64,141). The term mechanical denotes relation to physical forces or motion and
invokes the interplay of parts of a whole, as in a machine. Tension, derived from “tendere” or

“tensio” in Latin, denotes a state of being stretched tight or pulling forces at two ends of a rope
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or string. Consequently, mechanical tension, in relation to skeletal muscle fibers, can be
considered a pulling force generated at the level of the sarcomere and subsequent tensile forces
experienced by the muscle fiber in response to the fiber’s contraction or when the fiber is
stretched. Typical RE involves both voluntary tension development, when the fibers are
contracting, and passive tensile forces, when muscle fibers are stretched beyond resting levels
during various resistance exercises. Skeletal muscle cells have been shown to be particularly
sensitive to these tensile forces, in both culture and human models. For example, Hornberger et
al. have shown mechanical tension alone can directly stimulate mTOR in vitro (142).
Additionally, Miyazaki et al. reported significant activation of mTOR independent of canonical
nutrient-sensitive signals in response to mechanical overload (143). Furthermore, both the
magnitude and frequency of tension have been shown to affect the activation of p70s6k (144).
The process of transmitting the mechanical signal of these tensile forces into molecular signals
affecting MPB and MPS has been termed mechanotransduction (64). Mechanotransduction
seems primarily accomplished through integrin proteins residing at the cell surface and
interacting with both the extracellular matrix and intracellular milieu of skeletal muscle. For
example, focal adhesion kinase, an integrin protein found in skeletal muscle cells, has been
shown to be crucial to mediate the tension-induced increase in mTOR signaling in muscle cells
(145). Mitogen-activated protein kinase (MAPK) signaling (e.g., ERK 1/2) and calcium-
dependent signaling processes (e.g., calcineurin) have also been shown to be particularly
responsive to RE and in some cases additive to the hypertrophic signaling of the mTOR pathway

(134). MAPK signaling seems primarily responsive to increased metabolism and redox status
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while calcium-dependent signaling, hence the name, is primarily responsive to intracellular
changes in calcium concentrations. However, their roles seem more additive than necessary for
significant increases in MPS, and conflicting data warrant question of their necessity. For
example, phosphorylation magnitude of c-jun n-terminal kinase (JNK), a signaling protein in the
MAPK pathway, has been shown to increase linearly with the magnitude of contractile force
(146). However, other evidence suggests inhibiting JNK can enhance muscle protein accretion
(147). Further, calcineurin does not seem to be required for significant muscle growth responses
in context of mechanical overload (148). On the other hand, the mTOR pathway’s importance for
significant increases in MPS is quite clear. As proof, Drummond et al. have shown that blocking
mTOR signaling through rapamycin administration in humans mitigates the post-RE increase in
MPS (149). Hence, mechanical-tension induced increases in mTOR signaling underpin
significant increases in MPS in humans. Therefore, both mechanical tension and the mTOR
pathway have been deemed primary mechanisms underpinning RT-induced hypertrophy.
Importantly, tension precedes the potentially additive hypertrophic mechanisms of metabolic
stress and muscle damage in response to RE, which are further discussed below.

Metabolic stress, as discussed previously, denotes a physiological state in skeletal muscle
where metabolites formed from increased metabolism (particularly glycolysis) increase in
concentration outside of typically occurring (homeostatic) ranges. Conversely, a decrease in the
concentration of muscle oxygen (i.e., hypoxia) can also be characterized as metabolic stress.
Compared to that of mechanical tension, the role of metabolic stress in RT-induced hypertrophy

outcomes is less clear. Hence, the potentially anabolic nature of metabolic stress is posited to be
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associated with both muscle hypoxia and increased concentrations of H+ ions, inorganic
phosphate, reactive oxygen species, and lactate during RE. However, these processes are
consequences of, or secondary to, tension development and an increase in metabolic stress seems
to augment the recruitment of more fibers during RE thereby resulting in greater gross amounts
of tension in whole active muscle rather than serving a distinct, mechanistic hypertrophic role.
This is to say that induction of metabolic stress may be more of a “means-to-an-end” for further
tension development, rather than specific metabolites ramping up MPS signaling. For example,
investigations using surface electromyography (sSEMG) have suggested recruitment of higher
threshold motor units when muscle is faced with steeped reductions in muscle glycogen and
increased metabolic stress during blood-flow restricted training (150,151). Notwithstanding,
select evidence in humans suggesting metabolic stress may play an additive role is available,
although these data should be interpreted in light of the above points.

Hormonal changes and myokine production are other posited occurrences potentially
affecting the hypertrophic response to RT-induced metabolic stress. Both autocrine and paracrine
myokine signaling are characterized as intrinsic signals herein since their origin is inside muscle
cells whereas hormones will be briefly discussed below in context of extrinsic signaling. In
addition to changes in metabolite concentrations and cell hydration status, metabolic stress is
also thought to play a hypertrophic role through the induction of significant alterations in
myokine production and anabolic hormone concentrations in blood. Myokines are described as
growth factors, proteins, or cytokines that are secreted by skeletal muscle cells able to interact

with the secretory cell itself, an adjacent muscle cell, or act systemically on other tissues (152).
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Myokines have been shown to be related to the hypertrophic response to RT. For example,
Bamman et al. showed significant increases in the myokine mechano growth factor (MGF) in a
cluster of extreme responders (+126% increase after 16 weeks) in VL biopsy samples and no
significant increase in a cluster of non-responders to the training intervention (153). Evidence
related to metabolic stress induced by RE and subsequent effects on myokine signaling are
limited. However, Takarada et al. showed a gradual increase in interleukin 6 (IL-6) after multiple
sets of knee extensions employing the BFR training technique compared to a volume-matched
group without BFR (154). However, other evidence indicates little to no effect on specific
myokines in context of RE with high metabolic stress, calling into question the relationship
(123).

Manini et al. reported significant reductions in atrogin-1 and MuRF-1 (proteolytic
signaling proteins) ~8 hours after BFR training compared to a group not completing BFR (155).
Additionally, Laurentino et al. showed significant reductions in myostatin (MSTN) gene
expression after an 8-week period of BFR compared to a group of subjects not performing BFR
(156). Increases in intracellular hydration (i.e., cell swelling) are thought to occur during
metabolic stress in muscle cells and changes thereof are thought to affect muscle protein turnover
(157). Interestingly, primarily fast-twitch muscle fibers have been shown to respond more
robustly to RE than primarily slow-twitch fibers (19,158) and fast-twitch fibers tend to contain a
high concentration of aquaporin-4 protein (water transport channel) (159). Schoenfeld posited
this may be at least one reason for this observation, and this phenomenon may be partially

explained by metabolic stress-induced cell swelling effects of RE (160). In summary, the
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importance of metabolic stress for maximizing hypertrophy is questionable, but seemingly
additive. Both mechanical tension and metabolic stress can result in significant increases in
muscle damage, the third intrinsic signal posited as important for skeletal muscle hypertrophy.
Muscle damage refers to the disruption of muscle fiber structure that can result in an
impairment in normal fiber function. Importantly, damage of muscle can occur to different
extents and at different levels of organization of muscle tissue. For example, damage to the
sarcolemma compared to damage of the sarcomere. To be concise, damage herein refers to both
occurrences and in the more general sense of RT-induced damage to muscle fiber structures.
Damage has been traditionally visualized through z-disc streaming of the sarcomere as a
hallmark of muscle damage due to unaccustomed exercise (161). Further, evidence suggesting
somewhat of a dose-response relationship between training volume and increases in muscle
damage exists(162). Significant damage precedes decreases in force production, swelling, and
local inflammation (162). With training, an individual is generally less susceptible to significant
damage from similar workloads (163) (i.e., repeated bout effect). However, significant
hypertrophy can still occur in trained populations. This would seem to combat the relative
importance of damage to the hypertrophic response. Gibala et al. showed significant damage
after eccentric muscle actions of the biceps against 80% 1RM resistance for 8 sets of 8
repetitions in resistance-trained young men, but not when only concentric muscle actions were
performed (164). This suggests that trained individuals can still experience significant muscle
damage so long as RE involves sufficient load and eccentric muscle actions. As mentioned prior,

MPB rates influence changes in fiber size, and MPB is clearly important for remodeling
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damaged tissue (e.g., clearing damaged proteins or recycling amino acids of damaged proteins
for synthetic processes) as shown in the photo above. MPB rates, although increased in response
to RE, have been suggested to be ~3 fold lower than MPS rates (86). Hence, MPS is primarily
studied being the more dynamic of the two. However, since changes in cell size result from both
processes, and MPB seems particularly important for remodeling after damaging RE,
maximizing each response in the appropriate timeframe seems the logical pursuit of the training
process for hypertrophy. MPB is primarily achieved through the coordinated activity of the UPP,
autophagy, and calpain calcium-dependent cysteine proteases. The process of MPB in response
to RE has been extensively reviewed recently (86), and is only briefly discussed below;
particularly to connect this section to the following section on whey protein and muscle
hypertrophy.

The UPP degrades target proteins that have been poly-ubiquinated with multiple
ubiquitin monomers through the coordinated process of three enzymes (“E1”, “E2”, and “E3”),
(165). Atrogin-1 and MuRF-1 are two, muscle-specific E3 ligases catalyzing the conjugation of
ubiquitin to a substrate protein and have been shown to be specific to contractile proteins. The
20S core protein is the “catalytic” portion of the 26S proteasome and is involved in the
degradation of contractile proteins (86). Importantly, the UPP doesn’t seem to act in isolation to
autophagy and calcium-related proteolytic signaling. Rather, the process of autophagy and
calpain activity seem to be involved with the first steps of RT-induced MPB increases by
facilitating the formation of the phagophore (a nascent membrane structure) around damaged

proteins or, in the case of calpains and caspases, processing damaged proteins for breakdown
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(166). Upon protein degradation in the lysosome or autophagophore, coordination with the UPP
can allow for specific breakdown processes to proceed where specific proteins or degraded
segments thereof can be tagged for further breakdown and liberated amino acids can be utilized
for synthetic processes. Indeed, multiple studies have shown increased proteolytic mRNA
expression after RE (167,168). Surprisingly, as noted by Tipton et al., breakdown rates of
myofibrillar proteins specifically in response to RE are unclear although fractional breakdown
rates of mixed muscle proteins have been made (86). Although validity of the technique has been
called into question, MPB rates are generally considered to increase after RE via the pathways
discussed above, and for the purposes of remodeling muscle and supplying amino acids for
synthetic processes. Recently, Damas et al. argued that significant increases in fCSA and muscle
size occur only after significant damage from training and MPB is attenuated, while significant
increases in MPS continue with training (89). Additionally, Flann et al. recently showed equal
hypertrophic responses to high-force eccentric-cycle ergometry between a group naive subjects
and a group of subjects that were trained for three weeks leading up to the study to mitigate the
magnitude of damage to muscle (169). Indeed, the naive group showed significantly greater
signs of muscle damage than the pre-trained group, while both groups hypertrophied from the
intervention. Notwithstanding, based on the state of the current evidence, it seems logical that
MPB is important for tissue remodeling and, particularly, to “clean up”” damaged fibers to make
way for sarcomere construction and subsequent increases in fiber size, at least in the early stages
of an RT program. However, the extent to which this process is necessary likely exists on a

continuum resembling a U-Shaped curve, where some damage is beneficial, but too much can
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result in maladaptation (160). Increases in inflammation can occur in response to significant
muscle tissue damage from RE, where neutrophils and other immune cells can infiltrate the
damaged tissue and aid in protein breakdown and tissue repair. Interestingly, non-steriodal anti-
inflammatory drugs have been shown to blunt significant increases in MPS after RE in humans
(170). Hence, at least a moderate relationship between muscle damage from RE and hypertrophic
outcomes seems plausible. Furthermore, the role of protein supplementation and resultant
increase in amino acid availability to muscle cells seem to affect both MPB and MPS responses.
Amino acid availability and hormonal effects subsequent to RE can be thought of as extrinsic
signals that can affect MPS and MPB. Interestingly, Areta et al. showed increased expression of
MuRF1 mRNA following RE when 10 or 20g of protein were ingested, however, 40g seemed to
prevent the increase in MuRF1 mRNA (171). This seems to indicate that consumption of a
relatively high amount of protein post exercise may reduce the need for MPB to supply amino
acids for synthetic processes. Indeed, Tipton et al. recently concluded in a detailed review of the
literature on MPB that nutritional strategies (e.g., whey protein supplementation) can suppress
MPB in response to RE, and this may translate to higher NBAL. However, the authors are
careful to highlight that little is known regarding which specific proteins are being broken down
in response to RT and that significant suppression of MPB might actually result in maladaptation
until further research reveals more explicit relationships. This concept will be discussed in the
following section. Changes in hormone concentrations at rest and in response to RE were
traditionally thought to play critical roles in the hypertrophic response to RT (172). However,

recently Dr. Stuart Phillips’ lab completed a series of studies in both trained and untrained
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individuals demonstrating little to no effect on hypertrophic outcomes from RT when hormones
change within normal ranges (173,174). Of course, pharmacological intervention where
supraphysiological doses of testosterone are provided result in significant hypertrophy, however,
the state of the current evidence indicates little influential role of acute changes in hormonal
status on hypertrophic outcomes to RT.

Each of these underlying processes discussed above are thought to play an important role
in the hypertrophic response to RT and correspond to both extrinsic and intrinsic signals
potentially resulting in fiber hypertrophy. Since the primary focus of this dissertation is related to
the observed hypertrophic effects of the RT paradigm described in Chapter 3, and secondarily
related to any potential differential effects of whey protein supplementation on these responses,
this section is meant to provide a general overview of mechanisms potentially related to
differential responses between groups, and to provide direction to potential follow-up analyses
on collected biological samples. To summarize, intrinsic molecular signaling of mTOR pathway
molecules and proteolytic pathway intermediates (e.g., UPP, autophagy, calpains) are
particularly responsive to mechanical tension, metabolic stress, and muscle damage occurring
during and in response to RT. These intrinsic processes affect eventual changes in MPS and
MPB, and, consequently, changes in fiber size. Extrinsic signals like hormones and amino acid
availability can also affect alterations in MPS and MPB. Of the two, amino acid availability
likely plays a more prominent role in hypertrophic outcomes to RT, so long as hormonal
concentrations are not pharmacologically altered. Of note, satellite cells, immune cells, and other

factors fairly characterized as extrinsic and related to RT-induced hypertrophy were not
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thoroughly discussed given the primary aim of the investigation for this dissertation described in
Chapter 3, and given the fact that the importance of their roles in significant hypertrophic
outcomes in humans are not yet entirely clear. For example, McCarthy et al. have shown
significant hypertrophy in rodent models when satellite cells were ablated, suggesting that
satellite cell donation of myonuclei are not necessary for significant increases in muscle size
(175). However, Bamman et al. have shown strong relationships between the number of satellite
cells present in VL biopsy samples at baseline and the hypertrophic response to RT (176).
Further, how satellite cells are measured in human biopsy samples and at which time points after
RE has clouded specific satellite cell physiology relationships to the hypertrophic response to
exercise, with many investigators choosing immunohistochemical methods using a very small
amount of tissue sample (177). Additionally, related to the discussion above on muscle damage,
immune cell roles and necessity in the hypertrophic response to RE are not as explicit as the
factors described above, and neither immune cell content nor satellite cell content were directly
investigated in this arm of the study. However, we intend to investigate these factors in follow-
up experiments characterizing underlying mechanisms related to the heterogeneity in responses
of the training protocol described herein. To be clear, the primary aim of this dissertation was to
observe the hypertrophic effects of the extreme training volumes not yet investigated in humans
to help clarify an upper limit of adaptability. Second, this research sought to clarify differential
hypertrophic responses to supplementing with either a graded dose of whey protein, or a
standard, single serving each day in context of the extreme training volumes. Hence, the research

questions and focus of this project were exploratory first and foremost, and follow-up
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experiments are planned to address more explanatory mechanisms. Since the next section will
focus on whey protein and underlying factors suggestive of its potentially additive role in RT-
induced hypertrophy, the primary aim of this section was to set the stage for the following
section. Below, evidence suggesting whey protein’s role in maximizing hypertrophic outcomes
will be provided along with a terse description of underlying mechanisms prior to presentation of

the original research for this dissertation in Chapter 3.

Whey Protein Supplementation

A brief history of whey protein supplementation was provided previously (see Brief
History of Whey Protein Supplementation), along with select findings pertinent to RT
adaptations. As noted prior, the last three decades of research in this area have afforded enough
data for relatively comprehensive analyses on the effects of protein supplementation combined
with RT. Particularly, in the past decade, original research, multiple review articles, and meta-
analytical findings have suggested an additive hypertrophic response to RT when combined with
whey protein supplementation (37). Hence, this section will focus briefly on gaps in our
knowledge pertaining to whey protein supplementation and consider additional supplementation
strategies that may further potentiate the positive effects of whey protein on RT-induced
hypertrophic outcomes.

Whey protein is rich in the amino acid leucine (178). At the molecular level in skeletal

muscle cells, increases in leucine concentrations result in the activation or increased activity of
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mTORc1 whereas other amino acids do not seem to exert this effect. As stated prior, mMTORcl
activation seems to be required for the hypertrophic response to RE in humans (149). Leucine
seems to enhance the activation of mTORc1 by first binding to the leucyl-transfer RNA
synthetase (LRS). LRS facilitates the hydrolysis of a molecule called guanosine triphosphate
(GTP) bound to a small G-protein (RagD), allowing the interaction of various other Rag proteins
which eventually direct mTORCcl1 to an organelle in the cell called a lysosome. A molecule
located at the lysosome called Rheb (Rag homolog enriched in brain) is a critical activator of
mTOR and, therefore, the ultimate effect of leucine on muscle protein synthesis seems to result
from the direction of mTOR to interact with Rheb at the lysosome. Upon mTOR-Rheb
interaction, downstream targets of mTORc1 involved in the translation of mRNA into proteins
(e.g., contractile proteins) are activated thereby increasing the rates of muscle protein synthesis
(179).

Morton et al. recently reported meta-analytical findings considering 49 studies which
revealed significant, positive effects on both increases in fat-free mass and strength (37). Hence,
at this point, it seems quite clear that protein supplementation is a reasonable adjuvant to RT.
Interestingly, the statistical analysis of Morton et al. revealed greater effects of protein
supplementation in previously trained young men. It logically follows that maximizing the
hypertrophic response to RT in young men should include protein supplementation.
Additionally, a number of studies suggest that whey protein results in higher FSR responses, per
equivalent dose, than other fractions of protein (38). For example, Tang et al. reported whey

protein consumption resulted in higher MPS responses than casein or soy in young men both at
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rest and after RE (38). Further, Hartman et al. reported significantly greater lean mass accretion
in male weightlifters after 12 weeks of training and supplementation with fat-free milk,
containing whey protein, compared to soy or carbohydrate (180). After a 9-month intervention of
both supervised RT and supplementation of either whey, soy, or carbohydrates, Volek et al.
reported significantly greater increases in lean mass in young men supplementing with whey
(+3.3 £ 1.5 kg) compared to soy (+1.8 = 1.6 kg) or carbohydrate (+2.3 = 1.7 kg) (181). A host of
other studies have reported similar findings (178). However, the amount and timing (i.e., serving
dose and frequency) of whey protein supplementation are less well characterized.

In 2002, Borsheim et al. suggested a dose-dependent effect of essential amino acid
ingestion on muscle protein synthesis (182). This suggestion was based on the finding that two
doses of a mixture of 3 g of EAA + 3 g of NEAA resulted in double the NBAL response. More
recently, Macnaughton et al. reported significantly greater FSR responses after RT when a 40g
dose of whey protein was ingested post-training, compared to a 20g dose (183). Yang et al. have
reported significantly greater FSR responses from 40g of whey protein supplementation
compared to 0, 10, and 20g in older men (184). Similarly, Pennings et al. have reported similar
findings wherein significantly higher myofibrillar FSR responses occurred in older men who
ingested 35g compared to 10 or 20g (185). Witard et al. compared myofibrillar MPS responses
from ingestion of 40g of whey protein to 0, 10, and 20g in young, resistance-trained young men
revealing numerically larger, but not significantly different FSR responses from ingestion of 40g
vs 20g, while 0, and 10g resulted in significantly lower responses (186). Interestingly, Witard et

al. reported significantly greater urea production and phenylalanine oxidation rates in the 40g
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condition, suggesting increased whole body amino acid catabolism. Although using egg protein
supplementation, Moore et al. reported similar acute findings in young men after exercise and
ingestion of either 0, 5, 10, 20, or 40g where 20 and 40g resulted in significantly greater FSR
responses but no significant difference was observed between 20 and 40g doses, albeit the mean
FSR response was numerically higher in the 40g condition but did not reach significance
(p=0.29). Similar to Witard et al., Moore et al. reported greater leucine oxidation rates in the 40g
condition. Furthermore, Moore et al. suggested that ~20g of protein (~8.6 of EAA) likely
represents a maximal effective dose for increasing FSR, noting significant increases in oxidative
losses of consumed amino acids beyond this point. Moore et al. also suggest that regular
consumption beyond this value could dampen the FSR response to protein supplementation after
RT since amino acid oxidative capacity can adapt to the diet, and thereby regulate protein stores
(187). Although involving the consumption of beef, another study from the Phillips Laboratory
revealed higher MPS rates after consumption of 36g of protein compared to 12 or 24g (188).
Scientists discussed above attribute the saturation of the MPS response to protein consumption to
the posited “muscle full” hypothesis (189). The muscle full hypothesis denotes a refractory
period of the sensitivity of muscle to amino acids wherein FSR cannot be further enhanced by
increased amino acid availability through either infusion of amino acids or feeding. This
hypothesis is based upon the observation that infusion of amino acids resulting in
hyperaminoacidemia combined with ingestion of protein failed to result in further increases in
FSR after a period of ~4 hours in humans (189). However, this concept is largely based on acute

studies and the muscle full effect has not been clearly demonstrated in humans undergoing
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chronic RT combined with ingestion of protein doses > 40g. In fact, upon review of the
literature, it seems that neither sub-chronic (e.g., 2-6 weeks) nor chronic (e.g., > 6 weeks)
supplementation of whey protein dosed at > 40g per dose combined with supervised RT have
been investigated. Given the above evidence, and since high-protein diets have been shown to
result in more favorable body composition changes and quantitatively larger changes in FFM in
resistance-trained young men (190,191), it stands to reason that doses > 40g multiple times a day
for a period of weeks may result in larger changes in FFM, particularly if combined with high
training volumes. Furthermore, since increases in training volumes result in proportionally
greater increases in hypertrophy over time, to a point yet unclear, it seems logical that
concurrently increasing dosages of whey protein with short-term increases in training volume
could result in greater increases in FFM (24). This hypothesis is also underpinned by evidence
indicating higher protein turnover rates in response to higher training volumes (192,193).
Furthermore, a recent meta-analysis considering 13 randomized controlled trials by Davies et al.
reported positive effects of whey protein supplementation on recovery of force production after
RT (194). These observations suggest a heightened ergogenic potential for whey protein
supplementation if consumed proportional to increases in training volume. For these reasons, we
sought to investigate the effects of either a standard fixed-dose of whey protein (WP), a graded
dose of whey protein (GWP), or a maltodextrin-based carbohydrate supplement (MALTO) on

body composition during and after a period of high volume RT.
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ABSTRACT

Purpose: We examined hypertrophic outcomes of weekly graded whey protein dosing (GWP)
versus whey protein (WP) or maltodextrin (MALTO) dosed once daily during 6 weeks of
resistance training (RT). Methods: College-aged resistance-trained males (training age=5+1 yrs;
mean+SE) were assigned to WP (25g/d; n=10), MALTO (30g/d; n=10), or GWP (25-150 g/d
from weeks 1-6; n=11). RT occurred 3d/wk (2 upper- and 2 lower-body exercises/d, 10
repetitions/set), and RT volume increased from 10 sets/exercise (week 1) to 32 sets/exercise
(week 6). The 6-week RT program implemented was designed to involve higher RT volumes
than ever investigated in this timeframe. Tests performed prior to training (PRE) and after weeks
3 (MID) and 6 (POST) included dual-energy x-ray absorptiometry (DXA), vastus lateralis (VL)
and biceps brachii ultrasounds, and bioelectrical impedance spectroscopy (BIS). VL biopsies
were also collected for immunohistochemical staining. Repeated-measures ANCOVAs were
performed, although emphasis was also placed on effect size calculations. Results: The GWP
group experienced the greatest PRE to POST reduction in DXA fat mass (FM) (-1.00 kg, d=-
0.24, p<0.05) and increase in DXA lean body mass (LBM) (+2.93 kg, d=0.33, p<0.05). DXA
LBM increases (ALBM) occurred from PRE to MID (+1.34 kg, p<0.001) and MID to POST
(+0.85 kg, p<0.001) across all groups. However, when adjusting ALBM for extracellular water
changes, a significant increase occurred from PRE to MID (+1.18 kg, p<0.001), but not MID to
POST (+0.25 kg; p=0.131). Conclusions: Larger effects on FM and LBM in GWP subjects

indicates a need for longer-term investigations with greater sample sizes examining graded WP
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intakes and RT. Additionally, ECW-corrected LBM gains were largely dampened, but still

positive, in resistance-trained subjects when RT exceeded ~20 sets/exercise/wk.

Keywords: muscle hypertrophy, resistance training, recovery, adaptation, graded whey protein

INTRODUCTION

Resistance training (RT) and increased consumption of dietary protein have been well
documented to enhance indices of skeletal muscle hypertrophy in humans. Regarding the former,
current scientific evidence suggests a positive relationship between RT volume (e.g., sets per
muscle per week) and hypertrophy (39). However, the upper limit of RT volume to elicit
maximal hypertrophic responses while avoiding maladaptation is unclear (38). Considering this,
RT studies investigating higher doses than previously studied are warranted to better understand
dose-response relationships in various populations. To this end, Schoenfeld et al. (38) recently
argued: “What now needs to be determined is where the upper threshold for volume lies to
promote the greatest increases in muscular gains”. The RT program designed for this
investigation was intended to involve the highest RT volumes formally investigated in humans to
date in a 6-week timeframe.

Given that ~90% of skeletal muscle dry weight is comprised of protein (27), significant
changes in skeletal muscle size are likely associated with alterations in muscle protein

breakdown (MPB) and muscle protein synthesis (MPS) (44). RT volume and muscle protein
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turnover seem to exhibit a dose-response relationship, where increases in RT volume are
associated with increased muscle protein turnover (8). This phenomenon suggests a potential
ergogenic role of protein supplementation during high-volume RT programs. Indeed, numerous
studies indicate protein ingestion acutely stimulates significant increases in MPS following a
resistance exercise bout [reviewed in (4)]. Individuals self-reporting chronic high protein intakes
(> 2.0 g/kg/day) while undergoing chronic RT have exhibited greater reductions in body fat and
greater increases in FFM (2, 3, 20). Significantly greater acute MPS responses to > 35 g of whey
protein compared to lower doses (e.g., < 20 g) have also been reported (29, 43). However,
studies examining chronic (i.e., > 6 weeks) supplementation of whey protein dosed at > 40 g per
day combined with supervised RT in humans are sparse, particularly in young men with prior
training experience. In this regard, and to our knowledge, only a handful of studies have
examined effects of whey protein doses > 40 g per day on body composition in resistance-trained
young men undergoing supervised, chronic RT (11, 21, 22, 24, 26). While four of these studies
reported high-dose whey protein supplementation significantly increased FFM following 8-12
weeks of RT (11, 21, 22, 24), Lockwood et al. (26) reported 60 g/d of whey protein concentrate
or hydrolyzed whey protein did not further promote increases in FFM beyond those observed in
subjects supplementing with maltodextrin. Given this underwhelming amount of evidence
overall, investigations of these dosages in previously trained young men deserves further inquiry.
Additionally, studies implementing high whey protein supplementation doses are lacking in the
context of extremely high training volumes. Critically, it seems that no studies have investigated

dosing whey protein in a practical and proportional manner to RT volume where doses are
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increased concurrently during an RT program to elicit a greater hypertrophic response (i.e., a
“proportional supplemental protein hypothesis”). Given the graded structure of RT volume in
this design, where RT volume was significantly increased each week, we also sought to explore
the effects of a graded dose of whey protein concurrent to the increase in RT volume.

As such, we first intended to examine effects of RT volumes higher than previously investigated
in a 6-week timeframe. Secondarily, we sought to observe any differential effects between a
group of subjects consuming a single 25 g supplemental dose of whey protein per day (WP), a
group consuming a graded dose of protein throughout the study where the dose per day was
increased by 25 g each week (GWP [25 g — 150 g from week 1 to week 6]), and a group
consuming a single 30 g supplemental dose of a maltodextrin-based carbohydrate supplement per
day (MALTO). Given the exploratory nature of this work, we posited the null hypothesis as true

for all independent and dependent variable relationships.

METHODS
Ethical approval and subject screening

Prior to engaging in data collection, this study was approved by the Institutional Review
Board at Auburn University and conformed to the standards set by the latest revision of the

Declaration of Helsinki (IRB approval #: 17-425 MR 1710). Resistance-trained young men from
the local community were recruited to participate in this study. Subjects provided both verbal

and written consent, and completed a medical history form prior to screening. Two primary
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criteria were used to establish subject training status: a) self-reported > 1.5 years of RT, and b)
back squat IRM > 1.5 x body mass (estimated from a three-repetition maximum [3RM] test
conducted for each subject with strict criteria [e.g., crease of the hip below the top of the knee
joint at the bottom of the squat]) (7). After screening, 34 subjects were counterbalanced between
groups to ensure no significant differences existed between groups in lean body mass (LBM) and
3RM squat at baseline. Due to illnesses, three subjects withdrew from the study; specifically, one
subject during week 1, a second subject during week 3, and a third subject after week 4. Hence,
31 subjects completed the study and were partitioned to one of three groups: 1) daily single dose
of whey protein (WP, 25g/d; n = 10), 2) daily single dose of maltodextrin (MALTO, 30g/d; n=
10), or 3) graded dose of WP (GWP, 25-150 g/d from weeks 1-6; n = 11). Descriptive

characteristics are provided in supplementary table 1 (haun_supplementary_tables.pdf).

Study design

Figure 1 provides a visual representation of the study design. Briefly, a battery of tests were
performed prior to week 1 (PRE), after week 3 (MID), and after week 6 (POST). These tests will
be further described below following an explanation of the resistance training program,

supplementation paradigm, and nutritional recommendations.
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Week 0 Week 1 Week 2 Week 3 Week 4 Week 5 Week 6
(Sa-Fri) (Sa-Fri) (Sa-Fri) (Sa-Fri) (Sa-Fri) (Sa-Fri) (Sa-Fri)
Testing X X X
Training x| x| [x x| x| |x x| x| [x x| x| |x x| x| |x x| |x
BB velocity test X X X
Supplementation x| x| x| x| x| x [ x [ [ ||| x| | | [ [ [ [ | o | e P o o o | |

[ 3RM testing for all lifts

Testing® Training® Supplementation*

POMS, thigh Monday Wednesday Friday Serving (g/day)
algometry, ) BB back squat, BB back squat, BB back squat, Time MALTO | WP GWP
body mass, _ Exercises | BB bench press, | BB overhead press, | BB bench press, (n=10) | (n=10) | (n=11)

D|XAv VL jnglg' BB SLDL, BB SLDL, BB SLDL, Week 1| 1(30) | 125) | 125
ultrasound, BIS, Lat pulldown Lat pulldown Lat pulldown
VL muscle biopsy " setst Topres P P Week2 | 1(30) | 1(25) | 2(50)
*instructed to 12-h fast Week 1 (per exercise) 2X10 4X10 Week 3 | 1(30) | 1(25) | 3(75)
. Week 2 6X 10 3X 10 6X 10 Week4 | 1(30) | 1(25) | 4(100)
BB veloity tost Week 3 8X 10 4X10 8X 10 Week 5 | 1(30) | 1(25) | 5(125)
Occurred during first
working set of ?,ack Week 4 10X 10 4X10 10X 10 Week 6 | 1(30) | 1(25) | 6(150)
squats using a Tendo Week 5 11X 10 6X10 11X 10 *after workouts on M/W/F,
unit; mean bar velocity bet 1 meals on other days;
for entire set obtained Week 6 12X10 8Xx10 12X10 GWP supplemented 2x daily weeks 5&6

*lifts were performed @ 60% estimated 1-RM
Figure 1. Study design

Legend: Panel a outlines testing, training and supplementation days. Panel b (upper left inset)
describes the testing battery which included (in order) a profile and mood state questionnaire
(POMS), outer thigh pain assessment using algometry, body mass assessment, and whole-body
dual x-ray absorptiometry (DXA) scan, a vastus lateralis (VL) and biceps (Bi) ultrasound, total
body water assessment using bioelectrical impedance spectroscopy (BIS), and a VL muscle
biopsy. Panel b (lower left inset) describes the BB squat velocity test that occurred during the
first set of barbell squats every Friday from weeks 1-6 of training. Panel b (middle inset)
outlines the supervised training regimen described in greater detail in the methods. Panel b (right

inset) outlines the supplementation regimen described in greater detail in the methods.
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Resistance training

Subjects were familiarized with the design of training and technical parameters during
testing of 3RMs which occurred 3-7 days prior to PRE testing and training initiation. Strict
technical parameters were employed for testing to ensure accurate reflections of strength under
direct supervision of research staff holding the Certified Strength and Conditioning Specialist

Certification from the National Strength and Conditioning Association.

Following the PRE testing battery and 3RM testing, RT occurred 3 days per week and was
progressed according to Figure 1b. Loads corresponding to 60% 1RM, based on 3RM testing,
were programmed for each set of each exercise. Sets of 10 repetitions were programmed for each
set of each exercise throughout the study. Prior to beginning each training session, subjects were
instructed to perform a general warm-up involving 25 jumping jacks, 10 bodyweight squats, 10
push-ups, and 10 bodyweight standing reaches mimicking the kinematics of the stiff-legged
deadlift (SLDL) for 2 rounds. Next, subjects were instructed to perform the following specific
warm-up for each exercise: 50% of working set weight for 10 repetitions, 75% for 3 repetitions,
and 95-100% for 1 repetition. Exercises were completed one set at a time, in the following order
during each training session: Days 1 and 3 — barbell (BB) back squat, BB bench press, BB
SLDL, and an underhand grip cable machine pulldown exercise designed to target the elbow
flexors and latissimus dorsi muscles (Lat Pulldown); Day 2 —BB back squat, BB overhead (OH)
press, BB SLDL, and Lat Pulldown. A single set of one exercise was completed, followed by a
set of each of the succeeding exercises before starting back at the first exercise of the session

(e.g., compound sets or rounds). Subjects were recommended to take 2 minutes of rest between

70



each exercise of the compound set. Additionally, subjects were recommended to take 2 minutes
of rest between each compound set. However, if subjects felt prepared to execute exercises with
appropriate technique under investigator supervision they were allowed to proceed to the next
exercise without 2 minutes of rest. Additionally, if subjects desired slightly longer than 2 minutes
of rest, this was allowed with intention for the subject to execute the programmed training
volume in less than 2 hours each training session. This design was based on evidence indicating
that total volume load (sum of the total repetitions x weight for each individual exercise) for a
week of training is primarily related to hypertrophic outcomes, with specific rest intervals
between sets being less important (16, 39). In that we sought for the nature of this design to be
ecologically valid, we elected a more self-regulated pace of the training session where subjects
could be somewhat autonomous while under direct supervision of research staff ensuring
technical execution of exercises. Both the extremely high training volumes planned for this
investigation, having never been investigated in humans, and pilot testing of this design by our
research staff persuaded the implementation of this rest scheme paradigm.

During training sessions, subjects provided a repetition in reserve (RIR) rating after each
set of each exercise to a researcher, having been instructed to provide a number of repetitions the
subject felt they could have completed with good technique beyond the 10 repetitions completed
for the set (19). If the execution of repetitions during a working set were deemed unsafe by
research staff, or the subject felt unsafe or too fatigued to continue the set or the session, the set
or session was terminated. This occurred on only a few occasions, and if repetitions were missed,

attempts were made to make these up within the same week of training. The number of
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repetitions completed for each exercise and the load used for each exercise each week were
recorded in Google Sheets (Mountain View, CA, USA) by research staff, along with the RIR
rating provided by the subject for each individual set. RT volume and RIR data are available in
the supplementary .csv file (haun_supplementary data.csv). A priori, based on pilot testing of
the training, we elected a systematic approach to load manipulation within each training session
where the load was decreased by 5% for each repetition below 10 (e.g., 9 repetitions = -5%, 8
repetitions = -10%, 7 repetitions = -15%, etc.). However, this was only necessary on a few
occasions, and the majority of the training was executed according to the planned study design.
BB velocity was also measured using a Tendo unit (TENDO Sports Machines, Trencin, Slovak
Republic) on Friday of each week as a proxy of fatigue status and recovery on the first set of BB
back squats similar to the methods of Zourdos et al. (46). However, due to logistical constraints,
BB velocity was only obtained from a subset of subjects at all time points (n = 6-7 per group).
Finally, subjects were allowed to train from either 0700-0900 or 1530-1830 on Monday,
Wednesday, and Friday each week, and were instructed to perform no other vigorous exercise

outside of the study.

Supplementation

As illustrated in Figure 1, subjects were assigned to either MALTO, WP, or GWP groups.
All supplements were graciously provided by Dymatize Nutrition® (Dallas, TX, USA).
Packaging and delivery to subjects was designed to blind subjects to the supplement condition;

however, investigators of the study were not blinded. The WP utilized herein (Elite 100%
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Whey) was comprised of the following nutrition profile per scoop: calories — 140, total fat— 2 g,
cholesterol — 70 mg, sodium — 70 mg, potassium — 150 mg, total carbohydrate — 3 g, protein — 25
g. Additionally, WP contained 5.5 g branched chain amino acids (2.7 g L-leucine, 1.4 g L-
isoleucine, 1.4 g L-valine), 3.5 g of other essential amino acids, 4.4 g of L-glutamine, 2.4 g of
conditionally essential amino acids, and 6.5 g of non-essential amino acids. The MALTO
supplement contained 120 calories from 30 g of maltodextrin powder (~30g of carbohydrates)
with <lIg of vanilla flavoring.

Drinks were formulated by research staff for each subject by combining the appropriate
serving size with ~500 ml of tap water, and subjects consumed drinks after each training session
under investigator supervision. MALTO and WP consumed a single scoop each day for the
duration of the study; specifically, 1 after training sessions on training days and 1 between meals
on non-training days which subjects prepared themselves. GWP consumed the protein

supplement according to the following dosage and timing breakdown:

Week 1: 1 scoop with 500 ml of water post-training on training days, 1 scoop with 500 ml of

water between meals on non-training days (1 total scoop each day)

Week 2: 2 scoops with 500 ml of water post-training on training days, 2 scoops with 500 ml of

water between meals on non-training days (2 total scoops each day)

Week 3: 3 scoops with 500 ml of water post-training on training days, 3 scoops with 500 ml of

water between meals on non-training days (3 total scoops each day)

Week 4: 4 scoops with 500 ml of water post-training on training days, 4 scoops with 500 ml of

water between meals on non-training days (4 total scoops each day)
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Week 5: 4 scoops with 500 ml of water post-training on training days, 4 scoops with 500 ml of

water between meals on non-training days, 1 scoop prior to bed each day (5 total scoops each

day)

Week 6: 4 scoops with 500 ml of water post-training on training days, 4 scoops with 500 ml of

water between meals on non-training days, 2 scoops prior to bed each day (6 total scoops each

day)

Beyond post-exercise supplementation which was supervised, subjects from all groups verbally
reported compliance to the supplementation paradigm on a weekly basis to research staff.
Additionally, subjects were asked to refrain from the use of other protein supplements or protein

bars throughout the duration of the study.

Nutritional recommendations and monitoring throughout the protocol

In collaboration with a Registered Dietitian (A.K., PhD, RD), subjects were provided
with calorie and macronutrient recommendations along with lists of potential food choices to
help meet recommendations for each day during the study. Specifically, recommended values
and calculations can be found in the supplementary .csv file (haun_supplementary diet.csv).
Briefly, these recommendations were based on the following: 1) resting metabolic rate estimates
from the Harris-Benedict equation, 2) an estimated non-exercise activity expenditure in this age
cohort, 3) an estimated energy expenditure from training each week, and 4) the desire for
subjects to be in a modest calorie surplus (~500 calories above the estimated total daily energy

expenditure [TDEE]) throughout the study. These calculations and supplementary formulae can
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be found in the supplementary .csv file (haun_supplementary diet.csv). These recommendations
were provided directly to subjects through Google Sheets. Subjects were asked to enter dietary
intakes each day throughout the study, and include the consumption of their supplement in their
daily tracking using a mobile application (MyFitnessPal, Inc.; Baltimore, MD, USA). Notably,
this mobile application has been validated against paper-based food records (41). Data were
exported on a weekly basis by research staff for analysis. A de-identified generic food item was
created in the application’s database for WP, and subjects were instructed to log this food item
each time a single scoop of their respective supplement was consumed. Entries for subjects in the
MALTO group were corrected by research staff following the study to account for macronutrient

differences between the WP and MALTO supplements.

Subjects in the WP and GWP groups were recommended to consume the same daily
amount of dietary protein where, during week 1, subjects were recommended to consume 1.6
g/kg/day assuming the consumed supplement contributed 25 g/scoop to this total. Subjects in the
MALTO group were recommended to consume 1.6 g/kg/day protein for the entire duration of the
study. This recommendation was based on the findings of Morton et al. (35) suggesting a
maximum effective dose of daily protein around this value in young, resistance-trained men.
Suggested protein intakes for WP and GWP were increased in proportion to one another
throughout the study. However, GWP increased their dosage through supplemental whey protein,
as described above, and were informed to log the specific number of servings of whey protein
each day so that this contributed to the recommended total. WP was instructed to consume 1

scoop each day for the entire study, and attempt to meet the recommended protein intake through
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dietary sources beyond the single scoop allowed from the supplement. Hence, there was no
difference in recommended protein intakes between GWP and WP groups, but GWP was
provided supplemental protein in proportion to the doses and guidelines described above while
WP was not. Subjects were instructed to consume ~3 g/kg/day of dietary carbohydrate starting
on week 1 of the study. A modest amount of carbohydrates (~30 g) were added to this value on
training days each week to address expected reductions in muscle glycogen from increases in
training volume specific to the design herein based on the recommendations from Scott et al.
(40). Fat recommendations were based on remaining calorie values upon setting targeted protein
and carbohydrate values. Subjects were instructed to attempt to meet the dietary fat
recommendation through primarily monounsaturated and polyunsaturated fatty acid sources,
while confining saturated fat intakes to no more than 10% of total calorie intake. Logged
nutrition data were stored in Google Drive and are provided in a supplementary file in .csv

format (haun_supplementary data.csv).

Testing battery procedures

As outlined in Figure 1, the following tests were performed prior to (PRE), during (MID) and
following the 6-week protocol (POST). Notably, subjects were encouraged to arrive to these
testing sessions in an overnight fasted condition, and the following tests were performed:
Hydration Status and Profile of Mood State. Subjects were instructed to submit a urine sample
(~5 mL) to assess normal hydration specific gravity levels (1.005-1.020 ppm) using a handheld

refractometer (ATAGO; Bellevue, WA, USA). Subjects with a urine specific gravity >1.020
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were asked to consume 400 ml tap water and were re-tested ~10 minutes later. Following
urinalysis, profiles of mood state (POMS) were collected on Google Forms using the
questionnaire published by Grove and Prappavessis (17). From this, total mood disturbances
(TMD) could be inferred by summing negative emotion scores and subtracting positive emotion
scores from this summed value according to a subject’s specific responses to approximately 50

questions where the subject’s baseline score served as its own control.

Algometry. Following POMS, pressure-to-pain threshold (PPT) of the outer aspect of the right
upper thigh was measured using a handheld algometer (Force Ten FDX, Wagner Instruments,
Greenwich, CT, USA) according to methods described previously from our laboratory (18).
Briefly, focal pressure was applied by the algometer to proximal, medial, and distal portions of
the right vastus lateralis (VL) which were marked for accurate application of force. Algometry
pressure was applied at a rate of approximately 5 Newtons (N) per second at each site until the
subject audibly indicated the specific moment at which the applied pressure became painful. At
this point, the PPT value in N was recorded. The digital display of the algometer indicating the
force value was blinded to subjects. The PPT was measured sequentially from proximal, medial,
and distal sites, respectively, three times for triplicate measures with ~30 s between cycles of
measurement. The average of the triplicate measures at each site was calculated as the respective

PPT of the site, and these values were averaged for a total PPT.

Body composition assessment. Following algometry, height and body mass were assessed using
a digital column scale (Seca 769; Hanover, MD, USA) with weights and heights being collected

to the nearest 0.1 kg and 0.5 cm, respectively. After this, subjects were subjected to a full body
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dual x-ray absorptiometry (DXA) scan (Lunar Prodigy; GE Corporation, Fairfield, CT, USA).
All DXA scans were completed by the same investigator (M.A.R.). According to previous data
published by our laboratory (23), the same-day reliability of the DXA during a test-calibrate-
retest on 10 subjects produced an intra-class correlation coefficient (ICC) of 0.998 for total body

lean mass.

Ultrasound muscle thickness measurements. Subjects also underwent duplicate ultrasound
assessments per testing session to determine average right leg VL muscle and right bicep brachii
thicknesses with a 3 to 12 MHz multi-frequency linear phase array transducer (Logiq S7 R2
Expert; General Electric, Fairfield, CT, USA). VL measurements were taken from the midway
point between the iliac crest and patella of the right femur whereby subjects were in a standing
position and all weight was placed on the left leg. Similarly, bicep brachii thickness
measurements were taken ~60% distal from the acromial process of the scapula to the lateral
epicondyle of the humerus. All ultrasound assessments were completed by the same investigator
(P.W.M.). Reliability for duplicate ultrasound muscle thickness measurements on 33 subjects at
PRE produced an ICC of 0.994.

Total body water assessment. Total body water (TBW), extracellular water (ECW), and
intracellular water (ICW) were measured by bioimpedance spectroscopy using the SFB7 device
(ImpediMed Limited, Queensland, AU) according to the methods described by Moon et al. (34).
The SFB7 device measures whole-body bioelectrical impedance with over 200 frequencies, and
uses complex Cole models to estimate TBW, ICW and ECW. Moreover, the SFB7 device: a)

has excellent agreement with TBW assessed via deuterium oxide (34), b) has excellent
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agreement with ECW assessed via sodium bromide dilution (6), and c) has been posited to be the
best non-invasive methodology for the determination of fluid compartmentalization (33).

This test involved subjects resting in a supine position for 5 to 10 minutes, and TBW estimates
were collected thereafter while the subjects laid supine on a table with their arms > 30 degrees
away from their torso with their legs separated. The average of two readings was used to
represent the subjects’ TBW. All TBW assessments were performed by the same investigator
(K.C.Y.). Reliability for duplicate TBW measurements on 24 subjects at PRE produced an ICC

01 0.999.

Muscle Biopsies and Tissue Processing. After body composition and ultrasound measurements,
VL muscle biopsies from the right leg were collected using a 5-gauge needle under local
anesthesia as previously described (32). Immediately following tissue procurement, the obtained
tissue was teased of blood and connective tissue, and ~20-40 mg of tissue was embedded in
cryomolds containing optimal cutting temperature (OCT) media (Tissue-Tek®, Sakura Finetek
Inc; Torrence, CA, USA). Embedding was performed whereby tissue was laid in cryomolds for
perpendicular slicing in a non-stretched state prior to rapid freezing. Cryomolds were then frozen
using liquid nitrogen-cooled isopentane and subsequently stored at -80°C until
immunofluorescent staining for determination of fiber cross sectional area (fCSA). The
remaining tissue was wrapped in pre-labelled foils, flash frozen in liquid nitrogen, and
subsequently stored at -80°C. All biopsies were obtained by the same investigators (M.D.R. and
C.T.H.), and biopsies were obtained ~2 cm apart at the same approximate depth each testing

session.

79



Immunohistochemistry for fiber cross sectional area assessment

Similar methods for immunohistochemistry have been employed previously in our laboratory
(32). Sections from OCT-preserved samples were cut at a thickness of 8 um using a cryotome
(Leica Biosystems; Buffalo Grove, IL, USA) and were adhered to positively-charged histology
slides. Once all samples were sectioned, batch processing occurred for immunohistochemistry.
During batch processing sections were air-dried at room temperature for 10 minutes,
permeabilized in a phosphate-buftered saline (PBS) solution containing 0.5% Triton X-100 for
10 minutes, and blocked with 100% Pierce Super Blocker (Thermo Fisher Scientific) for 10 min.
For fiber type staining, sections were subsequently washed for 2 minutes in PBS. Sections were
then incubated for 10 minutes with a pre-diluted commercially-available rabbit anti-dystrophin
IgG antibody solution (catalog #: GTX15277; Genetex Inc.; Irvine, CA, USA) and spiked in
mouse anti-myosin [ IgG (catalog #: A4.951 supernatant; Hybridoma Bank, lowa City, IA, USA;
40 pL added per 1 mL of dystrophin antibody solution). Sections were then washed for 2
minutes in PBS and incubated in the dark for 15 minutes with a secondary antibody solution
containing Texas Red-conjugated anti-rabbit [gG (catalog #: TI-1000; Vector Laboratories,
Burlingame, CA, USA), and Alexa Fluor 488-conjugated anti-mouse IgG (catalog #: A-11001;
Thermo Fisher Scientific) (~6.6 uL of all secondary antibodies per 1 mL of blocking solution).
Sections were washed for 2 minutes in PBS, air-dried and mounted with fluorescent media
containing 4,6-diamidino- 2-phenylindole (DAPI; catalog #: GTX16206; Genetex Inc.).
Following mounting, slides were stored in the dark at 4°C until immunofluorescent images were

obtained. After staining was performed on all sections, digital 10x objective images were
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captured using a fluorescence microscope (Nikon Instruments, Melville, NY, USA). All images
were captured by a laboratory technician whom was blinded to the group assignment of each
subject with intent to prevent any bias. Approximate exposure times were 400 ms for TRITC and
FITC imaging. Our staining method allowed the identification of cell membranes (detected by
the Texas Red filter), type I fiber green cell bodies (detected by the FITC filter), type II fiber
black cell bodies (unlabeled), and myonuclei (detected by the DAPI filter). Measurements of
type I and II fCSAs were performed using custom-written pipelines in the open-sourced software
CellProfilerTM (9) per modified methods previously described whereby the number of pixels
counted within the border of each muscle fiber were converted to a total area (um2) (30).
Notably, a calibrator slide containing a 250,000 pm2 square image was also captured, and pixels
per fiber from imaged sections were converted to area using this calibrator image. Per the
recommendations of Mackey et al. (28), at least 50 fibers per specimen were quantified in order
to obtain accurate fCSA values. On average, 113 & 26 fibers per cross-section were identified for
analysis at each time point. A post hoc experiment performed in our laboratory to examine
potential differences in f{CSA measurements between sections on the same slide (n = 23 slides)

revealed strong reliability using this method (ICC = 0.929).

Statistical Analysis

Statistical tests were performed in RStudio (Version 1.0.143; R Foundation for Statistical
Computing, Vienna, AT), SPSS (Version 23; IBM SPSS Statistics Software, Chicago, IL, USA),

and Google Sheets. Group (3 levels [WP, GWP, MALTO)]) and time (3 levels [PRE, MID,
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POST], or 6 levels [Week 1-6] for weekly measures) served as independent variables. A mean-
centered covariate for each baseline measurement was added as a parameter to models to
examine the explained variance in dependent variables relative to values at PRE. Since nutrition-
related data was not available at PRE, and only after collection of data during week 1, no
covariate was utilized in this model and a repeated-measures ANOVA was performed after
assumptions testing. Statistical assumptions tests were completed prior to analysis consisting of:
1) Shapiro-Wilks tests of residual distributions for normality, 2) Levene’s test of homogeneity of
variance, and 3) Mauchly’s test for Sphericity, given that a repeated-measures analysis of
covariance (ANCOVA) was performed for the provision of p-values. Violation of these
assumptions and appropriate data transformations (i.e., square root or log10 transformations)
when residuals were not normally distributed were completed prior to ANCOVA for the
avoidance of type 1 or type 2 errors. Data transformation and data removal were avoided with
intention to analyze all raw data. For this reason, if the majority of levels of group (2 of 3
groups) at each level of time were normally distributed, ANCOVA proceeded without data
transformation. If the assumptions of homogeneity of variance or sphericity were violated,
Greenhouse-Geisser corrections to degrees of freedom were made. The alpha level of
significance was set a priori to p < 0.050. For significant main effects of time and groupxtime
interactions, LSD post hoc tests were performed at each level of time to elucidate between time
point differences. A priori power analysis in RStudio using general linear model parameters in
the “pwr” package (Version 1.2-1) revealed 84.5% power (power = 1 — ) for the discovery of a

large effect size when 2 predictors and 31 observations were employed (e.g., k=2 [time, y-
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intercept], n =31 [31 subject observations], {2 = 0.35 [large effect], p = 0.05 [a-priori level of
significance]). However, a power analysis to detect a significantly large difference of an effect
between groups when 3 groups (k = 3) included 10 subjects each (n = 10) revealed 44 % power.
Therefore, Cohen's d effect sizes and 95 % confidence intervals were also calculated for each
dependent variable, aside from nutrition data, to examine mean differences between groups from
PRE to POST considering the pooled standard deviation of a dependent variable at baseline since
population-based inferences were underpowered. These statistics are reported below as: d = x.xx
, 95 % CI: xxx (lower-bound) to xxx (upper-bound). Supplementary Tables 2-11 provide
descriptive statistics, effect sizes, and 95% confidence intervals for each dependent variable.
Additionally, raw data are provided in .csv files (haun_supplementary data.csv). For these
reasons, only statistically significant findings are reported below along with Cohen’s d and 95%

confidence intervals (CI) values where relevant.

RESULTS
Self-Reported Nutrition

Nutritional analyses were performed on subjects who logged > 90% of days throughout the study
where differences between calorie and macronutrient intakes could be accurately compared each
week. Specifically, 12 subjects irregularly reported or did not report nutritional intakes each
week resulting in 19 subjects’ data inclusion in the nutritional reporting analyses. Hence, Table 1
contains self-reported dietary intakes from these 19 subjects. When considering data from these

19 subjects, no significant main effect of group, time, or groupxtime interaction was observed
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for self-reported absolute or relative energy, protein, or carbohydrate intakes (p > 0.05). A
significant main effect of time and group, but no interaction, was observed on reported fat intake,
where reported intake decreased over time (p = 0.006), and WP averaged higher reported intakes
than GWP and MALTO (p = 0.017). In reference to subject adherence to nutrition
recommendations provided by the R.D., within-group LSD post hoc comparisons at each level of
time between recommendations and reported consumption were similar for calories, protein, and
carbohydrates. However, during weeks 1 and 6, GWP reported less protein consumption than
recommended (p < 0.05), and the reported consumption of dietary fat relative to that
recommended was significantly different during weeks 1-6 in MALTO, weeks 1-3 in GWP, and

weeks 4-6 in WP (p <0.05).
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Table 1. Self-reported dietary data

MALTO (n = 6) WP (n=6) GWP (n=7) TOTAL (n= 19)
week Abs SE Rel SE Abs SE Rel SE Abs SE Rel SE Abs SE Rel SE
Energy 1 128697 1884|352 22| 29941 1884 | 352 22 26251 3193 | 322 39| 28189 1364 | 341 1.6
(kcal/d) 2 | 2732.8 2380 36.0 28| 30649 238.0| 36.0 2.8| 2831.5 220.1| 347 27| 28740 1192 | 347 1.4
or 3 | 27365 2506|349 3.0| 29594 250.6| 349 3.0| 26772 1946| 32.6 24| 27851 109.8 | 335 13
(kcal’kg/d) | 4 | 2826.8 86.1 | 38.6 1.0| 3288.1 86.1 | 386 1.0 2744.1 216.5| 33.3 2.6 2942.0 1014 | 352 1.2
5 | 29122 1148|375 13| 31991 1148 | 375 13| 2557.8 312.5] 309 3.8| 28722 1344 | 343 1.6
6 122090 1428|358 1.7| 30465 142.8| 358 1.7] 23189 341.2| 28.0 4.1 | 2513.9 189.9 | 30.1 2.3
PRO 1 148.1 155 | 21 02] 1779 155 21 02] 186 231 | 23 03] 1713 104 | 21 0.1
(g/d) 2 1513 109 | 2.1 0.1 ] 181.1 10.9 21 0.1 1839 183 | 23 02| 1727 8.2 21 0.1
or 3 1662 214 | 23 03] 1913 214 23 03] 1701 200 | 21 02] 1756 105 | 2.1 0.1
(g/kg/d) 4 1829 153 | 24 02| 2047 153 24 02 1869 213 | 23 03] 1913 100 | 23 0.1
5 189.6 23.1 | 25 03] 2135 231 25 03] 1839 308 | 22 04| 1950 149 | 23 0.2
6 171.8 223 | 24 03] 2044 223 24 03] 1677 329 | 20 04| 1806 182 | 22 0.2
CHO 1 2783 37.1 | 3.1 04| 2608  37.1 31 04] 2510 329 | 31 04| 2627 178 | 32 02
(g/d) 2 260.0 215 | 3.1 03] 2621 215 31 03] 2794 207 | 34 03] 2678 115 | 32 0.1
or 3 253.8 182 | 3.1 02| 2674 182 31 02 2670 179 | 33 02| 2629 107 | 32 0.1
(g/kg/d) 4 2711 168 | 34 02| 2857 168 34 02 2629 288 | 32 03] 2727 122 | 33 0.1
5 2882 116 | 35 0.1] 2976 116 35 01| 2506 300 | 30 04| 2773 153 | 33 02
6 | 2065 144 | 34 02| 290.1 14.4 34 02] 2107 343 | 25 04| 2344 188 | 2.8 0.2
FAT 1 1227 87 | 1.7 0.1 ] 141.1 8.7 1.7 01] 1020 146 | 13 02] 1209 75 1.5 0.1
(g/d) 2 118.1 109 | 1.6 01| 1374 109 1.6 01| 1100 107 | 1.3 0.1] 1212 6.2 1.5 0.1
or 3 1113 135 | 1.5 02| 1298 135 15 02| 1000 97 | 12 01| 1133 6.2 14 0.1
(g/kg/d) 4 1128 49 | 1.7 0.1] 1456 4.9 1.7 01| 10666 109 | 1.3 0.1 1208 6.1 14 0.1
5 1078 59 | 1.5 0.1] 1267 5.9 15 01] 910 122 1.1 01| 1076 5.8 13 0.1
6 820 83 | 15 01| 1297 8.3 1.5 01] 904 116 1.1 01| 1002 7.6 1.2 0.1

Legend: all data absolute (Abs) or relative (Rel) self-reported dietary intake data are presented as means =+ standard

error (SE) values. Only 19 subjects’ data were included in the nutritional analyses given that 12 subjects irregularly

reported (or did not report) nutritional intakes. No significant main effect of group, time, or group*time interaction was

observed for reported absolute or relative calories, protein intake, or carbohydrate intake (p > 0.05); thus no

significance is indicated.
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Training Volume, Soreness, BB Velocity, and Total Mood Disturbance

Figure 2. Differences in training volume, back squat lifting velocity, thigh soreness, and total
mood disturbance between supplementation groups
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Legend: Only a significant time effect was observed for training volume whereby values were
significantly greater from week to week (panel a). No main effects or groupxinteraction was
observed for back squat lifting velocity (panel b). Only a significant time effect was observed
for thigh pressure-to-pain values (lower values indicates greater soreness) (panel ¢). Only a
significant time effect was observed for profile of mood state (POMS) total mood disturbance
(TMD) (greater values indicates more mood disturbance) (panel d). All data are presented as

means =+ standard error values, and values in panel ¢ and d are indicated above each bar; values
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for panels a and b are not indicated due to space constraints but are provided in the raw data file.
Additionally, each data panel has delta values from PRE included as inset data. Abbreviations:

MALTO, maltodextrin group, WP; standardized whey protein group; GWP, graded whey protein
group.

Training volume significantly increased over time where each week of training resulted in more
volume relative to the previous week (p < 0.001), but no significant group or group*time
interaction was observed (Figure 2a). No significant main effects or groupxtime interaction was
observed for BB velocity assessed during set 1 of the back squat exercise at the beginning of
each Friday training session (Figure 2b). Algometry PPT measures significantly decreased over
time (p < 0.001), but no significant group or groupxtime interaction was observed (Figure 2c¢).
PPT was significantly lower at MID compared to PRE (p = 0.002), and POST compared to PRE
(p <0.001), but not at POST compared to MID (p = 0.122). The largest effect occurred in
MALTO from PRE to POST (d =-0.84, 95% CI =-22.20 to -3.36 N). POMS TMD significantly
increased over time (p = 0.002) but no significant effect of group or groupxtime interaction was
observed (Figure 2d). TMD was significantly higher at MID compared to PRE (p = 0.002), and
at POST compared to PRE (p <0.001), but not at POST compared to MID (p = 0.254). The

largest effect occurred in MALTO from PRE to POST (d = 2.16, 95% CI = 7.60 to 14.8 units).

Body Composition Data

TBW significantly increased over time (p < 0.001), but no significant group or groupxtime

interaction was observed (Figure 3a). The largest effect was observed in GWP (d = 0.40, 95% CI
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=-1.32 to0 6.70 kg). Both ICW (Figure 3b) and ECW (Figure 3c) significantly increased over
time, but no significant group or group>time interactions were observed for these metrics. Again,
the largest effects were observed in GWP (ICW: d = 0.38, 95% CI =-0.86 to 4.00 kg; ECW: d =
0.40, 95% CI =-0.53 to 2.77 kg).

DXA lean body mass (LBM) significantly increased over time (p < 0.001; Figure 3d). A
significant group*time interaction (p = 0.007) was observed for LBM, although LSD post hoc
tests revealed no significant differences between groups at any time point. However, the largest
effect was observed in GWP from PRE to POST (d = 0.33, 95% CI =-2.32 to 8.19 kg). When
corrected for changes in ECW, a significant increase in DXA LBM was observed from PRE to
POST (p < 0.001). No significant group or groupxtime interaction was observed (Figure 3e).
DXA fat mass significantly decreased over time (p = 0.004; Figure 3f). A significant groupxtime
interaction (p = 0.012) was observed and, while LSD post hoc tests revealed no significant
differences between groups at any time point, the difference between GWP and MALTO at MID
and POST approached significance (p = 0.088 and p = 0.064, respectively). The largest effect

was observed in GWP from PRE to POST (d = -0.24, 95% CI = -3.46 to 1.46 kg).
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Figure 3. Body composition differences between supplementation groups

ANCOVA results gms ANCOVA results 3 g
- 8 g ANCOVA results 82
= Sa roup p=0. - 0.89
Group p=0.288 g2 G 0.473 157 Group p=0.503 1
Time p<0.001 (POST>MIDSPRE) { £ | Time p<0.001 (POST>MID>PRE) =1 000 | 076 oo Time p<0.001 (POST-MID&PRE) | 026 017 034
GXT p=0.217 5E, GXT p=0.308 3,102 GxT p=0.200 3, 016
C & O 0 “ A N h <
W W W& O ,soqoa O O F \“\oqoc"/\ @Oqoé‘
- 3 MALTO (n=10)
- MALTO (n=10)
B Uy 8 e il B &y
60) B GO 512821 o) * o wshnn e {9 “ 204 207 21011
: _ (12) (18) s 1.0
) 749 AL 0 e @820 EE) 295 (10) 2 22] 105198 (09 200100202 (1010
< ?2801| (19) @0 an et 28.6 289 (1.1) > 08 09) (0.7) (0.8) (0.6)
5 5
§ 50. Sa] 0 1 (10 £ 20
= K-
2 3 =Rt
< 40 8 2
3 £ 26 Z
o ° . 2
a @ 2 7 @ 14 7
30 AV ’
1L A Ll I I 77| 71 77 W R 55 5 I | 7777 77| 7 I S | 5 |
PRE MIDPOST ~ PRE MIDPOST  PRE MID POST PRE MIDPOST  PRE MID POST  PRE MID POST PREMIDPOST  PREMIDPOST  PRE MID POST
ANCOVA results 84 203 ANCOVA results »
- 2 ANCOVA results @ 17041999
Group p=0.006 (GWP>MALTO) 8 g s 1.99 Group p=0.053 Group p=0.004 (MALTO>GWP)  § gli== —
Time p_<0.001 (POST>MID>PRE) 8] o 301 22 I Time p<0.001 (POST>MID&PRE) Time p=0.002 (MID&PRE>POST) :_1 '°>°"_5 045 =
GXT p=0.007 I 7| GXT p=0.121 GxT p=0.012 T N -1.00
- O O ©& O MALTO (n=10) ) < < <
=) WF\’L(ES 14;) 10) W& N N 2 ("=g‘) = MALTO (n=10) \5\0‘20" \b\goe‘ ‘s\‘feo%
2 GWP (n=11) — 2 GWP (n=11) g év"!,=\'l':lr\="1_011
80 . e 25 181 2 (n=11)
— - 69.1 70.1 1.66(0:33)
B - —— 672 (32 (26) | . 148 ©027)
1 636644 o340 848 G =2 133(0.28) 5 .
£ 701 621 26) 25) (53 (2.3) 22 gg (022) 2201 154165 163 1 -
H 27) 83 15 2 D2 152181 ——
3 82 = 1303 75 138 14,
c 60 5310 £ 16 - (14) (75) 128
§ 2 2 13)
3 £ £ !
2 £Eo0s ’lh_T_‘
o 7 ©
50 12
Ll v Al o | T T EE ]
PRE MIDPOST __PRE MID POST __ PRE MID FOST MID POST MID POST MID POST PRE MID POST ~ PRE MID POST  PRE MID POST

Legend: Only significant time effects were observed for total body water content (panel a)
assessed via bioelectrical impedance spectroscopy (BIS), BIS intracellular water content (panel
b), and BIS extracellular water content (panel c¢). For all of these metrics, POST values were
significantly greater than PRE and MID values. Significant main group and time effects as well
as a groupxtime interaction was observed for lean body mass (panel d) assessed via dual x-ray
absorptiometry (DXA). Post hoc tests indicated lean body mass increased within groups from
PRE to MID (MALTO & GWP; *, p <0.05), MID to POST (WP & GWP; *, p <0.05), and PRE
to POST (all groups; *, p < 0.05). However, no significant between-group differences existed at
each level of time. A significant main time effect as well as a groupxtime interaction was
observed for change scores DXA lean body mass corrected for change scores in ECW (panel e).

Post hoc tests indicated this metric increased within groups from PRE to MID (MALTO &
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GWP; *, p<0.05), and PRE to POST (all groups; *, p < 0.05). Additionally, MID WP was
significantly lower than MID GWP (#, p = 0.004). Significant main group and time effects as
well as a groupxtime interaction was observed for fat mass (panel f) assessed via DXA. Post hoc
tests indicated fat mass decreased within groups from PRE to MID (GWP; *, p < 0.05), MID to
POST (WP & GWP; *, p <0.05), and PRE to POST (WP & GWP; *, p <0.05). However, no
significant between-group differences existed at each level of time. All data are presented as
means =+ standard error values, and values are indicated above each bar. Additionally, each data
panel (except e) has delta values from PRE included as inset data. Abbreviations: MALTO,
maltodextrin group, WP; standardized whey protein group; GWP, graded whey protein group

Muscle Thicknesses and fCSA

A significant effect of time was observed for bicep thickness where post hoc tests
revealed a greater thickness at MID compared to PRE (p =0.001) and POST (p = 0.040), but no
significant group*time interaction was observed (Figure 4a). The largest effect occurred in GWP
from PRE to POST (d = 0.39, -0.11 to 0.53 cm). A significant effect of time was also observed
for VL thickness (p = 0.003) where post hoc tests revealed lower values at MID compared to
POST (p <0.001), and lower values at MID compared to PRE approached significance (p =
0.053; Figure 4b). However, a significant groupxtime interaction was not observed. The largest
effect occurred in WP from PRE to POST (d =0.30, -0.19 to 0.51 cm).

Significant reductions in VL total fCSA, type I f{CSA, and type I f{CSA were observed from PRE
to MID (p = 0.045, p = 0.009, and p = 0.0410, respectively), followed by a significant increase
from MID to POST (p = 0.004, p = 0.004, and p = 0.001, respectively) (Figure 4d-f). However,

values in these metrics at POST were not significantly different from values at PRE, and no
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significant group or group>time interactions were observed. The largest effect in total fCSA

from PRE to POST occurred in GWP (d = 0.25, -286 to 719 um2). Numerically equal effect

sizes in Type Il MHC fCSAs from PRE to POST were observed in WP and GWP, which

exceeded the effects in MALTO (WP: d = 0.35, -442 to 617 um2; GWP: d = 0.35, -207 to 803

um?2). The largest effects in Type I MHC fCSAs were observed in GWP (d = 0.09, -470 to 630

pum?2).

Figure 4. Muscle thickness and VL fiber size differences between supplementation groups
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Legend: Only a significant time effect was observed for biceps thickness (panel a) assessed via
ultrasound where MID values were greater than PRE and POST values. Only a significant time
effect was observed for biceps thickness (panel a) assessed via ultrasound where MID values
were less than POST values. Panel ¢ provides representative images of ultrasound scans from
the same subjects. Only significant time effects were observed for total fiber cross sectional area
(fCSA) (panel d), type I f{CSA (panel e), and type II f{CSA (panel f) assessed via histology where
MID values were less than PRE and POST values. Panel g provides representative 10x objective
histology images from VL biopsies of the same subject. All data are presented as means +
standard error values, and values are indicated above each bar. Additionally, each data panel has
delta values from PRE included as inset data. Abbreviations: MALTO, maltodextrin group, WP;
standardized whey protein group; GWP, graded whey protein group

Training Volume versus change in DXA Lean Body Mass

As stated prior, we sought to examine the overall hypertrophic response independent of
group given this is the highest RT volume investigated to date in 6 weeks. Interestingly, the
significant increase in LBM from PRE to MID (p < 0.001) and MID to POST (p < 0.001) was
proportional to the significant increase in training volume over time (Figure 5a). When
correcting changes in LBM by subtracting changes in ECW (i.e., ECW-corrected LBM), we
observed a similar increase across groups from PRE to MID (p < 0.001), but a non-significant
increase from MID to POST (p = 0.131). Additionally, we decomposed these data into subjects
reporting lower training ages (up to 3 years; n = 9) versus subjects reporting higher training ages
(7+ years; n = 11) with the rationale being that training status may affect changes in ECW-

corrected LBM (Figure 5b). Similar trends were observed in both cohorts whereby significant
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increases in ECW-corrected LBM occurred from PRE to MID (p < 0.05), but not from MID to
POST (p > 0.05).

Figure 5. Change in DXA lean body mass plotted against increases in training volume for all
subjects
a b p=0.024

@ DXA (raw) (n=30) DXA (minus delta ECW) (n=30) 1-3 yrs trained (n=9)

= N

N
o ®» o &
i

(kg/m?)

E . i
1) Back squat, 2) SLDL

PRE FFMi

3) Bench press or OH press p<0.001 7+ yrs trained (n=11)

4) Lat pulldown P —

100000 T r 28 25

— oy
- p 5 2
=) I L 20 520
= "~ |p<0.001 3 2
ko - g
: J, L 15 8 @015 :|Ns (p=0.450)
E 50000 p @ § % NS (p=0.280)
3 L 102 <T 10 :|
> = X3
3 Q o
g ‘ L o5 8 £E 05
(g h=d
0 0.0 0.0
10 15 20 24 28 32 (10 reps @ 60% 1RM/set) PRE MID POST
sets/  sets/ sets/ sets/ sets/ sets/
lift lift lift lift lift lift
N q ) B ° ©
& ¢

Legend: Data in panel a include DXA lean body mass changes (blue line graph), changes in
LBM by subtracting changes in extracellular water (i.e., ECW-corrected LBM), and training
volume (bar data) from all 30 subjects that underwent DXA and BIS testing. A significant
increase in LBM from PRE to MID (p <0.001) and MID to POST (p < 0.001) was observed in
DXA LBM and this was proportional to the increase in training volume over time. When
considering ECW-corrected LBM changes, a similar increase occurred across groups from PRE
to MID (p <0.001), but a non-significant increase from MID to POST (p =0.131). Additionally,
post DXA LBM was significantly higher than POST ECW-corrected LBM suggesting that raw
DXA LBM scores may have been obscured edema or inflammation when > 20 sets per exercise
per week were executed. In panel b, the ECW-corrected LBM data were decomposed into
subjects reporting lower training ages (< 3 years; n = 9) versus subjects reporting higher training

ages (7+ years; n = 11), and subjects reporting higher training ages possessed a greater fat-free
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mass index at PRE (FFMi expressed as means = SE; DXA LBM/height?) which strengthens the
self-reported training data. Similar trends were observed in both cohorts whereby significant

increases in ECW-corrected LBM occurred from PRE to MID, but not from MID to POST.

DISCUSSION

Perhaps the most interesting finding of this investigation is the apparent dose-response
relationship observed between RT volume and LBM changes corrected for alterations in ECW
(Figure 5). It has been suggested a positive relationship between RT volume and skeletal muscle
hypertrophy exists up to a certain point (42). A recent meta-analysis from Schoenfeld et al. (39)
demonstrated significantly greater hypertrophic responses from completion of 10 sets per week
of a resistance exercise emphasizing specific musculature compared to <5 sets per week.
However, others have challenged this contention noting a plateau in the hypertrophic response
beyond select RT doses but with comparatively less supporting evidence (25). Given these
divergent viewpoints, we aimed to clarify hypertrophic responses to extreme RT volumes
beyond those previously investigated in younger resistance-trained men. Our data indicate no
clear plateau in RT-induced muscle mass increases when RT volumes are increased from 10 sets
of 10 repetitions at 60 % 1RM per exercise per week up to 32 sets per week, and this
interpretation stems from the significant increases observed in DXA LBM from weeks 1-3 and 3-
6. However, when changes in DXA LBM were corrected for changes in ECW, a slightly
different interpretation arises. Notably, subtraction of ECW changes from LBM changes were

completed to better clarify changes in LBM unrelated to extracellular fluid retention possible
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from tissue damage in context of these extreme RT volumes. In this regard, Yamada et al. (45)
suggest expansions of ECW may be representative of edema or inflammation and can mask true
alterations in functional skeletal muscle mass. Further, these authors suggest the measurements
of fluid compartmentalization (e.g., ICW, ECW), which are not measured by DXA, are needed if
accurate representation of functional changes in LBM are to be inferred. When considering the
ECW-corrected LBM changes noted herein, week 1-3 increases were similar in magnitude to raw
DXA LBM changes (+1.18 kg versus +1.34 kg, respectively). However, ECW-corrected LBM
changes from weeks 3-6 were significantly lower than raw DXA LBM changes (+0.85 kg versus
+0.25 kg, respectively), and we speculate this observation could be related to local inflammation
or edema induced by increasing RT volume above 20 sets per exercise per week. Additionally,
this phenomenon seemingly occurred regardless of training age. Consequently, it seems logical
subjects were approaching a maximal adaptable volume beyond 20 sets per exercise per week.
We are careful to generalize these findings across populations to avoid promotion of an assumed
RT volume ceiling for eliciting hypertrophy since there is likely no “one size fits all” RT dose
for eliciting a maximal hypertrophic response (5, 31). Rather, optimally dosing RT for
hypertrophic outcomes should depend on the physiological status of an individual and
particularly as it pertains to recent historical training (13). We feel moving toward a more
dynamic model of RT dosing for eliciting maximal hypertrophic responses will require keen
effort to characterize various biomarkers and monitoring methodology to help facilitate more
objective, individualized dosing of RT. Therefore, characterizing individual responses and

optimal dosing strategies of RT are particularly important at doses approaching and surpassing
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these RT volumes since maladaptation and injury are potential consequences. These training
considerations aside, we also agree with the conceptual basis suggesting the assessment of ECW
changes during custom RT programs may better delineate changes in functional skeletal muscle

mass.

Other interesting effects related to training (i.e., significant time effects) emerged from the
current study. First, divergent adaptive responses in the bicep brachii and VL muscles assessed
via ultrasound were observed, where increases in biceps thickness and decreases in VL thickness
occurred from PRE to MID and the inverse effects occurred from MID to POST. While fiber
type data in human biceps brachii muscle is lacking, Dahmane et al. (12) reported ~60% of fibers
in the biceps brachii were type 11, while ~40 % were type 1. Herein, we observed the VL
consisted of ~50% type Il fibers, on average. Given that type II fibers typically hypertrophy to a
greater extent in response to RT relative to type I fibers (14), the observed divergent responses in
the biceps and VL muscle thickness measurements may be related to fiber-type distributions of
these muscles. However, this hypothesis is speculative at best and more work is needed in
determining how different muscle groups mechanistically adapt to high volume RT. Another
striking observation was the PRE to MID decrease in VL thickness and f{CSA values followed by
the MID to POST increase in these metrics. Damas et al. (13) recently reported significant
increases in muscle damage after a single bout of RT, followed by an attenuation of damage
measured from a similar bout 3 and 10 weeks later. Additionally, while significant elevations in
MPS were observed after each bout, significant increases in f{CSA were only observed after 10

weeks. These findings led the authors to posit significant increases in muscle damage and MPB
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from weeks 1-3 outpaced increases in MPS resulting in no significant increase in fCSA until the
RT-induced damage response subsided from weeks 3-10. Relating these findings to our data, the
initial atrophic VL muscle response during the first 3 weeks of training may have been due to
high levels of muscle damage/MPB counteracting increases in MPS. However, during weeks 3-
6, MPS levels may have outpaced muscle damage/MPB leading to increases in muscle thickness
and fCSA. These findings are speculative given that we did not assess markers of muscle protein
turnover, although it is interesting that our data agree with the model hypothesized by Damas et
al.

Regarding the effects of GWP supplementation on body composition and fCSAs, we interpret
the following as interesting and novel findings based on effect sizes: 1) the largest increases in
DXA LBM and largest reductions in DXA fat mass were observed in GWP subjects, 2) the
largest increases in bicep thickness were observed in GWP subjects, and 3) the largest f{CSA
increases from weeks 1-3 were observed in GWP subjects. Our observations related to muscle
hypertrophy conceptually agree with prior literature examining the effects of single dose
ingestion or longer-term supplementation with higher whey protein doses. For example,
Macnaughton et al. (29) recently reported significantly greater MPS responses to a resistance
exercise bout and whey protein ingestion when 40 g were consumed post-exercise compared to
20 g. Witard et al. (43) compared myofibrillar protein synthesis responses from ingestion of 40 g
of whey protein to 0 g, 10 g, and 20 g in younger resistance-trained males and noted numerically
larger, but not significantly different, responses from ingestion of 40 g versus 20 g, while 0 g and

10 g resulted in significantly lower responses. Regarding longer-term data, Cribb et al. (11)
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reported previously-trained males consuming high doses of whey protein (i.e., 120 g/d for an 80-
kg subject) experienced robust and significant increases in DXA LBM (+5.0 kg) compared to
subjects consuming high doses of casein during 10 weeks of RT. Antonio et al. (3) reported ~2
kg increases in LBM (assessed via air displacement plethysmography) in a group of 20 subjects
consuming ~4.4 g/kg/day of dietary protein over an 8-week period, much of which was
supplemented via whey protein in the diet, compared to ~1.3 kg increases in LBM in another
group of subjects consuming ~1.8 g/kg/day (11). Antonio et al. (2) conducted a follow-up
investigation wherein a total of 31 subjects consumed > 3 g/kg/d, and 17 subjects consumed their
normal amount of dietary protein (1.8-2.3 g/kg/d) for 8 weeks while undergoing 5 days of RT per
week. These authors reported both groups gained statistically equivalent amounts of LBM (+1.5
kg), however, the three highest hypertrophic responders in the study consumed > 3 g/kg/d.
Notably, some of these same studies have reported high-dose whey protein supplementation also
promotes significant reductions in fat mass, and this seemingly agrees with our data supporting
GWP for fat loss promotion. For instance, the abovementioned study by Cribb et al. (11)
reported subjects supplementing with whey protein lost a significant amount of fat mass
compared to casein-supplemented subjects (-1.4 kg versus +0.1 kg). Additionally, Antonio et al.
(2) reported subjects consuming high amounts of protein lost significantly more fat mass relative
to a lower protein intake group (-1.6 kg versus -0.3 kg). We are careful in adopting this
interpretation, however, given that self-reported caloric intakes were numerically lower in GWP

versus WP and MALTO subjects throughout the study. Hence, an alternative explanation of our
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data could be that the observed loss in fat mass in GWP subjects occurred due to a higher caloric

deficit relative to the other groups.

Greater disturbances of mood and higher levels of soreness occurred in MALTO,
compared to subjects consuming either WP or GWP. The observation of better maintained mood
states in whey protein-consuming subjects could be related to greater elevations in brain
serotonin, since a decline in serotonin activity is involved in depressive mood (30). In this
regard, Markus et al. (30) reported significant reductions in cortisol and depressive feelings
under stress in subjects consuming a whey protein with high tryptophan content (a precursor of
serotonin synthesis) compared to a placebo. Hence, it is possible that consumption of whey
protein better maintained or increased brain serotonin levels and this could have affected mood
disturbance scores. However, we are careful to speculate beyond our data given: 1) we did not
explore in-depth mechanisms related to these variables, and 2) while effect sizes were greatest in
MALTO, a significant group*time interaction was not observed. Regarding differences in
soreness, a recent review by Pasiakos et al. (36) suggests this could be related to attenuated MPB
and consequent reductions in prolonged soreness since greater amounts of exogenous amino
acids were provided through supplementary sources reducing prolonged MPB and inflammatory-

related processes.
Experimental considerations

Our study is limited in that only 31 subjects completed the intervention. As such, we were
underpowered to detect small, but significant, effects and, as a result, a great deal of our findings

were discussed in relation to effect sizes derived from mean differences and PRE-pooled
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standard deviations rather than p-values derived from ANCOV A population-based inferential
tests. Second, an unresolved limitation is that not all subjects adhered to the dietary self-reporting
protocol. We felt that 2 to 4-day food logs would not entirely reflect what subjects consumed
throughout the study. For this reason, we sought to implement a convenient and ecologically
valid method of self-reporting dietary data which persuaded our utilization of daily mobile
application entries. However, despite consistent verbal encouragement by research staff, only
60% of subjects were adherent. Thus, adopting strategies (e.g., additional monetary
compensation on a per day entry basis) to increase mobile application self-reporting are needed
moving forward. One methodological consideration is our reverence for DXA assessments
reflecting whole-body muscle mass changes. While numerous forms of body composition
assessment exist, recent technological advances in DXA persuaded its employment herein for
measurements of body composition (38). Buckinx et al. (7) recently posited DXA as a reference
standard (but not gold standard) method for measurement of LBM in research and clinical
practice. As mentioned previously, our laboratory has observed excellent same-day reliability of
the DXA during a test-calibrate-retest. Similar evidence also suggests DXA produces precise
body composition readings (10, 15), and Aasen et al. (1) reported < 2% coefficients of variation
for measurements of body composition between DXA and known phantom values.
Notwithstanding, others have suggested a modest overestimation of fat mass using DXA
compared to a 4-compartment model of body composition (37). Therefore, we acknowledge that
DXA measurements of LBM and fat mass herein could have been under- or overestimated in an

absolute sense. However, given the reliability of the measurement and the fact that subjects
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served as their own controls in calculation of change scores, we feel DXA-related measurements
were sufficient to reflect alterations in body composition. Finally, while a 6-week RT program
seems rather abbreviated, we chose to implement this duration due to the concerns regarding
subject safety. In spite of these limitations, we posit that our findings are novel in the sense that
this 1s the highest implemented RT volume in humans to date in a 6-week timeframe and these
findings point to the need to investigate dose-response relationships from greater than 6 weeks of

RT involving a larger number of subjects.

CONCLUSIONS

Based on effect sizes, GWP subjects exhibited greater increases in DXA LBM, greater
reductions in DXA fat mass, and a greater resiliency against reductions in VL fCSAs from weeks
1-3 with larger increases occurring from weeks 3-6 than both WP and MALTO subjects. These
data imply a potential ergogenic role of graded whey protein consumption in context of graded
increases in RT volumes (i.e., a proportional supplemental protein hypothesis). However, given
that our study was limited in duration and subject number, this hypothesis needs to be clarified
with longer-term interventions and larger sample sizes. Supplementation aside, the RT volumes
investigated in this study are the highest formally studied in human subjects in a 6-week
timeframe. Significant increases in LBM corrected for alterations in ECW were observed from
weeks 1-3, although this response was dampened from weeks 3-6 suggesting that ~20 sets per

exercise per week may approach a maximal adaptable volume in younger resistance-trained men.

101



ACKNOWLEDGEMENTS

Funding for subject compensation and assays were provided by a gift donation from
Renaissance Periodization (Charlotte, NC, USA) and contract through Impedimed (Queensland,
AU). We would like to thank the subjects for participating in this difficult training study. We
would also like to thank Nick Shaw (CEO, Renaissance Periodization) for his generosity.
Additionally, we would like to thank Dr. Rob Wildman from Dymatize Nutrition in coordinating
the donation of nutritional supplement products. Finally, we would like to thank Dr. David
Pascoe for his assistance with purchasing weight equipment and allowing us to use his laboratory
space for testing procedures. We graciously acknowledge Casey Sexton, Jazzylyn Pepper, James
Creel, Lauren Mussell, Brooke Anderson, Mclelland-Rae Johnson, Jacobs Brewer, Denico
Jackson and JoAnna Roberts for their helpful assistance throughout the training portion of the

study and/or data analysis.

CONFLICTS OF INTEREST

The results of the present study do not constitute endorsement by ACSM. The results of the
study are presented clearly, honestly, and without fabrication, falsification, or inappropriate data

manipulation.

102



REFERENCES

1. Aasen G, Fagertun H, Halse J. Body composition analysis by dual X-ray absorptiometry:
in vivo and in vitro comparison of three different fan-beam instruments. Scand J Clin Lab Invest.
2006;66(8):659-66.

2. Antonio J, Ellerbroek A, Silver T et al. A high protein diet (3.4 g/kg/d) combined with a
heavy resistance training program improves body composition in healthy trained men and
women--a follow-up investigation. J Int Soc Sports Nutr. 2015;12:39.

3. Antonio J, Peacock CA, Ellerbroek A, Fromhoff B, Silver T. The effects of consuming a
high protein diet (4.4 g/kg/d) on body composition in resistance-trained individuals. J Int Soc
Sports Nutr. 2014;11:19.

4. Atherton PJ, Smith K. Muscle protein synthesis in response to nutrition and exercise. J
Physiol. 2012;590(5):1049-57.

5. Bamman MM, Petrella JK, Kim JS, Mayhew DL, Cross JM. Cluster analysis tests the
importance of myogenic gene expression during myofiber hypertrophy in humans. J Appl
Physiol (1985). 2007;102(6):2232-9.

6. Birzniece V, Khaw CH, Nelson AE, Meinhardt U, Ho KK. A critical evaluation of
bioimpedance spectroscopy analysis in estimating body composition during GH treatment:
comparison with bromide dilution and dual X-ray absorptiometry. Eur J Endocrinol.
2015;172(1):21-8.

7. Buckinx F, Landi F, Cesari M et al. Pitfalls in the measurement of muscle mass: a need
for a reference standard. J Cachexia Sarcopenia Muscle. 2018;9(2):269-78.

8. Burd NA, Holwerda AM, Selby KC et al. Resistance exercise volume affects myofibrillar
protein synthesis and anabolic signalling molecule phosphorylation in young men. J Physiol.

2010;588(Pt 16):3119-30.

103



9. Carpenter AE, Jones TR, Lamprecht MR et al. CellProfiler: image analysis software for
identifying and quantifying cell phenotypes. Genome Biol. 2006;7(10):R100.

10. Chen Z, Lohman TG, Stini WA, Ritenbaugh C, Aickin M. Fat or lean tissue mass: which
one is the major determinant of bone mineral mass in healthy postmenopausal women? J Bone

Miner Res. 1997;12(1):144-51.

1. Cribb PJ, Williams AD, Carey MF, Hayes A. The effect of whey isolate and resistance
training on strength, body composition, and plasma glutamine. Int J Sport Nutr Exerc Metab.
2006;16(5):494-509.

12. Dahmane R, Djordjevic S, Simunic B, Valencic V. Spatial fiber type distribution in
normal human muscle Histochemical and tensiomyographical evaluation. J Biomech.
2005;38(12):2451-9.

13. Damas F, Phillips SM, Libardi CA et al. Resistance training-induced changes in
integrated myofibrillar protein synthesis are related to hypertrophy only after attenuation of
muscle damage. J Physiol. 2016;594(18):5209-22.

14. Fry AC. The role of resistance exercise intensity on muscle fibre adaptations. Sports
Med. 2004;34(10):663-79.

15. Genton L, Karsegard VL, Zawadynski S et al. Comparison of body weight and
composition measured by two different dual energy X-ray absorptiometry devices and three
acquisition modes in obese women. Clin Nutr. 2006;25(3):428-37.

16. Grgic J, Lazinica B, Mikulic P, Krieger JW, Schoenfeld BJ. The effects of short versus
long inter-set rest intervals in resistance training on measures of muscle hypertrophy: A
systematic review. Eur J Sport Sci. 2017;17(8):983-93.

17.  Grove JR, Prapavessis H. Preliminary evidence for the reliability and validity of an
abbreviated Profile of Mood States. Int J Sport Psych. 1992;23(2):93-109.

18. Haun CT, Mumford PW, Roberson PA et al. Molecular, neuromuscular, and recovery

responses to light versus heavy resistance exercise in young men. Physiol Rep. 2017;5(18).

104



19. Helms ER, Cronin J, Storey A, Zourdos MC. Application of the Repetitions in Reserve-
Based Rating of Perceived Exertion Scale for Resistance Training. Strength Cond J.
2016;38(4):42-9.

20. Hoffman JR, Ratamess NA, Kang J, Falvo MJ, Faigenbaum AD. Effect of protein intake
on strength, body composition and endocrine changes in strength/power athletes. J Int Soc Sports
Nutr. 2006;3:12-8.

21. Hoffman JR, Ratamess NA, Kang J, Falvo MJ, Faigenbaum AD. Effects of protein
supplementation on muscular performance and resting hormonal changes in college football
players. J Sports Sci Med. 2007;6(1):85-92.

22. Hoffman JR, Ratamess NA, Tranchina CP, Rashti SL, Kang J, Faigenbaum AD. Effect of
protein-supplement timing on strength, power, and body-composition changes in resistance-
trained men. Int J Sport Nutr Exerc Metab. 2009;19(2):172-85.

23. Kephart WC, Wachs TD, Mac Thompson R et al. Ten weeks of branched-chain amino
acid supplementation improves select performance and immunological variables in trained
cyclists. Amino Acids. 2016;48(3):779-89.

24, Kerksick CM, Rasmussen CJ, Lancaster SL et al. The effects of protein and amino acid
supplementation on performance and training adaptations during ten weeks of resistance training.
J Strength Cond Res. 2006;20(3):643-53.

25. La Scala Teixeira CV, Motoyama Y, de Azevedo P, Evangelista AL, Steele J, Bocalini
DS. Effect of resistance training set volume on upper body muscle hypertrophy: are more sets
really better than less? Clin Physiol Funct Imaging. 2017.

26. Lockwood CM, Roberts MD, Dalbo VI et al. Effects of Hydrolyzed Whey versus Other
Whey Protein Supplements on the Physiological Response to 8 Weeks of Resistance Exercise in
College-Aged Males. J Am Coll Nutr. 2017;36(1):16-27.

27. MacDougall JD, Sale DG, Elder GC, Sutton JR. Muscle ultrastructural characteristics of
elite powerlifters and bodybuilders. Eur J Appl Physiol Occup Physiol. 1982;48(1):117-26.

105



28.  Mackey AL, Kjaer M, Charifi N et al. Assessment of satellite cell number and activity
status in human skeletal muscle biopsies. Muscle Nerve. 2009;40(3):455-65.

29. Macnaughton LS, Wardle SL, Witard OC et al. The response of muscle protein synthesis
following whole-body resistance exercise is greater following 40 g than 20 g of ingested whey
protein. Physiol Rep. 2016;4(15).

30.  Markus CR, Olivier B, Panhuysen GE et al. The bovine protein alpha-lactalbumin
increases the plasma ratio of tryptophan to the other large neutral amino acids, and in vulnerable
subjects raises brain serotonin activity, reduces cortisol concentration, and improves mood under
stress. Am J Clin Nutr. 2000;71(6):1536-44.

31. Mobley CB, Haun CT, Roberson PA et al. Biomarkers associated with low, moderate,
and high vastus lateralis muscle hypertrophy following 12 weeks of resistance training. PLoS
One. 2018;13(4):e0195203.

32.  Mobley CB, Haun CT, Roberson PA et al. Effects of Whey, Soy or Leucine
Supplementation with 12 Weeks of Resistance Training on Strength, Body Composition, and
Skeletal Muscle and Adipose Tissue Histological Attributes in College-Aged Males. Nutrients.
2017;9(9).

33. Moon JR. Body composition in athletes and sports nutrition: an examination of the
bioimpedance analysis technique. Eur J Clin Nutr. 2013;67 Suppl 1:S54-9.

34, Moon JR, Tobkin SE, Roberts MD et al. Total body water estimations in healthy men and
women using bioimpedance spectroscopy: a deuterium oxide comparison. Nutr Metab (Lond).
2008;5:7.

35.  Morton RW, Murphy KT, McKellar SR et al. A systematic review, meta-analysis and
meta-regression of the effect of protein supplementation on resistance training-induced gains in
muscle mass and strength in healthy adults. Br J Sports Med. 2018;52(6):376-84.

36.  Pasiakos SM, Lieberman HR, McLellan TM. Effects of protein supplements on muscle
damage, soreness and recovery of muscle function and physical performance: a systematic

review. Sports Med. 2014;44(5):655-70.

106



37. Santos DA, Silva AM, Matias CN, Fields DA, Heymsfield SB, Sardinha LB. Accuracy of
DXA in estimating body composition changes in elite athletes using a four compartment model
as the reference method. Nutr Metab (Lond). 2010;7:22.

38. Schoenfeld BJ, Ogborn D, Krieger JW. The dose-response relationship between
resistance training volume and muscle hypertrophy: are there really still any doubts? J Sports
Sci. 2017;35(20):1985-7.

39. Schoenfeld BJ, Ogborn D, Krieger JW. Dose-response relationship between weekly
resistance training volume and increases in muscle mass: A systematic review and meta-analysis.
J Sports Sci. 2017;35(11):1073-82.

40. Scott CB, Luchini A, Knausenberger A, Steitz A. Total energy costs - aerobic and
anaerobic, exercise and recovery - of five resistance exercises. Cent Eur J Sport Sci Med.
2014;8(4):53-9.

41. Teixeira V, Voci SM, Mendes-Netto RS, da Silva DG. The relative validity of a food
record using the smartphone application MyFitnessPal. Nutr Diet. 2018;75(2):219-25.

42. Wernbom M, Augustsson J, Thomee R. The influence of frequency, intensity, volume
and mode of strength training on whole muscle cross-sectional area in humans. Sports Med.
2007;37(3):225-64.

43.  Witard OC, Jackman SR, Breen L, Smith K, Selby A, Tipton KD. Myofibrillar muscle
protein synthesis rates subsequent to a meal in response to increasing doses of whey protein at
rest and after resistance exercise. Am J Clin Nutr. 2014;99(1):86-95.

44. Wolfe RR. Skeletal muscle protein metabolism and resistance exercise. J Nutr.
2006;136(2):525S-8S.

45.  Yamada Y, Matsuda K, Bjorkman MP, Kimura M. Application of segmental bioelectrical
impedance spectroscopy to the assessment of skeletal muscle cell mass in elderly men. Geriatr

Gerontol Int. 2014;14 Suppl 1:129-34.

107



46.  Zourdos MC, Klemp A, Dolan C et al. Novel Resistance Training-Specific Rating of
Perceived Exertion Scale Measuring Repetitions in Reserve. J Strength Cond Res.

2016;30(1):267-75.

REFERENCES

l. Stojiljkovi¢ N, Ignjatovic¢ A, ... ZS-A in P, 2013 undefined. History of resistance
training. researchgate.net [Internet]. [cited 2018 May 12]; Available from:
https://www.researchgate.net/profile/Nenad_Stojiljkovic2/publication/299533568 HISTO
RY OF RESISTANCE TRAINING/links/56fd827c08aee995dde55fdd.pdf

2. Applegate EA, Grivetti LE. Search for the Competitive Edge: A History of
Dietary Fads and Supplements. J Nutr [Internet]. 1997 [cited 2018 May 12];127(5).
Available from: https://www.mendeley.com/research-papers/search-competitive-edge-
history-dietary-fads-

supplements/?utm_source=desktop&utm medium=1.18&utm_campaign=open_catalog&

userDocumentld=%7B1{357524-ddfe-3cb7-9586-037655127cta%7D

3. History JT-IG, 1995 undefined. From Milo to Milo: A history of barbells,
dumbells, and indian clubs. academia.edu [Internet]. [cited 2018 May 12]; Available from:
http://www.academia.edu/download/43890491/From_Milo to Milo A History of Barbe
lIs 20160319-2262-16iybak.pdf

4, Kraemer WJ, Ratamess NA, Flanagan SD, Shurley JP, Todd JS, Todd TC.
Understanding the Science of Resistance Training: An Evolutionary Perspective. Sport
Med [Internet]. 2017 Dec 16 [cited 2018 May 12];47(12):2415-35. Available from:
http://link.springer.com/10.1007/s40279-017-0779-y

5. Todd J. The Strength Builders: A History of Barbells, Dumbbells and Indian

108



Clubs. Int J Hist Sport [Internet]. 2003 Mar [cited 2018 May 12];20(1):65-90. Available
from: http://www.tandfonline.com/doi/abs/10.1080/714001844

6. Todd JS, Shurley JP, Todd TC. Thomas L. Delorme and the Science of
Progressive Resistance Exercise. J Strength Cond Res [Internet]. 2012 Nov 1 [cited 2018
May 12];26(11):2913-23. Available from:
https://insights.ovid.com/pubmed?pmid=22592167

7. JBJS TD-, 1945 undefined. Restoration of muscle power by heavy-resistance
exercises. journals.lww.com [Internet]. [cited 2018 May 12]; Available from:
https://journals.Iww.com/jbjsjournal/subjects/Pain
Management/Abstract/1945/27040/RESTORATION _OF MUSCLE POWER BY HEA
VY _ RESISTANCE.14.aspx

8. Todd T, Culture JT-IGH the J of P, 2013 undefined. The Science of Reps: The
Strength Training Contributions of Dr. Richard A. Berger. researchgate.net [Internet].
[cited 2018 May 12]; Available from:
https://www.researchgate.net/profile/Jan_Todd/publication/257141235 Terry Todd and
Jan Todd Richard Berger and the Science of Reps/links/0c9605248447311768000000
.pdf

9. Bowman S. Impact of electronic health record systems on information integrity:

quality and safety implications. Perspect Heal Inf Manag. 2013;10(Fall):1c.

10. Makse T. The Redistricting Cycle, Partisan Tides, and Party Strategy in State
Legislative Elections. State Polit Policy Q [Internet]. 2014 [cited 2017 Nov 3];14(3):342—
63. Available from: http://journals.sagepub.com/doi/pdf/10.1177/1532440014537503

11. Tarnopolsky MA, Pearce E, Smith K, Lach B. Suction-modified Bergstrém
muscle biopsy technique: Experience with 13,500 procedures. Muscle Nerve [Internet].
2011 May 1 [cited 2018 May 12];43(5):716-25. Available from:
http://doi.wiley.com/10.1002/mus.21945

109



12. Ikai M, Fukunaga T. A study on training effect on strength per unit cross-
sectional area of muscle by means of ultrasonic measurement. Int Zeitschrift f{Ir Angew
Physiol Einschliel !lich Arbeitsphysiologie [Internet]. 1970 [cited 2018 May
12];28(3):173-80. Available from: http://link.springer.com/10.1007/BF00696025

13. Costill DL, Coyle EF, Fink WF, Lesmes GR, Witzmann FA. Adaptations in
skeletal muscle following strength training. J Appl Physiol [Internet]. 1979 Jan [cited
2018 May 12];46(1):96-9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/37209

14. Thorstensson A, Karlsson J, Viitasalo JHT, Luhtanen P, Komi P V. Effect of
Strength Training on EMG of Human Skeletal Muscle. Acta Physiol Scand [Internet].
1976 Oct [cited 2018 May 12];98(2):232—6. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/983733

15. MacDougall JD, Elder GCB, Sale DG, Moroz JR, Sutton JR. Effects of strength
training and immobilization on human muscle fibres. Eur J Appl Physiol Occup Physiol
[Internet]. 1980 Feb [cited 2018 May 12];43(1):25-34. Available from:
http://link.springer.com/10.1007/BF00421352

16. Hakkinen K, Komi P V. Alterations of mechanical characteristics of human
skeletal muscle during strength training. Eur J Appl Physiol Occup Physiol [Internet].
1983 Jan [cited 2018 May 12];50(2):161-72. Available from:
http://link.springer.com/10.1007/BF00422155

17. TESCH PA, THORSSON A, COLLIANDER EB. Effects of eccentric and
concentric resistance training on skeletal muscle substrates, enzyme activities and
capillary supply. Acta Physiol Scand [Internet]. 1990 Dec [cited 2018 May
12];140(4):575-9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/2082717

18. Staron RS, Malicky ES, Leonardi MJ, Falkel JE, Hagerman FC, Dudley GA.
Muscle hypertrophy and fast fiber type conversions in heavy resistance-trained women.

Eur J Appl Physiol Occup Physiol [Internet]. 1990 [cited 2018 May 12];60(1):71-9.

110



Available from: http://www.ncbi.nlm.nih.gov/pubmed/2311599

19. Fry AC. The role of resistance exercise intensity on muscle fibre adaptations.
Sports Med [Internet]. 2004 [cited 2018 May 12];34(10):663—79. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/15335243

20. Campos G, Luecke T, Wendeln H, Toma K, Hagerman F, Murray T, et al.
Muscular adaptations in response to three different resistance-training regimens:
specificity of repetition maximum training zones. Eur J Appl Physiol [Internet]. 2002 Nov
1 [cited 2018 May 12];88(1-2):50-60. Available from:
http://link.springer.com/10.1007/s00421-002-0681-6

21. Krieger JW. Single vs. Multiple Sets of Resistance Exercise for Muscle
Hypertrophy: A Meta-Analysis. J Strength Cond Res [Internet]. 2010 Apr [cited 2018
May 12];24(4):1150-9. Available from: https://insights.ovid.com/crossref?an=00124278-
201004000-00036

22. Peterson MD, Rhea MR, Alvar BA. Maximizing Strength Development in
Athletes: A Meta-Analysis to Determine the Dose-Response Relationship. J Strength
Cond Res [Internet]. 2004 May [cited 2018 May 12];18(2):377. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/15142003

23. Kjellstrom T, Lodh M, McMichael T, Ranmuthugala G, Shrestha R, Kingsland S.
Air and Water Pollution: Burden and Strategies for Control. Disease Control Priorities in

Developing Countries. The International Bank for Reconstruction and Development / The

World Bank; 2006.

24, Schoenfeld BJ, Ogborn D, Krieger JW. Dose-response relationship between
weekly resistance training volume and increases in muscle mass: A systematic review and
meta-analysis. J Sports Sci [Internet]. 2017 Jun 3 [cited 2018 May 12];35(11):1073-82.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/27433992

25. Milton K. The Critical Role Played by Animal Source Foods in Human (Homo)

111



Evolution. J Nutr [Internet]. 2003 Nov 1 [cited 2018 May 12];133(11):3886S-3892S.
Available from: https://academic.oup.com/jn/article/133/11/3886S/4818038

26. Vickery HB. The origin of the word protein. Yale J Biol Med [Internet]. 1950
[cited 2018 May 12];22(5):385. Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2598953/

27. HARTLEY H. Origin of the Word ‘Protein.” Nature [Internet]. 1951 Aug 11
[cited 2018 May 12];168(4267):244-244. Available from:
http://www.nature.com/doifinder/10.1038/168244a0

28. Forbes RM, Cooper AR, Mitchell HH. THE COMPOSITION OF THE ADULT
HUMAN BODY AS DETERMINED BY CHEMICAL ANALYSIS*. J Biol Chem
[Internet]. 1953 [cited 2018 May 12];203(1):359-66. Available from:
https://pdfs.semanticscholar.org/d3dc/cfc3483b52¢50612f516de3a3f0619c¢976fe.pdf

29. FORBES RM, COOPER AR, MITCHELL HH. The composition of the adult
human body as determined by chemical analysis. J Biol Chem [Internet]. 1953 Jul [cited
2018 May 12];203(1):359-66. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/13069519

30. Ward SR, Lieber RL. Density and hydration of fresh and fixed human skeletal
muscle. J Biomech [Internet]. 2005 Nov 1 [cited 2018 May 12];38(11):2317-20.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/16154420

31. Wu G. Food &amp; Function REVIEW Dietary protein intake and human health.
Food Funct [Internet]. 2016 [cited 2018 May 12];7. Available from:

www.rsc.org/foodfunction

32. Boh¢ J, Low A, Wolfe RR, Rennie MJ. Human muscle protein synthesis is
modulated by extracellular, not intramuscular amino acid availability: a dose-response
study. J Physiol [Internet]. 2003 Oct 1 [cited 2018 May 12];552(Pt 1):315-24. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/12909668

112



33. Phillips SM. The impact of protein quality on the promotion of resistance
exercise-induced changes in muscle mass. Nutr Metab (Lond) [Internet]. 2016 [cited 2018

May 12];13:64. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27708684

34. Stokes T, Hector AJ, Morton RW, McGlory C, Phillips SM. Recent Perspectives
Regarding the Role of Dietary Protein for the Promotion of Muscle Hypertrophy with
Resistance Exercise Training. Nutrients [Internet]. 2018 Feb 7 [cited 2018 May
12];10(2):180. Available from: http://www.ncbi.nlm.nih.gov/pubmed/29414855

35. Hall DT, Fair JD. The Pioneers of Protein. 2011 [cited 2018 May 12]; Available

from: https://startingstrength.com/articles/protein_pioneers_fair.pdf

36. RASCH PJ, PIERSON WR. Effect of a Protein Dietary Supplement on Muscular
Strength and Hypertrophy. Am J Clin Nutr [Internet]. 1962 Nov 1 [cited 2018 May
12];11(5):530-2. Available from: https://academic.oup.com/ajcn/article/11/5/530/4788684

37. Morton RW, Murphy KT, McKellar SR, Schoenfeld BJ, Henselmans M, Helms
E, et al. A systematic review, meta-analysis and meta-regression of the effect of protein
supplementation on resistance training-induced gains in muscle mass and strength in
healthy adults. Br J Sports Med [Internet]. 2017 Jul 11 [cited 2018 May
12];52(6):bjsports-2017-097608. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/28698222

38. Tang JE, Moore DR, Kujbida GW, Tarnopolsky MA, Phillips SM. Ingestion of
whey hydrolysate, casein, or soy protein isolate: effects on mixed muscle protein synthesis
at rest and following resistance exercise in young men. J Appl Physiol [Internet]. 2009
Sep [cited 2018 May 12];107(3):987-92. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/1958996 1

39. Wolfe RR. Skeletal Muscle Protein Metabolism and Resistance Exercise. J Nutr
[Internet]. 2006 Feb 1 [cited 2018 May 12];136(2):5255-528S. Available from:
https://academic.oup.com/jn/article/136/2/525S/4664390

113



40. Deutz NE, Wolfe RR. Is there a maximal anabolic response to protein intake with
a meal? Clin Nutr [Internet]. 2013 Apr [cited 2018 May 27];32(2):309—13. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/23260197

41. Sands WA, Apostolopoulos N, Kavanaugh AA, Stone MH. Recovery-Adaptation.
Strength Cond J [Internet]. 2016 Dec [cited 2018 May 12];38(6):10-26. Available from:
http://insights.ovid.com/crossref?an=00126548-201612000-00002

42. Busso T. From an indirect response pharmacodynamic model towards a
secondary signal model of dose-response relationship between exercise training and
physical performance. Sci Rep [Internet]. 2017 Jan 11 [cited 2018 May 12];7:40422.

Available from: http://www.nature.com/articles/srep40422

43. Cannon WB. ORGANIZATION FOR PHYSIOLOGICAL HOMEOSTASIS.
Physiol Rev [Internet]. 1929 Jul [cited 2018 May 12];9(3):399-431. Available from:
http://www.physiology.org/doi/10.1152/physrev.1929.9.3.399

44. Ramsay DS, Woods SC. Clarifying the roles of homeostasis and allostasis in
physiological regulation. Psychol Rev [Internet]. 2014 Apr [cited 2018 May
12];121(2):225-47. Available from: http://www.ncbi.nlm.nih.gov/pubmed/24730599

45. Hartl FU. Cellular Homeostasis and Aging. Annu Rev Biochem [Internet]. 2016
Jun 2 [cited 2018 May 12];85(1):1-4. Available from:
http://www.annualreviews.org/doi/10.1146/annurev-biochem-011116-110806

46. Laurival A De Luca J, David RB, Menani J V. Homeostasis and Body Fluid
Regulation. 2014 [cited 2018 May 12]; Available from:
https://www.ncbi.nlm.nih.gov/books/NBK200958/

47. Schwartz NS, Clutter WE, Shah SD, Cryer PE. Glycemic thresholds for activation
of glucose counterregulatory systems are higher than the threshold for symptoms. J Clin
Invest [Internet]. 1987 Mar [cited 2018 May 12];79(3):777-81. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/3546378

114



48. McEwen BS, Wingtfield JC. What is in a name? Integrating homeostasis,
allostasis and stress. Horm Behav [Internet]. 2010 Feb [cited 2018 May 27];57(2):105-11.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/19786032

49. SELYE H. Stress and the general adaptation syndrome. Br Med J [Internet]. 1950
Jun 17 [cited 2018 May 12];1(4667):1383-92. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/15426759

50. Selye H. Confusion and Controversy in the Stress Field. ] Human Stress
[Internet]. 1975 Jun [cited 2018 May 12];1(2):37—44. Available from:
http://www.tandfonline.com/doi/abs/10.1080/0097840X.1975.9940406

51. Selye H. Forty years of stress research: principal remaining problems and
misconceptions. Can Med Assoc J [Internet]. 1976 Jul 3 [cited 2018 May 12];115(1):53—
6. Available from: http://www.ncbi.nlm.nih.gov/pubmed/1277062

52. Cunanan AJ, DeWeese BH, Wagle JP, Carroll KM, Sausaman R, Hornsby WG, et
al. The General Adaptation Syndrome: A Foundation for the Concept of Periodization.
Sport Med [Internet]. 2018 Apr 6 [cited 2018 May 12];48(4):787-97. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/29307100

53. Buckner SL, Mouser JG, Dankel SJ, Jessee MB, Mattocks KT, Loenneke JP. The
General Adaptation Syndrome: Potential misapplications to resistance exercise. J Sci Med
Sport [Internet]. 2017 Nov [cited 2018 May 12];20(11):1015—7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/28377133

54. Bray GA, Redman LM, de Jonge L, Covington J, Rood J, Brock C, et al. Effect of
protein overfeeding on energy expenditure measured in a metabolic chamber. Am J Clin
Nutr [Internet]. 2015 Mar 1 [cited 2018 May 12];101(3):496—505. Available from:
https://academic.oup.com/ajcn/article/101/3/496/4569403

55. Rozenek R, Ward P, Long S, Garhammer J. Effects of high-calorie supplements

on body composition and muscular strength following resistance training. J Sports Med

115



Phys Fitness [Internet]. 2002 Sep [cited 2018 May 12];42(3):340-7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/12094125

56. Bouchard C, Tchernof A, Tremblay A. Predictors of body composition and body
energy changes in response to chronic overfeeding. Int J Obes [Internet]. 2014 Feb 20
[cited 2018 May 12];38(2):236—42. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/23736367

57. Moore CA, Fry AC. Nonfunctional Overreaching During Off-Season Training for
Skill Position Players in Collegiate American Football. J Strength Cond Res [Internet].
2007 Aug [cited 2018 May 12];21(3):793. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/17685717

58. Weigert C. Neue Fragestellungen in der pathologischen Anatomie. DMW - Dtsch
Medizinische Wochenschrift [Internet]. 1896 Oct 2 [cited 2018 May 12];22(40):635—40.
Available from: http://www.thieme-connect.de/DOI/DOI?10.1055/s-0029-1204670

59. Garrison FH. PROTEIN STIMULATION (LOCAL DEATH) AND PROTEIN
THERAPY. New York Acad Med [Internet]. [cited 2018 May 12];3:555-60. Available
from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2393681/pdf/bullnyacadmed00920-
0003.pdf

60. Goforth HW, Laurent D, Prusaczyk WK, Schneider KE, Petersen KF, Shulman
GI. Effects of depletion exercise and light training on muscle glycogen supercompensation
in men. Am J Physiol Metab [Internet]. 2003 Dec [cited 2018 May 12];285(6):E1304—11.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/12902321

61. Nakatani A, Han D-H, Hansen PA, Nolte LA, Host HH, Hickner RC, et al. Effect
of endurance exercise training on muscle glycogen supercompensation in rats. J Appl
Physiol [Internet]. 1997 Feb [cited 2018 May 12];82(2):711-5. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/9049757

116



62. Stone M, O’Bryant H, Garhammer J, McMillan J, Rozenek R. A theoretical
model of strength training. NSCA [Internet]. 1982 [cited 2018 May 12];4(4):36-9.
Available from:
https://www.nsca.com/uploadedFiles/NSCA/Resources/PDF/Education/Articles/NSCA _C
lassics PDFs/Theoretical Model.pdf

63. Calvert TW, Banisteb EW. A Systems Model of the Effects of Training on
Physical Perfoffnance. IEEE Trans Syst Man Cybern [Internet]. 1976 [cited 2018 May
12];6(2). Available from:

https://www.math.fsu.edu/~dgalvis/journalclub/papers/11_28 2016.pdf

64. Schoenfeld BJ. The Mechanisms of Muscle Hypertrophy and Their Application to
Resistance Training. J Strength Cond Res [Internet]. 2010 Oct [cited 2018 May
12];24(10):2857-72. Available from: http://www.ncbi.nlm.nih.gov/pubmed/20847704

65. Grzelkowska-Kowalczyk K. The Importance of Extracellular Matrix in Skeletal
Muscle Development and Function. In: Composition and Function of the Extracellular
Matrix in the Human Body [Internet]. InTech; 2016 [cited 2018 May 12]. Available from:
http://www.intechopen.com/books/composition-and-function-of-the-extracellular-matrix-
in-the-human-body/the-importance-of-extracellular-matrix-in-skeletal-muscle-

development-and-function

66. Lindstedt SL, McGlothlin T, Percy E, Pifer J. Task-specific design of skeletal
muscle: balancing muscle structural composition. Comp Biochem Physiol Part B Biochem
Mol Biol [Internet]. 1998 May 1 [cited 2018 May 12];120(1):35—40. Available from:
https://www.sciencedirect.com/science/article/pii/S0305049198000212

67. MacDougall JD, Sale DG, Elder GCB, Sutton JR. Muscle ultrastructural
characteristics of elite powerlifters and bodybuilders. Eur J Appl Physiol Occup Physiol
[Internet]. 1982 Feb [cited 2018 May 12];48(1):117-26. Available from:
http://link.springer.com/10.1007/BF00421171

117



68. Widrick JJ, Knuth ST, Norenberg KM, Romatowski JG, Bain JL, Riley DA, et al.
Effect of a 17 day spaceflight on contractile properties of human soleus muscle fibres. J
Physiol [Internet]. 1999 May 1 [cited 2018 May 12];516 ( Pt 3)(Pt 3):915-30. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/10200437

69. Sjostrom M, Lexell J, Eriksson A, Taylor CC. Evidence of fibre hyperplasia in
human skeletal muscles from healthy young men? A left-right comparison of the fibre
number in whole anterior tibialis muscles. Eur J Appl Physiol Occup Physiol [Internet].
1991 [cited 2018 May 12];62(5):301-4. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/1874233

70. Antonio J, Gonyea WJ. Skeletal muscle fiber hyperplasia. Med Sci Sports Exerc
[Internet]. 1993 Dec [cited 2018 May 12];25(12):1333-45. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/8107539

71. Brandt PW, Lopez E, Reuben JP, Grundfest H. The relationship between
myofilament packing density and sarcomere length in frog striated muscle. J Cell Biol
[Internet]. 1967 May 1 [cited 2018 May 12];33(2):255-63. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19866708

72. Ribeiro AS, Avelar A, Schoenfeld BJ, Ritti Dias RM, Altimari LR, Cyrino ES.
Resistance training promotes increase in intracellular hydration in men and women. Eur J
Sport Sci [Internet]. 2014 Aug 18 [cited 2018 May 12];14(6):578-85. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24471859

73. Paul AC, Rosenthal N. Different modes of hypertrophy in skeletal muscle fibers. J
Cell Biol [Internet]. 2002 Feb 18 [cited 2018 May 12];156(4):751-60. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/11839766

74. Kontrogianni-Konstantopoulos A, Ackermann MA, Bowman AL, Yap S V.,
Bloch RJ. Muscle Giants: Molecular Scaffolds in Sarcomerogenesis. Physiol Rev

[Internet]. 2009 Oct [cited 2018 May 12];89(4):1217-67. Available from:

118



http://www.physiology.org/doi/10.1152/physrev.00017.2009

75. Rhee D, Sanger JM, Sanger JW. The premyofibril: Evidence for its role in
myofibrillogenesis. Cell Motil Cytoskeleton [Internet]. 1994 [cited 2018 May
12];28(1):1-24. Available from: http://doi.wiley.com/10.1002/cm.970280102

76. Petriz BA, Gomes CPC, Almeida JA, de Oliveira GP, Ribeiro FM, Percira RW, et
al. The Effects of Acute and Chronic Exercise on Skeletal Muscle Proteome. J Cell
Physiol [Internet]. 2017 Feb [cited 2018 May 12];232(2):257—-69. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27381298

77. Gonzalez-Freire M, Semba RD, Ubaida-Mohien C, Fabbri E, Scalzo P, Hgjlund
K, et al. The Human Skeletal Muscle Proteome Project: a reappraisal of the current
literature. J Cachexia Sarcopenia Muscle [Internet]. 2017 Feb [cited 2018 May 12];8(1):5—
18. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27897395

78. HELANDER EA. Influence of exercise and restricted activity on the protein
composition of skeletal muscle. Biochem J [Internet]. 1961 Mar [cited 2018 May
12];78(3):478-82. Available from: http://www.ncbi.nlm.nih.gov/pubmed/13713052

79. Damas F, Phillips S, Vechin FC, Ugrinowitsch C. A Review of Resistance
Training-Induced Changes in Skeletal Muscle Protein Synthesis and Their Contribution to
Hypertrophy. Sport Med [Internet]. 2015 Jun 6 [cited 2018 May 12];45(6):801-7.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/25739559

80. Carraro F, Stuart CA, Hartl WH, Rosenblatt J, Wolfe RR. Effect of exercise and
recovery on muscle protein synthesis in human subjects. Am J Physiol [Internet]. 1990
Oct [cited 2018 May 12];259(4 Pt 1):E470-6. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/2221048

81. Phillips SM, Tipton KD, Aarsland A, Wolf SE, Wolfe RR. Mixed muscle protein
synthesis and breakdown after resistance exercise in humans. Am J Physiol [Internet].

1997 Jul [cited 2018 May 12];273(1 Pt 1):E99-107. Available from:

119



http://www.ncbi.nlm.nih.gov/pubmed/9252485

82. Carraro F, Stuart CA, Hartl WH, Rosenblatt J, Wolfe RR. Effect of exercise and
recovery on muscle protein synthesis in human subjects. Am J Physiol Metab [Internet].
1990 Oct [cited 2018 May 12];259(4):E470—6. Available from:
http://www.physiology.org/doi/10.1152/ajpendo.1990.259.4.E470

83. Hody S, Leprince P, Sergeant K, ... JR-M& S in, 2011 undefined. Human
muscle proteome modifications after acute or repeated eccentric exercises. academia.edu
[Internet]. [cited 2018 May 12]; Available from:
http://www.academia.edu/download/40492449/Human_Muscle Proteome Modifications
_afte20151129-17362-9ya0so.pdf

84. Tibana R, Franco O, ... GC-... journal of exercise, 2017 undefined. The Effects
of Resistance Training Volume on Skeletal Muscle Proteome. ncbi.nlm.nih.gov [Internet].
[cited 2018 May 12]; Available from:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5685085/

85. Camera DM, Burniston JG, Pogson MA, Smiles WJ, Hawley JA. Dynamic
proteome profiling of individual proteins in human skeletal muscle after a high-fat diet
and resistance exercise. FASEB J [Internet]. 2017 Dec [cited 2018 May 12];31(12):5478—
94. Available from: http://www.fasebj.org/doi/10.1096/1].201700531R

86. Tipton KD, Hamilton DL, Gallagher 1J. Assessing the Role of Muscle Protein

Breakdown in Response to Nutrition and Exercise in Humans. Sport Med [Internet]. 2018
Mar 24 [cited 2018 May 12];48(S1):53—64. Available from:
http://link.springer.com/10.1007/s40279-017-0845-5

87. TIPTON KD, WOLFE RR. Exercise-induced changes in protein metabolism.
Acta Physiol Scand [Internet]. 1998 Feb 1 [cited 2018 May 12];162(3):377-87. Available
from: http://doi.wiley.com/10.1046/5.1365-201X.1998.00306.x

88. Biolo G, Maggi SP, Williams BD, Tipton KD, Wolfe RR. Increased rates of

120



muscle protein turnover and amino acid transport after resistance exercise in humans. Am
J Physiol [Internet]. 1995 Mar [cited 2018 May 12];268(3 Pt 1):E514-20. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/7900797

89. Damas F, Phillips SM, Libardi CA, Vechin FC, Lixandrao ME, Jannig PR, et al.
Resistance training-induced changes in integrated myofibrillar protein synthesis are
related to hypertrophy only after attenuation of muscle damage. J Physiol [Internet]. 2016
Sep 15 [cited 2018 May 12];594(18):5209-22. Available from:
http://doi.wiley.com/10.1113/JP272472

90. Dail CW, Britt E, Hansen 1. Heavy Resistance Exercises. Med Arts Sci Med Arts
Sci A Sci J Coll Med Evang [Internet]. 1948 [cited 2018 May 12];2(3). Available from:

http://scholarsrepository.llu.edu/medartssciences

91. Mitchell CJ, Churchward-Venne TA, West DWD, Burd NA, Breen L, Baker SK,
et al. Resistance exercise load does not determine training-mediated hypertrophic gains in
young men. J Appl Physiol [Internet]. 2012 Jul [cited 2018 May 12];113(1):71-7.
Available from: http://www.physiology.org/doi/10.1152/japplphysiol.00307.2012

92. Murray C, Lopez A. Evidence-based health policy---Lessons from the Global
Burden of Disease Study. Science (80- ) [Internet]. 1996;740-3. Available from:
http://www.jstor.org/stable/pdt/2891741.pdf

93. Burd NA, Mitchell CJ, Churchward-Venne TA, Phillips SM. Bigger weights may
not beget bigger muscles: evidence from acute muscle protein synthetic responses after
resistance exercise. Appl Physiol Nutr Metab [Internet]. 2012 Jun [cited 2018 May
12];37(3):551-4. Available from: http://www.nrcresearchpress.com/doi/10.1139/h2012-
022

94. Schuenke MD, Herman J, Staron RS. Preponderance of evidence proves “big”
weights optimize hypertrophic and strength adaptations. Eur J Appl Physiol [Internet].
2013 Jan 25 [cited 2018 May 12];113(1):269-71. Available from:

121



http://www.ncbi.nlm.nih.gov/pubmed/23096239

95. Marston KJ, Peiffer JJ, Newton MJ, Scott BR. A comparison of traditional and
novel metrics to quantify resistance training. Sci Rep [Internet]. 2017 Dec 17 [cited 2018

May 12];7(1):5606. Available from: http://www.nature.com/articles/s41598-017-05953-2

96. Helms ER, Cronin J, Storey A, Zourdos MC. Application of the Repetitions in
Reserve-Based Rating of Perceived Exertion Scale for Resistance Training. Strength Cond
J [Internet]. 2016 Aug [cited 2018 May 12];38(4):42-9. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27531969

97. Wernbom M, Augustsson J, Thome?? R. The Influence of Frequency, Intensity,
Volume and Mode of Strength Training on Whole Muscle Cross-Sectional Area in
Humans. Sport Med [Internet]. 2007 [cited 2018 May 12];37(3):225-64. Available from:
http://link.springer.com/10.2165/00007256-200737030-00004

98. Haun CT, Mumford PW, Roberson PA, Romero MA, Mobley CB, Kephart WC,
et al. Molecular, neuromuscular, and recovery responses to light versus heavy resistance
exercise in young men. Physiol Rep [Internet]. 2017 Sep [cited 2018 May
12];5(18):e13457. Available from: http://doi.wiley.com/10.14814/phy2.13457

99. Schoenfeld B, Peterson M, ... DO-TJ of, 2015 undefined. Effects of low-vs.
high-load resistance training on muscle strength and hypertrophy in well-trained men.
journals.lww.com [Internet]. [cited 2018 May 12]; Available from:
https://journals.lww.com/nsca-

jscr/Abstract/2015/10000/Effects of Low vs High Load Resistance Training.36.asp

X

100.  Schoenfeld BJ, Wilson JM, Lowery RP, Krieger JW. Muscular adaptations in
low- versus high-load resistance training: A meta-analysis. Eur J Sport Sci [Internet]. 2016
Jan 2 [cited 2018 May 12];16(1):1-10. Available from:
http://www.tandfonline.com/doi/full/10.1080/17461391.2014.989922

122



101.  Mobley C, Haun C, Roberson P, Nutrients PM-, 2017 undefined. Effects of
whey, soy or leucine supplementation with 12 weeks of resistance training on strength,
body composition, and skeletal muscle and adipose tissue. mdpi.com [Internet]. [cited

2018 May 12]; Available from: http://www.mdpi.com/2072-6643/9/9/972/htm

102.  Schoenfeld BJ, Ogborn D, Krieger JW. The dose-response relationship between
resistance training volume and muscle hypertrophy: are there really still any doubts? J
Sports Sci [Internet]. 2017 Oct 18 [cited 2018 May 12];35(20):1985-7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27805470

103.  Jenkins NDM, Miramonti AA, Hill EC, Smith CM, Cochrane-Snyman KC,
Housh T1J, et al. Greater Neural Adaptations following High- vs. Low-Load Resistance
Training. Front Physiol [Internet]. 2017 May 29 [cited 2018 May 12];8. Available from:
http://journal.frontiersin.org/article/10.3389/fphys.2017.0033 1/full

104.  Vigotsky AD, Halperin I, Lehman GJ, Trajano GS, Vieira TM. Interpreting Signal
Amplitudes in Surface Electromyography Studies in Sport and Rehabilitation Sciences.
Front Physiol [Internet]. 2017 [cited 2018 May 27];8:985. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/29354060

105.  Stock MS, Beck TW, Defreitas JM. Effects of fatigue on motor unit firing rate
versus recruitment threshold relationships. Muscle Nerve [Internet]. 2012 Jan [cited 2018

May 12];45(1):100-9. Available from: http://doi.wiley.com/10.1002/mus.22266

106.  Burd NA, West DWD, Staples AW, Atherton PJ, Baker JM, Moore DR, et al.
Low-Load High Volume Resistance Exercise Stimulates Muscle Protein Synthesis More
Than High-Load Low Volume Resistance Exercise in Young Men. Lucia A, editor. PLoS
One [Internet]. 2010 Aug 9 [cited 2018 May 27];5(8):e12033. Available from:
http://dx.plos.org/10.1371/journal.pone.0012033

107.  Lasevicius T, Ugrinowitsch C, Schoenfeld BJ, Roschel H, Tavares LD, De Souza

EO, et al. Effects of different intensities of resistance training with equated volume load

123



on muscle strength and hypertrophy. Eur J Sport Sci [Internet]. 2018 Mar 22 [cited 2018
May 12];1-9. Available from: http://www.ncbi.nlm.nih.gov/pubmed/29564973

108.  Poortmans JR, Carpentier A. Protein metabolism and physical training: any need
for amino acid supplementation? Nutrire [Internet]. 2016 Dec 19 [cited 2018 May
12];41(1):21. Available from:
http://nutrirejournal.biomedcentral.com/articles/10.1186/s41110-016-0022-x

109.  Izquierdo M, Ibaiiez J, Gonzalez-Badillo JJ, Hékkinen K, Ratamess NA, Kraemer
W1, et al. Differential effects of strength training leading to failure versus not to failure on
hormonal responses, strength, and muscle power gains. J Appl Physiol [Internet]. 2006
May [cited 2018 May 27];100(5):1647-56. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/16410373

110.  Progression Models in Resistance Training for Healthy Adults. Med Sci Sport
Exerc [Internet]. 2009 Mar [cited 2018 May 12];41(3):687—708. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19204579

111.  Kraemer WJ, Fleck SJ, Dziados JE, Harman EA, Marchitelli LJ, Gordon SE, et al.
Changes in hormonal concentrations after different heavy-resistance exercise protocols in
women. J Appl Physiol [Internet]. 1993 Aug [cited 2018 May 12];75(2):594-604.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/8226457

112.  Kraemer WJ, Marchitelli L, Gordon SE, Harman E, Dziados JE, Mello R, et al.
Hormonal and growth factor responses to heavy resistance exercise protocols. J Appl
Physiol [Internet]. 1990 Oct [cited 2018 May 12];69(4):1442—-50. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/2262468

113.  Kraemer W, Gordon S, Fleck S, Marchitelli L, Mello R, Dziados J, et al.
Endogenous Anabolic Hormonal and Growth Factor Responses to Heavy Resistance
Exercise in Males and Females. Int J Sports Med [Internet]. 1991 Apr 14 [cited 2018 May
12];12(02):228-35. Available from: http://www.ncbi.nlm.nih.gov/pubmed/1860749

124



114.  MacDougall JD, Ray S, Sale DG, McCartney N, Lee P, Garner S. Muscle
substrate utilization and lactate production. Can J Appl Physiol [Internet]. 1999 Jun [cited
2018 May 12];24(3):209—-15. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/10364416

115.  Schoenfeld BJ. Potential Mechanisms for a Role of Metabolic Stress in
Hypertrophic Adaptations to Resistance Training. Sport Med [Internet]. 2013 Mar 22
[cited 2018 May 12];43(3):179-94. Available from:
http://link.springer.com/10.1007/s40279-013-0017-1

116.  Schoenfeld BJ. Potential Mechanisms for a Role of Metabolic Stress in
Hypertrophic Adaptations to Resistance Training. Sport Med [Internet]. 2013 Mar 22
[cited 2018 May 12];43(3):179-94. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/23338987

117.  Tamaki T, Uchiyama S, Tamura T, Nakano S. Changes in muscle oxygenation
during weight-lifting exercise. Eur J Appl Physiol Occup Physiol [Internet]. 1994 [cited
2018 May 12];68(6):465-9. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/7957136

118.  Goto K, Nagasawa M, Yanagisawa O, Kizuka T, Ishii N, Takamatsu K. Muscular
Adaptations to Combinations of High- and Low-Intensity Resistance Exercises. J Strength
Cond Res [Internet]. 2004 Nov [cited 2018 May 12];18(4):730. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/15574075

119.  Grgic J, Lazinica B, Mikulic P, Krieger JW, Schoenfeld BJ. The effects of short
versus long inter-set rest intervals in resistance training on measures of muscle
hypertrophy: A systematic review. Eur J Sport Sci [Internet]. 2017 Sep 14 [cited 2018
May 12];17(8):983-93. Available from:
https://www.tandfonline.com/doi/full/10.1080/17461391.2017.1340524

120.  Schoenfeld BJ, Ogborn DI, Krieger JW. Effect of Repetition Duration During

125



Resistance Training on Muscle Hypertrophy: A Systematic Review and Meta-Analysis.
Sport Med [Internet]. 2015 Apr 20 [cited 2018 May 12];45(4):577-85. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/25601394

121.  Hackett DA, Davies TB, Orr R, Kuang K, Halaki M. Effect of movement velocity
during resistance training on muscle-specific hypertrophy: A systematic review. Eur J
Sport Sci [Internet]. 2018 Feb 12 [cited 2018 May 12];1-10. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/29431597

122.  Schoenfeld BJ, Ogborn DI, Krieger JW. Effect of Repetition Duration During
Resistance Training on Muscle Hypertrophy: A Systematic Review and Meta-Analysis.
Sport Med [Internet]. 2015 Apr 20 [cited 2018 May 12];45(4):577-85. Available from:
http://link.springer.com/10.1007/s40279-015-0304-0

123.  Dankel SJ, Mattocks KT, Jessee MB, Buckner SL, Mouser JG, Loenneke JP. Do
metabolites that are produced during resistance exercise enhance muscle hypertrophy? Eur
J Appl Physiol [Internet]. 2017 Nov 3 [cited 2018 May 12];117(11):2125-35. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/28776271

124.  Willkomm L, Schubert S, Jung R, Elsen M, Borde J, Gehlert S, et al. Lactate
regulates myogenesis in C2C12 myoblasts in vitro. Stem Cell Res [Internet]. 2014 May
[cited 2018 May 12];12(3):742-53. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24735950

125. Ohno Y, Oyama A, Kaneko H, Egawa T, Yokoyama S, Sugiura T, et al. Lactate
increases myotube diameter via activation of MEK/ERK pathway in C2C12 cells. Acta
Physiol [Internet]. 2018 Jun 1 [cited 2018 May 12];223(2):e13042. Available from:
http://doi.wiley.com/10.1111/apha.13042

126.  Debold EP. Recent Insights into Muscle Fatigue at the Cross-Bridge Level. Front
Physiol [Internet]. 2012 [cited 2018 May 12];3:151. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/22675303

126



127.  Mobley CB, Haun CT, Roberson PA, Mumford PW, Kephart WC, Romero MA,
et al. Biomarkers associated with low, moderate, and high vastus lateralis muscle
hypertrophy following 12 weeks of resistance training. Philp A, editor. PLoS One
[Internet]. 2018 Apr 5 [cited 2018 May 12];13(4):e0195203. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/29621305

128.  Schoenfeld BJ, Ogborn D, Krieger JW. Effects of Resistance Training Frequency
on Measures of Muscle Hypertrophy: A Systematic Review and Meta-Analysis. Sport
Med [Internet]. 2016 Nov 21 [cited 2018 May 12];46(11):1689-97. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27102172

129.  Hackett DA, Johnson NA, Chow C-M. Training Practices and Ergogenic Aids
Used by Male Bodybuilders. J Strength Cond Res [Internet]. 2013 Jun [cited 2018 May
12];27(6):1609—17. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22990567

130.  Bohe¢ J, Low JF, Wolfe RR, Rennie MJ. Latency and duration of stimulation of
human muscle protein synthesis during continuous infusion of amino acids. J Physiol
[Internet]. 2001 Apr 15 [cited 2018 May 12];532(Pt 2):575-9. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/11306673

131.  Gomes GK, Franco CM, Nunes PRP, Orsatti FL. High-frequency resistance
training is not more effective than low-frequency resistance training in increasing muscle
mass and strength in well-trained men. J Strength Cond Res [Internet]. 2018 Feb 27 [cited
2018 May 27];1. Available from: http://www.ncbi.nlm.nih.gov/pubmed/29489727

132.  Colquhoun RJ, Gai CM, Aguilar D, Bove D, Dolan J, Vargas A, et al. Training
Volume, Not Frequency, Indicative of Maximal Strength Adaptations to Resistance
Training. J Strength Cond Res [Internet]. 2018 May [cited 2018 May 12];32(5):1207-13.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/29324578

133.  Baar K, Esser K. Phosphorylation of p70(S6k) correlates with increased skeletal

muscle mass following resistance exercise. Am J Physiol [Internet]. 1999 Jan [cited 2018

127



May 12];276(1 Pt 1):C120-7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/9886927

134.  Hornberger TA, Armstrong DD, Koh TJ, Burkholder TJ, Esser KA. Intracellular
signaling specificity in response to uniaxial vs. multiaxial stretch: implications for
mechanotransduction. Am J Physiol Physiol [Internet]. 2005 Jan [cited 2018 May
12];288(1):C185-94. Available from: http://www.ncbi.nlm.nih.gov/pubmed/15371259

135. Ogasawara R, Fujita S, Hornberger TA, Kitaoka Y, Makanae Y, Nakazato K, et
al. The role of mTOR signalling in the regulation of skeletal muscle mass in a rodent
model of resistance exercise. Sci Rep [Internet]. 2016 Nov 9 [cited 2018 May
12];6(1):31142. Available from: http://www.ncbi.nlm.nih.gov/pubmed/27502839

136.  Franke TF, Yang SI, Chan TO, Datta K, Kazlauskas A, Morrison DK, et al. The
protein kinase encoded by the Akt proto-oncogene is a target of the PDGF-activated
phosphatidylinositol 3-kinase. Cell [Internet]. 1995 Jun 2 [cited 2018 May 12];81(5):727—
36. Available from: http://www.ncbi.nlm.nih.gov/pubmed/7774014

137. Inoki K, LiY,ZhuT, WulJ, Guan K-L. TSC2 is phosphorylated and inhibited by
Akt and suppresses mTOR signalling. Nat Cell Biol [Internet]. 2002 Sep 12 [cited 2018
May 12];4(9):648-57. Available from: http://www.ncbi.nlm.nih.gov/pubmed/12172553

138.  Harris TE, Lawrence JC. TOR signaling. Sci STKE [Internet]. 2003 Dec 9 [cited
2018 May 12];2003(212):rel5. Available from:
http://stke.sciencemag.org/cgi/doi/10.1126/stke.2122003re15

139.  Tee AR, Fingar DC, Manning BD, Kwiatkowski DJ, Cantley LC, Blenis J.
Tuberous sclerosis complex-1 and -2 gene products function together to inhibit
mammalian target of rapamycin (mTOR)-mediated downstream signaling. Proc Natl Acad
Sci U S A [Internet]. 2002 Oct 15 [cited 2018 May 12];99(21):13571-6. Available from:
http://www.pnas.org/cgi/doi/10.1073/pnas.202476899

140.  Terzis G, Spengos K, Mascher H, Georgiadis G, Manta P, Blomstrand E. The

128



degree of p70S6k and S6 phosphorylation in human skeletal muscle in response to
resistance exercise depends on the training volume. Eur J Appl Physiol [Internet]. 2010
Nov 10 [cited 2018 May 12];110(4):835-43. Available from:
http://link.springer.com/10.1007/s00421-010-1527-2

141.  Weitkunat M, Brasse M, Bausch AR, Schnorrer F. Mechanical tension and
spontaneous muscle twitching precede the formation of cross-striated muscle in vivo.
Development [Internet]. 2017 Apr 1 [cited 2018 May 12];144(7):1261-72. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/28174246

142.  Jacobs BL, Goodman CA, Hornberger TA. The mechanical activation of mTOR
signaling: an emerging role for late endosome/lysosomal targeting. J Muscle Res Cell
Motil [Internet]. 2014 Feb [cited 2018 May 12];35(1):11-21. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24162376

143.  Miyazaki M, McCarthy JJ, Esser KA. Insulin like growth factor-1-induced
phosphorylation and altered distribution of tuberous sclerosis complex (TSC)1/TSC2 in
C2C12 myotubes. FEBS J [Internet]. 2010 May [cited 2018 May 12];277(9):2180-91.
Available from: http://doi.wiley.com/10.1111/5.1742-4658.2010.07635.x

144.  Baar K, Nader G, Bodine S. Resistance exercise, muscle loading/unloading and
the control of muscle mass. Essays Biochem [Internet]. 2006 Nov 27 [cited 2018 May
12];42:61-74. Available from: http://www.ncbi.nlm.nih.gov/pubmed/17144880

145.  Crossland H, Kazi AA, Lang CH, Timmons JA, Pierre P, Wilkinson DJ, et al.
Focal adhesion kinase is required for IGF-I-mediated growth of skeletal muscle cells via a
TSC2/mTOR/S6K 1-associated pathway. Am J Physiol Endocrinol Metab [Internet]. 2013
Jul 15 [cited 2018 May 12];305(2):E183-93. Available from:
http://www.physiology.org/doi/10.1152/ajpendo.00541.2012

146.  Kramer HF, Goodyear LJ. Exercise, MAPK, and NF-kB signaling in skeletal
muscle. J Appl Physiol [Internet]. 2007 Jul [cited 2018 May 12];103(1):388-95. Available

129



from: http://www.physiology.org/doi/10.1152/japplphysiol.00085.2007

147.  Brown D, Hikim APS, Kovacheva EL, Sinha-Hikim I. Mouse model of
testosterone-induced muscle fiber hypertrophy: involvement of p38 mitogen-activated
protein kinase-mediated Notch signaling. J Endocrinol [Internet]. 2009 Apr [cited 2018
May 12];201(1):129-39. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19144735

148.  Bassel-Duby R, Olson EN. Signaling Pathways in Skeletal Muscle Remodeling.
Annu Rev Biochem [Internet]. 2006 Jun [cited 2018 May 12];75(1):19-37. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/16756483

149.  Drummond MJ, Fry CS, Glynn EL, Dreyer HC, Dhanani S, Timmerman KL, et
al. Rapamycin administration in humans blocks the contraction-induced increase in
skeletal muscle protein synthesis. J Physiol [Internet]. 2009 Apr 1 [cited 2018 May
12];587(Pt 7):1535—46. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19188252

150.  Loenneke JP, Fahs CA, Wilson JM, Bemben MG. Blood flow restriction: The
metabolite/volume threshold theory. Med Hypotheses [Internet]. 2011 Nov [cited 2018
May 12];77(5):748-52. Available from: http://www.ncbi.nlm.nih.gov/pubmed/21840132

151.  Meyer RA. Does blood flow restriction enhance hypertrophic signaling in skeletal
muscle? J Appl Physiol [Internet]. 2006 May [cited 2018 May 12];100(5):1443—4.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/16614363

152.  Pedersen BK. Muscles and their myokines. J Exp Biol [Internet]. 2011 Jan 15
[cited 2018 May 12];214(Pt 2):337-46. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/21177953

153.  Bamman MM, Petrella JK, Kim J, Mayhew DL, Cross JM. Cluster analysis tests
the importance of myogenic gene expression during myofiber hypertrophy in humans. J
Appl Physiol [Internet]. 2007 Jun [cited 2018 May 12];102(6):2232-9. Available from:
http://www.physiology.org/doi/10.1152/japplphysiol.00024.2007

130



154.  Takarada Y, Nakamura Y, Aruga S, Onda T, Miyazaki S, Ishii N. Rapid increase
in plasma growth hormone after low-intensity resistance exercise with vascular occlusion.
J Appl Physiol [Internet]. 2000 Jan [cited 2018 May 12];88(1):61-5. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/10642363

155. Manini TM, Vincent KR, Leeuwenburgh CL, Lees HA, Kavazis AN, Borst SE, et
al. Myogenic and proteolytic mRNA expression following blood flow restricted exercise.
Acta Physiol (Oxf) [Internet]. 2011 Feb [cited 2018 May 12];201(2):255-63. Available
from: http://doi.wiley.com/10.1111/5.1748-1716.2010.02172.x

156. LAURENTINO GC, UGRINOWITSCH C, ROSCHEL H, AOKI MS, SOARES
AG, NEVES M, et al. Strength Training with Blood Flow Restriction Diminishes
Myostatin Gene Expression. Med Sci Sport Exerc [Internet]. 2012 Mar [cited 2018 May
12];44(3):406—12. Available from: http://www.ncbi.nlm.nih.gov/pubmed/21900845

157.  Waldegger S, Busch GL, Kaba NK, Zempel G, Ling H, Heidland A, et al. Effect
of cellular hydration on protein metabolism. Miner Electrolyte Metab [Internet]. 1997
[cited 2018 May 12];23(3—6):201-5. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/9387117

158.  Adams GR, Hather BM, Baldwin KM, Dudley GA. Skeletal muscle myosin
heavy chain composition and resistance training. J Appl Physiol [Internet]. 1993 Feb
[cited 2018 May 12];74(2):911-5. Available from:
http://www.physiology.org/doi/10.1152/jappl.1993.74.2.911

159.  Frigeri A, Nicchia GP, Verbavatz JM, Valenti G, Svelto M. Expression of
aquaporin-4 in fast-twitch fibers of mammalian skeletal muscle. J Clin Invest [Internet].
1998 Aug 15 [cited 2018 May 12];102(4):695—-703. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/9710437

160.  Schoenfeld B. Science and Development of Muscle Hypertrophy [Internet]. 2016
[cited 2018 May 12]. Available from:

131



https://books.google.com/books?hl=en&lr=&1d=FZIdDAAAQBAJ&oi=fnd&pg=PR1&dq
=science+and+development+of+muscle+hypertrophy+schoenfeld&ots=L009Qzw3LY &s

1g=-yGEpOoWISR1FrFAiIIEWIOPNVOA

161.  Friden J, Lieber RL. Eccentric exercise-induced injuries to contractile and
cytoskeletal muscle fibre components. Acta Physiol Scand [Internet]. 2001 Mar [cited
2018 May 12];171(3):321-6. Available from: http://doi.wiley.com/10.1046/;.1365-
201x.2001.00834.x

162.  Nosaka K, Lavender A, ... MN-1J of, 2003 undefined. Muscle damage in
resistance training. jstage.jst.go.jp [Internet]. [cited 2018 May 12]; Available from:
https://www.jstage.jst.go.jp/article/ijshs/1/1/1 1 1/ article/-char/ja/

163. McHugh MP, Connolly DAJ, Eston RG, Gleim GW. Exercise-Induced Muscle
Damage and Potential Mechanisms for the Repeated Bout Effect. Sport Med [Internet].
1999 [cited 2018 May 12];27(3):157-70. Available from:
http://link.springer.com/10.2165/00007256-199927030-00002

164.  Gibala MJ, MacDougall JD, Tarnopolsky MA, Stauber WT, Elorriaga A. Changes
in human skeletal muscle ultrastructure and force production after acute resistance
exercise. J Appl Physiol [Internet]. 1995 Feb [cited 2018 May 12];78(2):702-8. Available
from: http://www.physiology.org/doi/10.1152/jappl.1995.78.2.702

165. Haun CT, Roberts MD, Romero MA, Osburn SC, Mobley CB, Anderson RG, et
al. Does external pneumatic compression treatment between bouts of overreaching
resistance training sessions exert differential effects on molecular signaling and
performance-related variables compared to passive recovery? An exploratory study. Fisher
G, editor. PLoS One [Internet]. 2017 Jun 29 [cited 2018 May 12];12(6):¢0180429.
Available from: http://dx.plos.org/10.1371/journal.pone.0180429

166.  Ono Y, Sorimachi H. Calpains — An elaborate proteolytic system. Biochim
Biophys Acta - Proteins Proteomics [Internet]. 2012 Jan 1 [cited 2018 May

132



12];1824(1):224-36. Available from:
https://www.sciencedirect.com/science/article/pii/S1570963911002317

167. Yang Y, Jemiolo B, Trappe S. Proteolytic mRNA expression in response to acute
resistance exercise in human single skeletal muscle fibers. J Appl Physiol [Internet]. 2006
Nov [cited 2018 May 12];101(5):1442-50. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/16840578

168.  Raue U, Slivka D, Jemiolo B, Hollon C, Trappe S. Proteolytic gene expression
differs at rest and after resistance exercise between young and old women. J Gerontol A
Biol Sci Med Sci [Internet]. 2007 Dec [cited 2018 May 12];62(12):1407—12. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/18166693

169.  Flann KL, LaStayo PC, McClain DA, Hazel M, Lindstedt SL. Muscle damage
and muscle remodeling: no pain, no gain? J Exp Biol [Internet]. 2011 Feb 15 [cited 2018
May 12];214(Pt 4):674-9. Available from:
http://jeb.biologists.org/cgi/doi/10.1242/jeb.050112

170.  Trappe TA, White F, Lambert CP, Cesar D, Hellerstein M, Evans WJ. Effect of
ibuprofen and acetaminophen on postexercise muscle protein synthesis. Am J Physiol
Metab [Internet]. 2002 Mar [cited 2018 May 12];282(3):E551-6. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/11832356

171.  Areta JL, Burke LM, Ross ML, Camera DM, West DWD, Broad EM, et al.
Timing and distribution of protein ingestion during prolonged recovery from resistance
exercise alters myofibrillar protein synthesis. J Physiol [Internet]. 2013 May 1 [cited 2018
May 12];591(9):2319-31. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/23459753

172.  Staron RS, Karapondo DL, Kraemer WJ, Fry AC, Gordon SE, Falkel JE, et al.
Skeletal muscle adaptations during early phase of heavy-resistance training in men and

women. J Appl Physiol [Internet]. 1994 Mar [cited 2018 May 12];76(3):1247-55.

133



Available from: http://www.ncbi.nlm.nih.gov/pubmed/8005869

173. West DWD, Burd NA, Tang JE, Moore DR, Staples AW, Holwerda AM, et al.
Elevations in ostensibly anabolic hormones with resistance exercise enhance neither
training-induced muscle hypertrophy nor strength of the elbow flexors. J Appl Physiol
[Internet]. 2010 Jan [cited 2018 May 12];108(1):60—7. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/19910330

174.  Morton RW, Oikawa SY, Wavell CG, Mazara N, McGlory C, Quadrilatero J, et
al. Neither load nor systemic hormones determine resistance training-mediated
hypertrophy or strength gains in resistance-trained young men. J Appl Physiol [Internet].
2016 Jul 1 [cited 2018 May 12];121(1):129-38. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27174923

175.  McCarthy JJ, Mula J, Miyazaki M, Erfani R, Garrison K, Farooqui AB, et al.
Effective fiber hypertrophy in satellite cell-depleted skeletal muscle. Development
[Internet]. 2011 Sep 1 [cited 2018 May 27];138(17):3657—66. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/21828094

176.  Petrella JK, Kim J, Mayhew DL, Cross JM, Bamman MM. Potent myofiber
hypertrophy during resistance training in humans is associated with satellite cell-mediated
myonuclear addition: a cluster analysis. J Appl Physiol [Internet]. 2008 Jun [cited 2018
May 12];104(6):1736—42. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/18436694

177.  Snijders T, Nederveen JP, McKay BR, Joanisse S, Verdijk LB, van Loon LJC, et
al. Satellite cells in human skeletal muscle plasticity. Front Physiol [Internet]. 2015 Oct 21
[cited 2018 May 12];6:283. Available from:
http://journal.frontiersin.org/Article/10.3389/fphys.2015.00283/abstract

178.  Hulmi JJ, Lockwood CM, Stout JR. Effect of protein/essential amino acids and

resistance training on skeletal muscle hypertrophy: A case for whey protein. Nutr Metab

134



(Lond) [Internet]. 2010 Jun 17 [cited 2018 May 12];7(1):51. Available from:
http://nutritionandmetabolism.biomedcentral.com/articles/10.1186/1743-7075-7-51

179.  Marcotte GR, West DWD, Baar K. The molecular basis for load-induced skeletal
muscle hypertrophy. Calcif Tissue Int [Internet]. 2015 Mar [cited 2018 May
12];96(3):196-210. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25359125

180.  Hartman JW, Tang JE, Wilkinson SB, Tarnopolsky MA, Lawrence RL, Fullerton
AV, et al. Consumption of fat-free fluid milk after resistance exercise promotes greater
lean mass accretion than does consumption of soy or carbohydrate in young, novice, male
weightlifters. Am J Clin Nutr [Internet]. 2007 Aug 1 [cited 2018 May 12];86(2):373-81.
Available from: http://www.ncbi.nlm.nih.gov/pubmed/17684208

181.  Volek JS, Volk BM, Gémez AL, Kunces LJ, Kupchak BR, Freidenreich DJ, et al.
Whey Protein Supplementation During Resistance Training Augments Lean Body Mass. J
Am Coll Nutr [Internet]. 2013 Apr 19 [cited 2018 May 12];32(2):122-35. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/24015719

182.  Bersheim E, Tipton KD, Wolf SE, Wolfe RR. Essential amino acids and muscle
protein recovery from resistance exercise. Am J Physiol Metab [Internet]. 2002 Oct [cited
2018 May 12];283(4):E648-57. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/12217881

183.  Macnaughton LS, Wardle SL, Witard OC, McGlory C, Hamilton DL, Jeromson
S, et al. The response of muscle protein synthesis following whole-body resistance
exercise is greater following 40 g than 20 g of ingested whey protein. Physiol Rep
[Internet]. 2016 Aug [cited 2018 May 12];4(15):e12893. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/27511985

184. Yang Y, Breen L, Burd NA, Hector AJ, Churchward-Venne TA, Josse AR, et al.
Resistance exercise enhances myofibrillar protein synthesis with graded intakes of whey

protein in older men. Br J Nutr [Internet]. 2012 Nov 7 [cited 2018 May 12];108(10):1780—

135



8. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22313809

185.  Pennings B, Koopman R, Beelen M, Senden JM, Saris WH, van Loon LlJ.
Exercising before protein intake allows for greater use of dietary protein—derived amino
acids for de novo muscle protein synthesis in both young and elderly men. Am J Clin Nutr
[Internet]. 2011 Feb 1 [cited 2018 May 12];93(2):322—-31. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/21084649

186.  Witard OC, Jackman SR, Breen L, Smith K, Selby A, Tipton KD. Myofibrillar
muscle protein synthesis rates subsequent to a meal in response to increasing doses of
whey protein at rest and after resistance exercise. Am J Clin Nutr [Internet]. 2014 Jan 1
[cited 2018 May 12];99(1):86-95. Available from:
https://academic.oup.com/ajcn/article/99/1/86/4577382

187.  Millward DJ. Metabolic Demands for Amino Acids and the Human Dietary
Requirement: Millward and Rivers (1988) Revisited. J Nutr [Internet]. 1998 Dec 1 [cited
2018 May 12];128(12):2563S-2576S. Available from:
https://academic.oup.com/jn/article/128/12/2563S/4724408

188.  Robinson MJ, Burd NA, Breen L, Rerecich T, Yang Y, Hector AJ, et al. Dose-
dependent responses of myofibrillar protein synthesis with beef ingestion are enhanced
with resistance exercise in middle-aged men. Appl Physiol Nutr Metab [Internet]. 2013
Feb [cited 2018 May 12];38(2):120-5. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/23438221

189.  Atherton PJ, Etheridge T, Watt PW, Wilkinson D, Selby A, Rankin D, et al.
Muscle full effect after oral protein: time-dependent concordance and discordance
between human muscle protein synthesis and mTORCI signaling. Am J Clin Nutr
[Internet]. 2010 Nov 1 [cited 2018 May 12];92(5):1080-8. Available from:
https://academic.oup.com/ajcn/article/92/5/1080/4597508

190.  Antonio J, Peacock CA, Ellerbroek A, Fromhoff B, Silver T. The effects of

136



consuming a high protein diet (4.4 g/kg/d) on body composition in resistance-trained
individuals. J Int Soc Sports Nutr [Internet]. 2014 May 12 [cited 2018 May 12];11(1):19.
Available from: http://jissn.biomedcentral.com/articles/10.1186/1550-2783-11-19

191.  Hoffman JR, Ratamess NA, Kang J, Falvo MJ, Faigenbaum AD. Effect of protein
intake on strength, body composition and endocrine changes in strength/power athletes. J
Int Soc Sports Nutr [Internet]. 2006 Dec 13 [cited 2018 May 12];3(2):12—8. Available
from: http://www.ncbi.nlm.nih.gov/pubmed/18500968

192.  Burd NA, Holwerda AM, Selby KC, West DWD, Staples AW, Cain NE, et al.
Resistance exercise volume affects myofibrillar protein synthesis and anabolic signalling
molecule phosphorylation in young men. J Physiol [Internet]. 2010 Aug 15 [cited 2018
May 12];588(16):3119-30. Available from:
http://doi.wiley.com/10.1113/jphysi0l.2010.192856

193.  Kumar V, Selby A, Rankin D, Patel R, Atherton P, Hildebrandt W, et al. Age-
related differences in the dose-response relationship of muscle protein synthesis to
resistance exercise in young and old men. J Physiol [Internet]. 2009 Jan 1 [cited 2018 May
12];587(1):211-7. Available from: http://doi.wiley.com/10.1113/jphysiol.2008.164483

194.  Davies RW, Carson BP, Jakeman PM. The Effect of Whey Protein
Supplementation on the Temporal Recovery of Muscle Function Following Resistance
Training: A Systematic Review and Meta-Analysis. Nutrients [Internet]. 2018 Feb 16
[cited 2018 May 12];10(2). Available from:
http://www.ncbi.nlm.nih.gov/pubmed/29462923

137



