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ABSTRACT

Return-To-The-Platform: The Case of a Collegiate Level Weightlifter Recovering from a

Meniscus Injury

by
Nicholas Gene Harden

The purpose of this study was to observe physiological metrics relative to training-induced
adaptations in conjunction with laboratory- and competition-based performances in a super-
heavyweight weightlifter recovering from a meniscus injury. A retrospective analysis was
conducted on a collegiate level male weightlifter (23.2 yrs; 131.9 kg; 187.3 cm) over the course
of 21-weeks post-meniscus surgery. Body mass, body fat percentage, hydration status, vastus
lateralis muscle cross-sectional area, jump performance, and isometric midthigh pull were
regularly assessed as part of an ongoing athlete monitoring program. Pre-injury baseline (T0)
measurements were collected relative to a major national competition (COMP1). Post-injury
measurements took place at the end of sequential training blocks: strength-endurance training
block 1 (T1), basic strength block 2 (T2), and transmutation block 3 (T3). The final measurement
session (T4) was conducted three-days post-local competition (COMP2). Only statistically
significant increases were observed from TO-T4 for muscle CSA (p=0.0367), isometric peak
force (p<0.05), isometric peak force allometrically scaled to body mass (p=0.0367), and rate of
force development at 250ms (p=.0367). While non-significant changes were observed for
jumping performance, jump height and net impulse did, however, return to baseline. Competition
based performances also showed marked improvements from pre-to-post injury via an increase
in weightlifting total (3.2%A, +9kg) and Sinclair score (1.8%A, +5.3au). Thus, based on these

findings, implementing an evidence-based training program along with a sound athlete



monitoring protocol can aid with reducing an athlete’s return-to-train timeline while improving

physiological, laboratory- and competition-based performance outcomes.
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Chapter 1. Introduction

To be competitive in the sport of weightlifting, athletes must excel in both kinetic and
kinematic abilities. However, weightlifting technique tends to stabilize within a few months
(Ajan & Baroga, 1988; Kauhanen et al., 1984), while kinetic variables continue to improve
(Garhammer, 1993; Cunanan et al., 2020). Additionally, evidence suggests that the magnitude of
force and rate of force development (RFD), and impulse generated by the lifter is paramount to
weightlifting success (Stone et al., 1998; Garhammer, 1980; Garhammer, 1985). Consequently,
the performance of more advanced weightlifters is likely driven by the capacity to generate high
forces, RFD, and peak power outputs (Stone et al., 2005) during the competition lifts of the
snatch and clean and jerk. These characteristics are often developed through unique training
periods designed to elicit specific adaptations to the neuromuscular system. Therefore, assessing
both the magnitudes and timelines in which these adaptations occur can be useful for designing a
training regime for strength and power athletes.

The isometric mid-thigh pull (IMTP) is a typically used method to assess both the kinetic
ability of an athlete as well as monitor changes in their performance potential throughout a
period of training (Hornsby et al., 2017). The IMTP is useful for monitoring of weightlifters
because it provides the ability to safely measure critical performance variables such as peak force
(PF), and rate of force development (RFD) in a sport-specific position, with strong correlations (r
> 0.70) having been found between these variables and weightlifting performance (Beckham et
al., 2013; Hornsby et al., 2017). However, RFD has been found to be more closely related to
most athletic tasks (Maffiuletti et al., 2016) and is more sensitive to fatigue (Hornsby et al.,
2017; Norris et al., 2018). Moreover, quantifying RFD in time bands appears to be more

effective than only peak RFD (Haff et al., 2015), as RFD may be governed by different
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physiological mechanisms, such that earlier RFD time bands (<100 ms from onset) may be more
influenced by neural factors and intrinsic muscle properties (Gruber & Gollhofer, 2004; Van
Cutsem et al., 2004), while later time bands (>150ms) are closely related to maximum muscle
strength and size (Folland et al., 2014). Due to the size, architecture, and composition of muscle
fibers influence on peak force and RFD (Aagaard & Thorstensson, 2008), muscle qualities such
as muscle cross-sectional area are often assessed and monitored through ultrasonography (Hides

etal., 1955).

Performance tests such as the squat jump (SJ) and countermovement jump (CMJ) are
often used to detect fluctuations in power output, jump height, and dynamic RFD capabilities
throughout the training cycles leading up to competition. In fact, they are a preferred monitoring
tool when assessing weightlifting competition preparedness due to their limited interference with
training, as well as biomechanical similarity to weightlifting activities (J. Garhammer, 1980;
John Garhammer & Gregor, 1992). Indeed, peak power and jump height are purportedly
significantly higher in weightlifters when compared to other athletes (Funato et al., 2000;
Garhammer, 1980). In comparison to CMJ, static jumps have been shown to have somewhat
superior associations with absolute and scaled weightlifting performance in male and female
weightlifters (Carlock et al., 2004; Travis, Goodin, Suarez et al., 2017). Consequently,

monitoring jump performance is a useful secondary measure to track weightlifting performance.

Injuries often occur in sport, with sports such as American football, basketball, and
soccer experiencing 4.31-9.6 injuries per 1000 hours of training and play (Aasa et al., 2017;
Prieto-Gonzalez et al., 2021). However, despite the explosive nature of strength sports such as
weightlifting, powerlifting, strongman, and throwing events, injuries occur less frequently, with

as few as 2.3-3.3 injuries per 1000 hours of training and play (Aasa et al., 2017; Keogh &
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Winwood, 2017). Of these injuries, knee injuries tend to occur more frequently in sports such as
weightlifting (Aasa et al., 2017). Unfortunately, the current literature regarding return-to-play,
rehabilitation, and re-injury is lacking in relation to strength sports, focusing more on traditional
sport (Bizzini, 2022; D’Lauro et al., 2018) or providing recommendations too broad for
practicality (Ardern et al., 2016). To address rehabilitation of athletes, case studies are often used
to track progress back to competition; however, they generally fail to provide detailed
information about the specific training protocols used prior to, during, and after injury, sport
specific monitoring tools, and changes in performance before and after injury to assess the
efficacy of the intervention. Taken together, research is needed to provide practitioners with a

rubric to guide rehabilitation of strength-power athletes such as weightlifters.

Block periodization is a framework used to sequentially produce specific adaptations
across training phases, culminating in a peak in performance where the athlete has the highest
likely performance on competition day (DeWeese et al. 2015; Stone et al. 2021). This form of
periodization includes phases known as accumulation (general preparation), transmutation
(special preparation), and realization (competition and taper) phases (Issurin, 2008; DeWeese et
al., 2015b; Stone et al., 2021). This order of training phases is intended to develop work capacity
and force generating potential early in the training cycle to potentiate the more specific training
phases that follow in a logical and sequential way. However, using it as a means to rehabilitate
athletes has not been produced in the current literature. It is possible that block periodization,
combined with athlete monitoring tools such as the IMTP, jump performance, and
ultrasonography, could serve as an effective means to prevent injuries and rehabilitate athletes
interested in returning to the platform. Thus, the purpose of this observation is to retrospectively

investigate 1) the efficacy using a block periodization-style rehabilitation training protocol, 2)
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the effectiveness of sport specific athlete monitoring to observe physiological adaptations, and 3)
assess laboratory- and competition-based performance changes in a collegiate male weightlifter

following a right knee meniscal injury.
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Operational Definitions

1. Block: 3-5-week period of training that emphasizes specific qualities.

2. Countermovement jump: A type of vertical jump that begins with a
countermovement.

3. Countermovement: A downward movement that precedes an upward movement.

4. 1sometric Mid-Thigh Pull: A test of muscular strength conducted on fixed bar set
inside of an adjustable rack. Subjects are placed in a position that mimics the second
pull of a clean before performing an isometric pull as fast and hard as possible while
standing on dual force plates.

5. Net-Impulse: The difference between the area under the force-time curve above and
below system mass.

6. Peak Force: Highest force value found in a force-time curve.

7. Power: Product of force and velocity or rate of performing work.

8. Rate of Force Development: Change in force divided by change in time.

9. Sinclair: Calculation used to scale WL performance to body mass so that weightlifters
can be compared across weight classes.

10. Strength: Ability of a muscle or group of muscles to produce force.
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Chapter 2. Comprehensive Review of the Literature

Developing a training plan designed to maximize the physical development of an athlete
IS an important process, as the ability to lift heavy, run fast, or throw far has always been a
simple but critical ability for most athletes. Indeed, these qualities are still desired and contested
at the highest levels of sport in modern times. Achieving success in strength-power sports
depends largely on the physical abilities of the athlete, making the evolution of qualities such as
task specific hypertrophy, strength, and speed crucial when comparison to other sports. Due to
this, it is crucial to create a sound, driven, and effective training process to develop serious
strength-power athletes, which should be assessed through sport specific athlete monitoring

tools.

Training and Periodization

The primary goal of training is to increase an athlete’s potential of winning, which
requires the athlete or group of athletes to perform better at their task than their competitor
(Suarez et al., 2019). Although the primary determinant of winning in strength-power sports is
strongly related to the genetics of the athletes (Bouchard et al., 1992; Huygens et al., 2004; Stone
et al., 2007), it is mostly considered an uncontrollable aspect of the training process and therefore
the physical, tactical, technical, and psychological preparation of the athlete becomes the only
controllable aspect of winning or losing (Stone et al., 2007). This requires a long-term training
plan based on the logical and evidence-based principles to guide the training process to most
effectively prepare an athlete for success on the day of competition, including the use of block
periodization, followed by implementation of sound training principles such as specificity,

variation, and overload.
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Planning the training process cannot be random, but instead requires the exploitation of
training methods that serve a particular purpose (Suarez et al., 2019). Consequently, the most
evident principle of training is the concept of specificity, which deals with the degree of
mechanical or metabolic similarity between a training exercise or method and the actual
competitive movement (DeWeese et al. 2015: Stone et al. 2007). However, one must also
consider dynamic correspondence, a detailed strategy for comparing the specificity of
movements (Verkoshansky & Siff, 2009; Suarez et al., 2019). Dynamic correspondence is a set
of criteria that can be used to determine the level of specificity of movement by comparing the
range of motion and directions of movements, the magnitudes and velocities of force application,
the regions of force production, the type of muscular actions (e.g., concentric or eccentric), and
the rate and time of force production (Goodwin & Cleather, 2016; Suarez et al., 2019). Although
specificity is important, initial adaptations to any training strategy come with diminishing returns
and require an eventual shift in stimulus to prevent stagnation. Consequently, variation, another
important training principle, involves adjusting the training type, volume, intensity, and
frequency to prolong athlete development and prevent boredom and injury from overuse
(Kassiano et al., 2022; Bompa & Haff, 2009; Stone et al., 1991; Stone et al., 2021). The third
training principle, overload, is the primary stimulus for eliciting desired adaptations (Stone et al.,
2000) by disrupting the athlete’s current levels of homeostasis, forcing the body to achieve levels
of performance it has not previously (Suarez et al., 2019). This is achieved through the cyclical
increase in volume, intensity, or frequency of training, causing a stress response (disrupting
homeostasis). Indeed, this response can be partially explained by the General Adaptation

Syndrome (GAS) originally developed by Hans Selye (1956), which has been related to the
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training process in athletes and used as part of the rationale for modern periodization (Cunanan

et al., 2018; Haff, 2004a, 2004b; Zatsiorsky & Kraemer, 2006).

Periodization is built on four basic goals: (1) to elevate an athlete’s performance at
predetermined timepoints; (2) maximize specific physiological and performance adaptations at
the appropriate time; (3) reduce the risk of non-functional overreaching and overtraining; and (4)
provide for long-term athlete development (Bompa & Haff, 2009; Stone et al., 2021). Practically,
periodization is a conceptual blueprint dealing with fitness phases and timelines that allow the
coach to project an approximate timeline for when various types of fitness phases will be
emphasized, as well as the order and duration of each phase (DeWeese et al., 2015; Stone et al.,
2021). Although two types of periodization exist (traditional and block), block periodization is
generally considered more effective for most sports compared relative to traditional
periodization, as traditional periodization comes with limiting factors, including the inability to
provide multi peak performances in close time proximity, simultaneous attempts to increase
multi-factors can result in incompatibility of different training stimuli, and insufficient training
stimulus (Issurin, 2008; Issurin, 2010). Conversely, block periodization, which can be broken
down into single factor or multi factor, uses concentrated loading (blocks) which emphasizes one
or a few characteristics of physiological development (i.e., endurance, strength, power, speed),
while de-emphasizing other aspects of training through implementation of retaining loads
(minimal doses to maintain specific fitness characteristics; DeWeese et al., 2015; Stone et al.,
2021). The implementation of these concentrated loads produces residual training effects that can
be carried over into the next block, a concept known as phase potentiation (Issurin, 2009; Stone

et al., 2006; Stone et al., 2021).
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Block periodization is comprised of stages of training that include three periodization
blocks; the accumulation (general preparation), transmutation (special preparation), and
realization (competition) blocks (Issurin, 2008; DeWeese et al., 2015; Stone et al., 2021). Each
stage involves differing lengths of each block, such that the accumulation and transmutation
phases are larger and the realization phase smaller across a stage. Early stages generally have
relatively long accumulation and transmutation phases. However, as the target competition
approaches, stages will favor smaller accumulation and transmutation phases while spending
more time in the realization phase (Issurin, 2008).

The first periodization block is termed an accumulation and is typically characterized by
higher training volumes, lower intensities, and relatively low mechanical specificity. During this
time, the intention is to raise sport specific fitness, including aspects such as body composition
alterations and increasing work capacity (DeWeese et al., 2015; Stone et al., 2021). The second
block, transmutation, is typically characterized by moderately high volumes (typically not as
high as the accumulation phase), low to moderate intensities, and higher mechanical specificity.
This block is useful for transitioning athletes from higher volume, less specific training
experienced during accumulation to higher intensity, very specific training that more closely
resembles competition (DeWeese et al., 2015; Stone et al., 2021). The final block of training
before competition is the realization and is typically characterized by moderate to low volumes
of training with moderate to high intensities that are mechanically specific to performance. The
purpose of this phase is to maintain fitness as much as possible, while enhancing technical
consistency/efficiency and lowering accumulated fatigue (DeWeese et al., 2015; Stone et al.,
2021). Lastly, transition phases of active rest are used to provide the athlete time to recover

physically and mentally from training and competition (Bompa & Haff, 2009; Nadori & Granek,
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1989). Overall, for the strength-power athlete, Stone et al. (1981) suggested a periodized model
aimed at developing hypertrophy, max strength, strength, and power, and then peaking in that
order to drive performance, which has since been supported by the literature (Minetti, 2002;

Zamparo et al., 2002).

Characteristics of the Sport of Weightlifting

Weightlifting is a strength-power sport within which athletes operate in a spectrum of
bodyweight classes to compete. Competition is decided based on lifting the highest total amount
of weight in the snatch and clean and jerk. In the snatch, the first lift in competition, the lifter
attempts to lift the barbell from the floor directly to the overhead position in one swift motion. In
the second lift, the clean and jerk, the lifter attempts to lift the barbell from the floor to the
shoulders (clean), and then from the shoulder to overhead (jerk). Both lifts are completed when
the lifter controls the barbell overhead with locked arms, feet aligned, and standing completely
erect. Each lifter is provided with three attempts per lift, with the heaviest weight lifted in both
the clean and jerk and snatch used for calculating that athlete’s total. The lifter with the highest
total in each bodyweight class is declared the winner. To increase the odds of winning, the
development of strength, rate of force development (RFD), power, and high-intensity exercise
endurance should be the primary emphasis when training weightlifters (Stone et al., 2006).
Weightlifting programming warrants the use of periodized resistance training in which
programming strategies include both the competition lifts and accessory movements such as
squats, presses, pulls, and derivatives of the competitive lifts. Although success in weightlifting
involves a combination of explosive strength, technique, and flexibility (Enoka, 1979;

Garhammer, 1989), the main determinant between non-elite and elite lifters seems to be
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influenced by force production capabilities (Kauhanen et al., 1994, Cunanen et al., 2020; Suarez,

2022).

Kinetics

In order to move the bar, the lifter must apply sufficient force to it (Baumann et al.,
1988). The weightlifter’s ability to perform is primarily driven by the strength and power of the
hips and legs (Garhammer, 1980). This is observed when examining the well-developed lower
bodies of trained weightlifters compared to other athletes of similar size. Indeed, when both
Garhammer (1980) and Stone, O’Bryant, Williams, Johnson, and Pierce (1998) observed the
kinetic differences between successful and unsuccessful lifts, they discovered that successful
snatch attempts depended largely on the magnitude and RFD produced by the lifter.
Furthermore, when comparing Finnish elite and district level weightlifters, Kauhanen, Hakkinen,
and Komi (1984) observed strong correlations between relative ground reaction forces during the
pull and weightlifting performance. They (Kauhanen et al., 1984) indicated that the primary
difference between the elite lifters and district level was force production capabilities and not
technique, a finding corroborated by Cunanan et al. (2020) and Suarez et al. (2022). In the
competition lifts, weightlifters must generate very high peak forces, power outputs, and RFD
(Storey & Smith, 2012), indicating that the ability to produce force (and quickly) appears to be

an important determinant of elite weightlifting performance.

Strength
Although tactical training is an integral part of weightlifting, it stands to reason that since

max strength strongly influences weightlifting performance, and technique often stabilizes after a
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few months to years of training, prioritizing strength training is more beneficial than technique
training with advanced weightlifters (Stone et al., 2005). Indeed, except for the drop under phase
of the jerk, Kauhanen et al. (1984) found no significant kinematic differences between non-elite
and elite lifters, which can be explained by the observation that technique tends to be relatively
stable in a relatively short period of weightlifting training. Interestingly, this idea is supported by
Garhammer (1993), who observed minimal changes in lifter and bar kinematics across several
years while the weight lifted and power output increase ~10-20%. Consequently, since the major
contributing factor to elite weightlifting performance is likely peak power production, and peak
power is significantly influenced by force production, max strength should be the primary focus
of weightlifting training (Stone et al., 2005). In the early development of a weightlifter, training
technique is undoubtedly important, but as a lifter advances, it will likely be more beneficial to

emphasize development of max strength to improve performance, rather than technique.

Physical and Physiological Characteristics

Due to the nature of weightlifting, many elite weightlifters, within the same weight class,
possess similar characteristics of height, weight, body composition, and relative limb lengths
(Stone & Kirksey, 2000). Male weightlifters in the light to middle-weight weight classes (i.e.,
56kg-85kg) tend to have body fat percentages around 5-10% and share similar body composition
characteristics to jumpers, sprinters, and wrestlers of similar weight. Conversely, weightlifters in
heavier weight classes (94kg-105+kg) can have body fat percentages >17% and similar body
compositions to heavyweight wrestlers, throwers, and powerlifters (Storey & Smith, 2012).
Weightlifters generally try to maximize the amount of muscle they can carry within their weight

class, which often results in weightlifters being shorter and possessing higher relative body
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masses compared to other athletes. Consequently, they tend to have proportionally shorter arm
spans and tibia lengths, and relatively long torsos (Carter et al., 1982; Marchocka & Smuk,
1984). Indeed, such anthropometric characteristics provide mechanical advantages during the
competitive lifts, as the mechanical torque required to lift a given load is less due to the shorter
lengths of the lever arms, concomitantly reducing the work required due to the shorter distance
that the barbell must be displaced vertically (Keogh et al., 2007). Additionally, shorter, leaner
athletes can maximize muscle cross-sectional area (CSA) within their weight class, which has
been demonstrated to be advantageous for performance (Ford et al., 2000).

Weightlifters have been found to possess a greater abundance and muscle CSA of type
Ila fibers and a larger 11:1 muscle CSA than most other athletes because of the high force
demands of their sport (Fry et al., 2003; Serrano et al., 2018). Both the size and content of type
I1a fiber have been shown to correlate strongly with weightlifting performance (Fry et al., 2003;
Serrano et al., 2018). Partly, due to these qualities, the contractile RFD and isometric peak force
(IPF) of weightlifters have been reported to be ~13-16% and ~15-20% greater than in other
strength and power athletes (Storey & Smith, 2012). During the competition lifts, weightlifters
achieve peak force, power, and barbell velocities in less than 260 ms (Garhammer, 1991).
Nevertheless, the second pull (thigh upward) is the primary propulsive phase of the lift and
required extremely high forces to be rapidly generated in even less time during this period.
Consequently, maximum contractile RFD is an important contributor to weightlifting
performance. Taken together, training that maximizes both the size and amount of type 1l fibers
and increases peak force, power, and RFD should be emphasized in the preparation of a

weightlifter.
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Hypertrophy

Within the discussion of skeletal muscle hypertrophy exists a substantial amount of
ambiguity. Historically, within the context of resistance training, hypertrophy has been defined
as an increase in muscle mass and CSA at the whole tissue and cellular level (Russell et al.,
2000). However, due to the complex nature of muscle physiology and anatomy, as well as the
measurement techniques used, Haun et al. (2019) proposed that hypertrophy be generally and
simply defined as an increase in skeletal muscle size that is accompanied by an increase in
protein, mineral, or substrate abundance (e.g., glycogen and intramuscular triglyceride).
Nevertheless, hypertrophy is made more complicated by the fact that multiple intramuscular
compartments can be augmented as a consequence of training, including connective tissue,
myofibrillar, and sarcoplasmic domains. To monitor these different types of domains, different
methods have been used to assess each, broadly at the whole-body, localized, microscopic, and
ultramicroscopic and molecular level (Haun et al., 2019). Each of these measurements provides a
different analysis, sometimes markedly, of skeletal muscle and therefore provides unique

insights into hypertrophy.

Types of Hypertrophy

Although muscle protein synthesis (MPS) is often used a proxy for skeletal muscle
hypertrophy, there are different sub-fractions of MPS that contribute to the increase in muscle
size, namely myofibrillar and sarcoplasmic (reticular, mitochondrial, glycogen, and other
sarcoplasmic constituents). The sub-fraction of MPS is important in relationship to the
performance enhancement that will be attained by the athlete. Indeed, strength-power athletes

benefit from the increase in the myofibrillar sub-fraction by increasing the total contractile tissue
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available and therefore force producing capabilities. Furthermore, the fiber type that expresses
this increase in contractile capability also results in performance enhancement. Although still
elusive, there are several potential mechanisms that result in the relative increase in each sub-

fraction of MPS and are important considerations for driving the training process.

Myofibrillar. It appears that the majority of hypertrophy induced by long-term
resistance training programs results from an increase of sarcomeres and myofibrils that are added
in parallel (Paul & Rosenthal, 2002; Maden-Wilkinson et al., 2020; Tesch & Larsson, 1982).
When subjected to overload, the myofibers and extracellular matrix in skeletal muscle are
perturbed, setting off a chain of myogenic events that lead to an increase in the size and amount
of myofibrillar contractile proteins actin and myosin, and the total number of sarcomeres in
parallel (Schoenfeld et al., 2010). This augments the diameter of individual fibers, resulting in an
increase in muscle CSA (Toigo & Boutellier, 2006) both of which have been strongly associated
with an athlete’s ability express max strength and power (McMahon et al., 2015). Beyond parallel
increases in sarcomeres, which result in increases in force production (Lieber & Ward, 2011),
sarcomeres may also increase serially in a given muscle length, adapting to a new functional

length and increasing muscle fiber velocity (Lieber & Ward, 2011).

Sarcoplasmic. Interestingly, in contrast to myofibrillar hypertrophy, skeletal muscle
hypertrophy may also be induced by an increase in its sarcoplasm, known as sarcoplasmic
hypertrophy. This occurs when there’s a disproportionate increase in the volume of sarcoplasm
relative to myofibril protein accretion (Haun et al., 2019b; Vann et al., 2020b). This is thought to

occur by an increase in sarcoplasmic constituents such as mitochondrial size and/or density, the
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sarcoplasmic reticulum, macromolecules (e.g., ribosomes, glycogen, and lipid droplets), and
various proteins and enzymes. While several studies have reported increases in sarcoplasmic
hypertrophy (Haun et al., 2019b; Meijer et al., 2015; Vann et al., 2020a), the literature on the
topic is mixed (Roberts et al., 2020). Furthermore, tissue edema is associated with localized
damage and manifests as a retention of both intracellular and interstitial fluid, and through
exercise-induced muscle damage, can be accompanied by sarcolemma damage where an
infiltration of large serum protein such as albumin and fluid occur within and around muscle
fibers (Valle et al., 2013), and therefore might not be demonstrative of typical sarcoplasmic
hypertrophy, but edema (Yu et al., 2013). Nevertheless, acute increases in protein synthesis in
untrained populations do not correlate with eventual resistance training-induced muscle
hypertrophy, and instead likely reflect muscle repair and remodeling due to damage (Damas et

al., 2015; Damas et al., 2018, DeFreitas et al., 2011).

Potential Mechanisms of Hypertrophy

The drive to increase lean body mass is globally pursued by those that lift weights. Due
to the strong correlation between muscle CSA and muscle strength (Maughan et al., 1983;
Maden-Wilkinson, 2020), increased muscle mass is an important goal for athletes involved in
strength and power sports such as weightlifting. The type of muscle hypertrophy that takes place
is also important, whether myofibrillar or sarcoplasmic, or type | versus type Il fibers. While
there are several potential mechanisms that may drive hypertrophy, mechanical tension is the
primary and most well-evidenced driver, while metabolite accumulation and exercise induced

muscle damage may play a minor role.
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Mechanical Tension. Mechanically induced tension produced by stretch and force
generation is considered necessary for muscle growth, and the combination of these stimuli
(tension, damage, and metabolism) may produce an additive effect (Goldspink, 2002;
Hornberger & Chien, 2006; Vandenburgh, 1987). Indeed, mechanical overload increases muscle
mass, while unloading results in atrophy (Goldberg et al., 1975), which appears largely
controlled by the protein synthetic rate during the initiation of translation (Baar & Esser, 1999;
Kimball et al., 2002). Tension associated with resistance training is believed to disturb the
integrity of the cell, causing mechano-chemically transduced molecular and cellular responses in
the muscle fiber and satellite cites (Toigo & Boutellier, 2006). These signals are likely
transduced by mechanosensory proteins contained in the costamere and cytoskeleton, such as
dystrophin, integrin and GPR56 (Schiaffino et al., 2021).

Mechanical signals generated by passive stretch or muscle contraction can be transmitted
through two multiprotein complexes that span the plasma membrane and connect the
extracellular matrix with the intracellular cytoskeleton: the dystrophin glycoprotein complex and
integrin adhesion complex (Schiaffino et al., 2021). These structures exist in abundance at sites
of lateral or longitudinal force transmission, the costameres and myotendinous junctions, and act
as shock absorbers that stabilize the sarcolemma during contraction or stretch. They also serve as
scaffolds for signaling proteins and are therefore may be involved in mediating a hypertrophic
effect of contractile activity against high loads that occur during resistance exercise or passive
stretch (Schiaffino et al., 2021). Indeed, downstream of mechanotransduction, the mTORCL1
complex is activated, with mTORCL1 being considered an important driver for protein synthesis

(Deschenes et al., 1991; DeVol et al., 1990; Dunn et al., 1999; Dunn et al., 2000). However, the
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signaling pathways that link mechanical overload and mTOR activation during exercise induced

muscle hypertrophy are still not completely clear (Schiaffino et al., 2021).

Metabolite Accumulation. Metabolite accumulation refers to the accumulation of
metabolic byproducts such as those generated through anaerobic glycolysis for ATP production,
including lactate, hydrogen ion, creatine, inorganic phosphate, and others (Suga et al., 2019;
Tesch et al., 1986), as well as ischemia, which may produce an additive effect (Pierce et al.,
2006; Toigo & Boutellier, 2006). Indeed, there are several studies that have reported an anabolic
role of exercise induced metabolic stress (Rooney et al., 1994; Schott et al., 1995). These are
theorized to occur through stress-induced mechanisms including alterations in cell swelling,
hormonal milieu, free-radical production, and increased activity of growth-oriented transcription
factors (Gordon et al., 1995; Goto et al., 2005; Takarada et al., 2000). It has also been
hypothesized that the greater acidic environment that is produced by glycolytic training could
lead to increased fiber degradations and stimulation of sympathetic nerve activity, possibly
mediating an increased adaptive hypertrophic response (Buresh et al., 2009). However, although
metabolite accumulation is often recommended for training to induce maximal hypertrophy
(Krzysztofik et al., 2019), metabolite research generally indicates that metabolites are associated
with muscle growth, rather than causative, and has not assessed the effects of metabolites
independent of muscle contraction (Dankel et al., 2017). Ultimately, it is unclear what role
metabolites play in hypertrophic outcomes and should be assessed independent of mechanical

tension.
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Exercise Induced Muscle Damage. Exercise training often results in localized damage
to muscle tissue, which has been theorized to generate a hypertrophic response (Evans, 2002;
Hill & Goldspink, 2003). This damage can be as small as a few macromolecules of tissue, or a
result in large tears in the supportive connective tissue, basal lamina, and sarcolemma which
induces injury to contractile elements and the cytoskeleton (Vierck et al., 2000). Since fibers
within a fascicle can be of different lengths and the weakest sarcomeres are located in different
regions of each myofibril, nonuniform lengthening can cause a shearing of myofibrils.
Additionally, lengthening can result in the deformation of membranes, particularly T-tubules,
leading to a disruption of calcium homeostasis and damage due to tearing of membranes and/or
opening of stretch-activated channels (Allen et al., 2005). Once this damage is registered,
macrophages infiltrate damaged fibers to remove cellular debris and maintain the fibers
ultrastructure, producing cytokines that activate myoblasts, macrophages, and lymphocytes that
are believed to lead to the release of growth factors that result in satellite cell proliferation and
differentiation, promoting hypertrophy (Toigo & Boutellier, 2006; Vierck et al., 2000). Although
there is a theoretical rationale as to how muscle damage may play a role in the hypertrophic
response, there is not a direct cause-effect relationship that has been established (Schoenfeld et
al., 2012). Indeed, the mechanism for damage control may be limited to cell repair rather than

promoting additional hypertrophy.

Task Specific Hypertrophy

In contrast to maximal hypertrophy and the potential mechanisms that drive it, strength-
power athletes such as weightlifters must be more methodical when it comes to training due to

the importance of RFD, IM, and power. Due to weightlifting being a weight class sport, in order
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to maximize performance, weightlifters must avoid indiscriminate hypertrophy in specific

muscles, portions of muscles, and fiber types (Travis et al., 2020).

For the past several decades, Henneman'’s Size Principle (Duchateau & Enoka, 2011;
Henneman & Olson, 1965) has been used to understand the orderly recruitment of motor units
(MU). In order to activate an appropriate set of MU’s (the motor neuron and all the muscle fibers
it innervates), the nervous system must “know” about the physiological and biomechanical
properties of the muscle that could be used to perform the action (Enoka & Duchateau, 2019).
The key properties of muscle that the nervous system must consider include its force capacity,
direction and rate of force generation capacity, and how long the desired force can be sustained.
Additionally, monosynaptic reflexes, such as the stretch shortening cycle, which occurs in

pulling motions and the jerk, can facilitate the direction, magnitude, and rate of force generation.

To produce muscle force and power (force x velocity), recruitment of MUs in the brain
stem and spinal cord must be stimulated by higher brain centers (Gordon et al., 2004). These
alpha motor neurons send an activation signal from the nervous system to the muscle,
innervating from a few tens to a few thousands of muscle fibers (Enoka & Duchateau, 2019).
Once the alpha motor neuron is excited, an action potential travels down the axon to the axon
terminal where acetylcholine is subsequently released into the neuromuscular junction,
propagating the signal from the nerve to the muscle to stimulate contraction (Kuo & Ehrlich,

2015).

Fiber types are largely determined by the motor neuron type innervating the fiber. The
motor neurons, leaving the spinal cord, that innervate a muscle are arranged in a longitudinal
cluster known as a motor nucleus or motor neuron pool (Burke et al., 1977; Routal & Pal, 1999).

Although muscle fibers are usually characterized as either type I, type lla, or type lIx, there are
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likely subtypes, as a substantial number of fibers contain more than one MHC isoform (Bottinelli
et al., 1996; Serrano et al., 2019). The proportions of pure and hybrid fibers change with age
(Purves-Smith et al., 2014), and there’s considerable overlap in the contractile properties of
different fiber types. Indeed, muscle fibers can coexpress combinations of MHC isoforms, such
as type I and lla, or lla and 11x hybrids (Bottinelli, 2001; Serrano et al., 2019), and these hybrid
fibers can be “shifted” into fibers with considerably less hybridization through training (Kohnet

al., 2007; Serrano et al., 2019; Williamson et al., 2001).

The force exerted by a muscle depends on both the number of MU’s recruited into action
and the rates at which they discharge action potentials (Duchateau & Enoka, 2011). MUs are
recruited in an orderly sequence (Denn-Brown & Pennybacker, 1938) that depends on the
differences in motor neuron size (Henneman, 1957; Henneman et al., 1965) and in order of
increasing peak twitch force (Calancie & Bawa, 1985; Carpentier et al., 2001). Indeed, MU’s
have recruitment thresholds (Stein et al., 2005), and MUs with higher recruitment threshold tend
to have faster contraction times than those with lower recruitment thresholds (Milner-Brown et
al, 1973b). When a motor nucleus receives excitatory synaptic input, the depolarization of the
membrane potential toward threshold is greatest in the small motor neurons due to their greater
input conductance (Ohm’s Law). The smallest MU’s have the lowest threshold for excitation and
innervate the slowest muscle fibers, while the larger, faster MUs are sequentially recruited as the
stimulus strength increases (Wakeling et al., 2006). The last MUs recruited during a progressive
increase in muscle force differs across muscles, ranging from approximately 60% to 85% of max
force production (Enoka & Duchateau, 2019). Thus, generally, any increase in force beyond the

upper limit of MU recruitment depends solely on the discharge rate. However, of importance for
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weightlifting, the rate at which MU are recruited is a primary determinate of the rate of force

development, particularly in ballistic movements (Diderikson et al., 2020).

The ratio that expresses the number of muscle fibers innervated by a single motor axon is
termed the innervation ratio. The average innervation ratio ranges from 5 to 10 in smaller
muscles like the rectus lateralis and tensor tympani (Blevins, 1967; Carlsoo, 1958), and up to
approximately 2000 for large limb muscles such as the medial gastrocnemius (Feinstein et al.,
1955: Karpati et al., 2010). Because the peak force that a MU can produce depends on its
innervation number, MU force varies exponentially across a given MU pool (Enoka &
Duchateau, 2019). Indeed, whenever MUs are activated by the nervous system, muscle force
does not increase linearly with the number of MU’s activated. Indeed, glycogen depletion studies
indicate that the innervation number varies within a MU pool, with lower-threshold MU’s
containing lower values (Bodine et al., 1987; Kanda & Hashizume, 1992). Muscles are
comprised of both small, low force MU’s and larger, high force MU’s. Interestingly, the
frequency distribution of innervation numbers within a MU is typically represented by an
exponential function, rather than a linear relationship between innervation number and MU size
(Elek et al., 1992; Kernell, 1992). For example, Enoka and Fuglevand (2001) found that 50% of
the total number of fibers in a hand muscle (n = 44,000) were innervated by 102 out of the 120
MUs in the pool, with the remaining 18 MU’s accounting for the remaining 50%. Therefore,
muscle force does not increase linearly with the number of activated motor units, and this

phenomenon likely depends upon the size and type of MU.

Two basic mechanisms result in the recruitment of larger, faster twitch MU: higher
intensities and fatigue. Motor units are distinguished based on a recruitment threshold force

(Heckman & Enoka, 2012); however, where this force lies is a matter of controversy. Some
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authors have reported full recruitment of the MU pool by training to failure at 30% 1RM
(Carpinelli, 2008). However, other researchers have indicated that in order to fully activate
higher threshold motor units, this cannot be accomplished by training to failure and suggest that
in order to specifically target fibers with higher threshold MU’s, higher loads (>80% 1RM) and
ballistic training may be warranted (Frobose et al., 1993; Fry, 2004; Mangine et al., 2015;
Looney et al., 2016; Wallace & Janz, 2009), especially in the context of strength and power
athletes where task specificity is important for hypertrophy and strength (Jenkins et al., 2017;
Travis et al., 2020). Indeed, recent work by Miller, Lippman, Trevino, and Herda (2020)
demonstrated that moderate-intensity contractions taken to fatigue did not recruit the entire pool
of MU’s, whereas higher intensity contractions not taken to fatigue resulted in greater neural
drive and MU recruitment. Additionally, high power movements also result in the recruitment of

type I MU’s (Frobose, 1993; Macaluso et al., 2012).

Based on cross-sectional results among strength-power athletes that train in different
manners, training at lower versus higher intensities has been found to result in decreased peak
power and a reduction in specific tension (Meijer et al., 2015). Conversely, fatigue-induced
changes in the force capacity of low-threshold MUs reduces the recruitment threshold of all
larger MU’s, despite minimal involvement in the task. This is the rationale for lower load
training performed to muscular failure, since lower-threshold MU’s will be recruited first,
followed sequentially by higher threshold MUs as the lower MU’s become fatigued (Burd et al.,
2008). Although a recent meta-analysis found comparable hypertrophy between high and low
loads, there was a trend towards high load producing slightly greater gains than low loads
(Schoenfeld et al., 2017). Nevertheless, lighter loads show relatively greater increases in type |

muscle fiber growth than type Il fibers (Carroll et al., 2019b; Netreba et al., 2007), functionally
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reducing the 11:1 muscle CSA ratio. Ultimately, training with higher intensities facilitate,
adequate recruitment of the MU pool (Enoka & Duchateau, 2019), greater increases in strength
gain than lower intensities (Jenkins et al., 2017), prevent reductions in fiber specific tension
(Meijer et al., 2015), improve the I1:1 muscle CSA ratio, and are recommended for strength and

power athletes (Travis et al., 2020; Stone et al., 2021).

Although motor unit recruitment influences the magnitude of force and power
development, enhanced rate coding is essential for rate of force and power development
(Duchateau & Baudry, 2014; Kraemer & Looney, 2012). At relatively low forces, and especially
during fast contractions involving high instantaneous discharge rates, the control of muscle force
depends primarily on rate coding (Desmedt & Godaux, 1977; Enoka & Duchateau, 2017).
Indeed, most MUs in a muscle are recruited with a load as low as 40% 1RM during ballistic
contractions (Enoka & Duchateau, 2019). This rapid increase in force production occurs due to
an increase in rate coding and can change in response to training. For example, 12 weeks of
training with ballistic contractions involving moderate load with the dorsiflexor muscles
markedly increased the instantaneous discharge rate of MUs in the tibialis anterior and was
associated with an 82% increase in the rate of torque developed during ballistic isometric
contractions (Van Cutsem et al., 1998). Interestingly, although the recruitment of MU’s during
voluntary contractions occurs in an order consistent with the size principle, it has been suggested
that rapid contractions might involve preferential recruitment of fast-contracting motor units
(Grimby & Hannerz, 1977; Wallace & Janz, 2009). However, it is unclear whether this occurs

(Desmedt & Godaux, 1977h).

Beyond the upper motor neurons in the brain, alpha motor neurons (and interneurons)

can also receive input from sensory neurons from the periphery that mediate important motor
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reflexes operating at the level of the spinal cord with or without upper motor neuron influence
(Purves et al., 2004). At the muscular level, mechanoreceptors, known as muscle spindles, can
also augment power (Kraemer & Looney, 2012) and work synergistically with ballistic
movements. When compared to near maximum and maximum eccentric actions, concentric
muscle actions produce substantially less force (Hoffman, 2012). However, when an eccentric
muscle action is completed immediately prior to a concentric muscle action, the elastic properties
of the muscle, through the stretch-shortening cycle (SSC), can be taken advantage of (Newton et
al., 1997). This elastic component of muscle, consisting of the connective tissue surrounding
each organizational layer of muscle tissue, allows the muscle to be stretched (Kraemer &
Looney, 2012). When a muscle is stretched, muscle spindles rapidly contract to prevent potential
tissue damage (Kraemer & Looney, 2012). These muscle spindles use la afferent sensory fibers
to form monosynaptic excitatory connections with the alpha motor neurons in the spinal cord that
innervate the same muscle, leading to rapid and efficient responses to changes in muscle length
or tension (Purves et al., 2004). Ultimately, the utility of this reflex is understood when
synchronized with a concentric muscle action because it augments power. This can be observed
when a maximum effort squat jump with no SSC is compared with a maximum effort vertical

jump utilizing the SSC (Kraemer & Looney, 2012).

In conclusion, several key factors result in the differential targeting of fiber types via
resistance training. According to Henneman'’s size principle, MUs are recruited on the basis of
size, with smaller, less forceful MU’s being recruited before larger, more forceful MU’s
(Henneman & Olson, 1965). This force differential is partly due to differences in innervation
ratio (Bodine et al., 1987; Kanda & Hashizume, 1992). Although training with lower intensities

taken to failure may result in the recruitment of most of the MU pool (due to a decrease in
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recruitment threshold of faster MU’s), this results in greater hypertrophy of type I fibers, likely
as a result of type Il fibers fatiguing and dropping out at a faster rate than type I fibers (Minigalin
et al., 2015; Netreba et al., 2007; Vinogradova et al., 2013). Conversely, higher intensities (>80%
1RM) facilitate adequate recruitment of the MU pool (Enoka & Duchateau, 2019), greater
increases in neural strength gain than lower intensities (Jenkins et al., 2017), prevent reductions
in fiber specific tension (Meijer et al., 2015), improve the 2:1 ratio, and are recommended for
strength and power athletes (Travis et al., 2020). Additionally, ballistic training results in
recruitment of most of the MU’s in a muscle with a load as low as 40% 1RM (Enoka &
Duchateau, 2019), rapidly increasing force production due to rate coding (Duchateau & Baudry,
2014; Kraemer & Looney, 2012), is augmented by the stretch reflex (Kraemer & Looney, 2012),
and can be improved with training (Van Cutsem et al., 1998), and primarily targets type Il MU’s

(Frobose et al., 1993; Wallace & Janz, 2009).

Muscle Memory

Skeletal muscle fibers are large multinucleated cells, that contain hundreds to thousands
of nuclei (Snijders et al., 2020). Theoretically, the muscle fiber is divided into evenly distributed
compartments, each under the control of a single myonucleus, and according to the myonuclear
domain theory, each nucleus has a limited transcriptional capacity, only able to create proteins
for use in the immediate area around the nucleus (Schwartz et al., 2016; Lee et al., 2018). As
athlete’s muscle hypertrophies, the ability of the myonuclei to regulate protein synthesis for a
given area in the muscle becomes challenged due to the muscle’s expansion. To combat this,
satellite cells activated during training can be donated to the muscle as myonuclei, increasing the

muscles number of myonuclei and maintaining and expanding the “myonuclear domain”.
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Interestingly, is has been hypothesized that myonuclei that have been added to support skeletal
muscle hypertrophy are not lost with atrophy (Gantier et al., 2011; McCarthy & Esser, 2007). If
true, this could act as a mechanism allowing muscle fibers to grow more expediently during
retraining due to the magnitude of myonuclei remaining in an elevated state (Snidjers et al.,
2020), a phenomenon known as muscle memory (Murach et al., 2018). Indeed, a positive linear,
as well as logarithmic, relationship exists between myonuclear content and muscle fiber size, as
well as myonuclear domain and muscle fiber size in humans (Snidjers et al., 2020).

In addition to the theoretical myonuclear domain theory, the expedience of retraining
may be due to epigenetic changes such as muscle specific miRNAs (Murach et al., 2020), DNA
hypomethylation (Seaborne et al., 2018). Hypomethylation generally promotes an enhancement
in gene expression due to the removal of methyl groups from DNA, permitting improved access
of the transcriptional machinery and RNA polymerases that allow transcription (Snidjers et al.,
2020). Thus, training leads to an enhanced hypomethylated state of genes, which is maintained
during detraining, and, upon retraining, enables greater transcription of these genes, allowing an
enhanced muscle fiber growth response (Snidjers et al., 2020).

Although this area of research is still in its infancy, novel insights have been found,
demonstrating a possible interplay of myonuclear accretion and epigenetic alterations. Indeed,
Murach et al. (2022) found that, 1) after training, epigenetic profiles appeared distinct, likely to
the contribution of satellite cell fusion from training; 2) resident myonuclei appear to be oriented
towards anabolic and catabolic processes, with these nuclei being principal drivers of
hypertrophic processes (Wen et al., 2021; Murach et al., 2021), whereas myonuclei derived from
satellite cells may be epigenetically programmed for transcription factor regulation and cell to

cell communication; 3) promoter CpG methylation might be related to transcription of ribosomal
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proteins; 4) myonuclei derived from satellite cells may support growth processes by contributing
ribosomal macromolecular components to muscle fibers; and 5) the satellite cell derived
myonuclei acquired from training might have a methylation memory of their pre-myonuclear
identity. Moving forward, more research should be geared towards elucidating the interplay
between myonuclear accretion, epigenetic alterations, and the role of native versus satellite cell

derived myonuclei in the hypertrophic response.

Monitoring Training Adaptations for Weightlifting

Unlike many other strength-power sports, weightlifting has a minimal number of
competitions throughout the year. This infrequent competition schedule increases the need for
coaches to understand the timelines and magnitudes of adaptation that occur from different
training stimuli, such as that described earlier through block periodization. As a result,
weightlifting coaches could benefit from athlete monitoring programs that produce objective
feedback concerning the adaptations that take place through each stage and block. As
weightlifters’ performance relies heavily on the ability to generate high forces within specific
time intervals (Kipp et al., 2012; Stone et al., 1998; Suarez et al., 2019), the monitoring of

specific kinetic adaptations to training is warranted.

Isometric Mid-Thigh Pull

One-repetition maximum (LRM) tests have been a common procedure used to assess the
ability to produce force in strength-power sports (Buckner et al., 2017), as strength is an
important contributor to sport performance (Suchomel et al., 2016). Although it seems natural to

employ these tests with weightlifters, due to the nature of their sport, 1RMs inevitably produce
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fatigue and can therefore affect training. However, an alternative means to monitor strength
variables is through isometric tests, which confer the advantage of being minimally fatiguing and
relative quick and safe. Although different tests have been developed throughout time
(Verkhoshansky, Y. & Verkhoshansky, 2011), a test known as the IMTP was developed (Stone
et al., 2019) and first discussed in the literature by Haff et al. (1997) and has since become one of
the most frequently used tools for athlete monitoring for both academic research and athletic
programs since.

The IMTP enables comparison of force-time curve characteristics between isometric and
dynamic tasks and is performed standing on force plates in a rack that permits bar height
adjustment. Although there can be minor individual variation in posture, the ideal pulling
position should imitate the second pull in weightlifting. This position typically consists of an
erect torso, straightened arms, knee angles between 120-135 degrees, hip angles between 140-
150 degrees, and feet flat on the floor (Beckham et al., 2018; Comfort et al., 2019; Kraska et al.,
2009). In this position, athletes strive to produce force vertically on the force plates by pulling as
fast and hard as possible. Through force trace measurements during these trials, variables such as
impulse, RFD, and force can be acquired, each of which can provide insights into an athlete’s
acute Kinetic abilities (Beckham et al., 2013; Haff et al., 2005), or feedback into training

adaptations if examined longitudinally (Hornsby et al., 2017).

Associations to Weightlifting Performance. In the IMTP, the pulling position is
designed to imitate the power position of the clean (Haff et al., 1997) and is used to measure
variables such as RFD and peak force (PF) that correlate strongly to weightlifting performance

(Beckham et al., 2013; Hornsby et al., 2017). Indeed, the highest power outputs and velocities
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can be generated from the power position into the second pull of the clean and snatch as a result
of the superior ability to produce force in this position (Baumann et al., 1988; Beckham et al.,
2013; Gourgoulis et al., 2002). These observations demonstrate the power position’s importance
for weightlifters and other athletes using weightlifting movements. Moreover, RFD and max
strength are exceedingly important attributes to weightlifting performance. Consequently, the
IMTP is an extremely useful monitoring tool for performance as it allows coaches and lifters to
safely measure important variables in a sport specific position, independent of performing

IRM’s.

Peak Force. Peak force is the most frequently measured variable from IMTP tests, with
strong correlations having been observed between PF and lower body 1RM’s (Mcguigan et al.,
2010; McGuigan & Winchester, 2008), dynamic mid-thigh pulls (Haff et al., 1997), and
weightlifting performance (Hornsby et al., 2017). Indeed, very strong correlations (r=0.830-
0.838) have been observed between absolute PF values and weightlifting competition
performance in twelve novice to advanced weightlifters (Beckham et al., 2013). Beyond using
PF to assess weightlifting performance, several researchers have used PF to track maximum
strength abilities throughout training phases in weightlifters (Hornsby et al., 2017; Suarez et al.,
2019). Additionally, PF appears to be relatively stable in well-trained strength athletes and is
only considerably affected when accumulative fatigue is severe (Hornsby et al., 2017; Norris,
Joyce, Siegler, Clock, & Lovell, 2018). Because PF is relatively insensitive to fatigue and has
been reported to have very high between and within session reliability (Brady et al., 2018;
Guppy et al., 2018; Haff et al., 2005; Kraska et al., 2009; Stone et al., 2003), it is a logical

variable to consider for assessment of long-term changes in max force production.
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Rate of Force Development. Although the ability to produce force is of profound
importance for sport performance, most sports require force to be developed within a certain
time frame. Consequently, developing force quickly may be the most important goal of the
training process (Taber et al., 2016). Indeed, this idea has been supported by several
investigations of the relationships between RFD and sports skills such as jumping, throwing,
sprinting, change of direction ability, and weightlifting performance (Beckham et al., 2013; Haff
et al., 2005; Stone et al., 2003; Wang et al., 2016; Zaras et al., 2016). Beyond athletic
performance, RFD has been found to be a sensitive, indirect marker of muscle damage (Crameri
et al., 2007; Farup et al., 2016; Pefiailillo et al., 2015), neuromuscular fatigue (Rodriguez-Rosell
etal., 2017; Thorlund et al., 2008), and fiber type (Andersen et al., 2010; Hakkinen et al., 1984;
Viitasalo et al., 1981; Viitasalo & Komi, 1978), and is considered to be highly related to most
sport-specific tasks, displaying a greater sensitivity to changes in neuromuscular function
(Maffiuletti et al., 2016), making it an effective tool for monitoring.

RFD is calculated by dividing the change in force by change in time. Using specific time
bands to calculate RFD has demonstrated high reliability than quantifying peak RFD values
alone (Haff et al., 2015), with several time band having been suggested to be governed by
different physiological mechanisms based on the time frame (Andersen & Aagaard, 2006;
Andersen et al., 2010; Waugh et al., 2013). Indeed, different time bands may respond differently
to various training stimuli as a consequence (Rodriguez-Rosell et al., 2017). Specifically, the
earlier time bands (<100ms) may be influenced more greatly by neural drive and intrinsic muscle
properties (Andersen et al., 2010; Gruber & Gollhofer, 2004; VVan Cutsem et al., 1998), while
later time bands (>150ms) are more closely related to maximum muscle size and particularly

maximum strength (Folland et al., 2014; Kavvoura et al., 2018; Rodriguez-Rosell et al., 2017).
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Although monitoring both early and late RFD time bands can provide a more comprehensive
understanding of training process related adaptations, as maximum strength is less effected by
training volume reductions, for an athlete returning from injury, the later time bands may be less

affected by detraining (Gondin et al., 2006).

Jump Performance

In most sports, jumping is a common task. Vertical jump performance if often used as an
indirect measurement of both an athlete’s explosive ability and competitive readiness, with the
squat jump (SJ) and countermovement jump (CMJ) both having been used with various athletes
across a competitive season to monitor the training response (Freitas et al., 2014; Gibson et al.,
2016). During the competition phase, monitoring jump performance could provide an effective
way to determine an athlete’s response to training without causing undue fatigue. Furthermore, it
has been shown to be discriminant between training level (collegiate, sub-elite, elite) in a variety
of sports including weightlifting (Carlock et al., 2004), volleyball (Pion et al., 2015), and
sprinting (Peterson, Alvar, & Rhea, 2006). Indeed, both jump types are often used to detect
fluctuations in power output, jump height, and dynamic RFD capabilities throughout the training
cycles leading up to competition. In fact, they are a preferred monitoring tool when assessing
weightlifting competition preparedness due to their limited interference with training, as well as
biomechanical similarity to weightlifting activities (Garhammer, 1980; Garhammer & Gregor,
1992). Moreover, peak power and jump height are purportedly higher in weightlifters when
compared to other athletes (Funato et al., 2000; Garhammer, 1980; Hackett et al., 2016; McBride
etal., 1999; Stone et al., 2003; Teo et al., 2016), with static jump specifically having been shown

to be more strongly related to absolute and scaled weightlifting performance in male and female
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weightlifters (Carlock et al., 2004; Travis et al., 2017). Consequently, assessing changes in
jumping performance throughout a stage of training could provide an indirect measure of

performance changes.

Ultrasonography

Monitoring changes in muscle architecture can be useful to deduce alterations in force
production capacity, contraction velocity, muscle function, and hypertrophy from training.
Although magnetic resonance imaging (MRI) is considered the “gold” standard for muscle
architecture assessment (Stokes et al., 2021), it is not an instrument that is widely accessible to
coaches and athletes. Fortunately, ultrasonography, a potential lower-cost, fast, non-invasive, and
readily available alternative to the MRI (Scanlon et al., 2014; Stokes et al., 2021), has become
prominent in recent years, and has been shown to be a valid and reliable method of assessing
muscle size and architecture (Hides et al., 1995; Palmer et al., 2015; Raadsheer et al., 1994).
Indeed, US has been used to assess measures of muscle morphology, such as muscle CSA, of the
vastus lateralis in athletic populations (Bazyler et al., 2017; Nimphius et al., 2012; Zaras et al.,
2016). Moreover, several studies using the ultrasound as a longitudinal athlete monitoring tool
have observed relationships between muscle alterations and specific performance variables
(Bazyler et al., 2017; Nimphius et al., 2012; Zaras et al., 2016). Additionally, Wagle et al. (2017)
demonstrated that the subject’s position when measured (i.e., lying vs standing) affected the
relationships between the measurements taken and performance variables. Indeed, the vastus
lateralis is usually considered to be the largest and most powerful section of the quadriceps,
particularly in athletes (Secomb et al., 2015), and its muscle CSA has been shown to be a strong

performance indicator for movements often used by weightlifters such as vertical jumps, IMTP,
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squat, and weightlifting movements (Bazyler et al., 2018; Brechue & Abe, 2002; McMahon et
al., 2015; Secomb et al., 2015; Zaras et al., 2016). US has become a common measurement for

monitoring by sport scientists.

Muscle Size

In athletes, the vastus lateralis is usually considered to be the largest and most powerful
section of the quadriceps (Secomb et al., 2015), and its muscle CSA is often measured using
ultrasonography. Ultrasonography can quantify an entire section of muscle through a panoramic
sweep, allowing regional changes of the muscle to be quantified (Franchi et al., 2017; Mangine
et al., 2018). Vastus lateralis muscle CSA has been shown to have strong relationships to
movements commonly used by weightlifters such as IMTP’s, vertical jumps, deadlift, back
squat, and power cleans (Bazyler et al., 2018; Brechue & Abe, 2002; McMahon et al., 2015;
Secomb et al., 2015; Zaras et al., 2016). Although the vastus lateralis shows some variability
depending upon the biopsy site, it appears to be composed of approximately 53% to 65% fast-
twitch muscle fibers (Clarkson et al., 1980; Horworth et al., 2021), and is useful in providing
insight into the relationship between performance and changes in lower extremity musculature
(Fry et al., 2003). Indeed, it has been suggested that increases in maximum strength increase
linearly with increases in muscle CSA, which is a vital quality for strength-power athlete’s
competition demands (Scanlon et al., 2014).

Isometric peak force and isometric peak force allometrically scaled (IPFa), as measured
by the IMTP, is strongly related to weightlifting performance and other dynamic muscle actions
(Stone et al., 2005; Stone et al., 2019). Additionally, beyond IPF, rate of force development

between 200-250ms is affected by several morphological factors including muscle thickness,
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pennation angle, tendon properties, and muscle fiber type (Haff et al., 2005; Kauhanen et al.,
2000; Stone et al., 2005). Indeed, a larger anatomical pennation angle allows more sarcomeres to
be stored in parallel (Stebbings, 2015) and, as a result, increases in muscle CSA are strongly
associated with max strength and power (McMahon et al., 2015). Theoretically, these increases
would result in improvements in isometric RFD (Storey et al., 2012) and are worth monitoring

throughout the training process to use as a surrogate measure of performance related changes.

Body Composition

An effective and low-cost method to investigate changes in body composition is through
the estimate from the sum of 7 skinfold sites (tricep, subscapular, mid-axillary, supraspinale,
chest, abdominal, quadricep) using a skinfold caliper (Ball et al., 2004). Although many
alternatives to assess body composition exist, such as hydro-densitometry, air displacement
plethysmography, dual-exergy x-ray absorptiometry (DXA), and more, skinfolds are considered
one of the most efficacious methods to assess fat free mass and track changes over time in the
applied sport setting (Kasper et al., 2021). Indeed, it is least affected by everyday activities such
as ingestion of a meal and changes in hydration status (Kerr et al., 2017; Norton et al., 2000), and

has a high degree of agreement with whole-body measures from DXA (Doran et al., 2013).

Summary

The development of weightlifters should emphasize maximizing strength and RFD
abilities, increasing and maintaining muscle CSA, especially of type Il muscle fibers through
task specific hypertrophy, and sequencing training to achieve a peak in performance at the

competition. During the training process, myonuclear accretion and epigenetic changes occur to
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enhance the muscle protein synthetic response and oversee a greater amount of muscle mass.
During detraining, which can occur volitionally or due to injury, changes in myonuclei and
epigenetics may persist (muscle memory), enhancing the speed of the retraining process.
Research monitoring kinetic and muscle morphological adaptations in weightlifters’ post-injury
following a block-periodized style of training is nonexistent. Thus, the purpose of the following
observation is to retrospectively investigate 1) the efficacy using a block periodization-style
rehabilitation training protocol, 2) the effectiveness of sport specific athlete monitoring to
observe physiological adaptations, and 3) assess laboratory- and competition-based performance

changes in a collegiate male weightlifter following a right knee meniscal injury.
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ABSTRACT
The purpose of this study was to observe physiological metrics relative to training-induced
adaptations in conjunction with laboratory- and competition-based performances in a super-
heavyweight weightlifter recovering from a meniscus injury. A retrospective analysis was
conducted on a collegiate level male weightlifter (23.2 yrs; 131.9 kg; 187.3 cm) over the course
of 21-weeks post-meniscus surgery. Body mass, body fat percentage, hydration status, vastus
lateralis muscle cross-sectional area, jump performance, and isometric midthigh pull were
regularly assessed as part of an ongoing athlete monitoring program. Pre-injury baseline (T0)
measurements were collected relative to a major national competition (COMP1). Post-injury
measurements took place at the end of sequential training blocks: strength-endurance training
block 1 (T1), basic strength block 2 (T2), and transmutation block 3 (T3). The final measurement
session (T4) was conducted three-days post-local competition (COMP2). Only statistically
significant increases were observed from TO-T4 for muscle CSA (p=0.0367), isometric peak
force (p<0.05), isometric peak force allometrically scaled to body mass (p=0.0367), and rate of
force development at 250ms (p=.0367). While non-significant changes were observed for
jumping performance, jump height and net impulse did, however, return to baseline. Competition
based performances also showed marked improvements from pre-to-post injury via an increase
in weightlifting total (3.2%A, +9kg) and Sinclair score (1.8%A, +5.3au). Thus, based on these
findings, implementing an evidence-based training program along with a sound athlete
monitoring protocol can aid with reducing an athlete’s return-to-train timeline while improving

physiological, laboratory- and competition-based performance outcomes.

Key Words: Isometric Peak Force, Rate of Force Development, Jump Height, Net Impulse
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INTRODUCTION

Weightlifting is a strength and power sport where lifters contest two events: a) snatch,
which is performed in one motion from the ground to the overhead position, and b) clean and
jerk, which is performed in two motions from the ground to the overhead position. The goal in
competition is to lift a maximum weight in each event. Based on the highest loads achieved
within each event, the lifters produce a weightlifting total (i.e., highest load for snatch + highest
load for clean and jerk) to determine the winner within a given weight class. Additionally, a
coefficient termed, Sinclair score, can be applied to each lifter’s weightlifting total. This score is
relative to body mass and used to determine best performances while obviating sex and weight
class. The key in weightlifting is to steadily increase one’s weightlifting total and Sinclair score
over the course of an athletic career while minimizing injuries so that competition participation

can be optimized.

Interestingly, despite the explosive movements involved, injuries in strength sports such
as weightlifting, powerlifting, strongman, and throwing events occur less frequently than may be
assumed (1,38). In fact, based on several reviews, as few as 0.017-3.3 injuries occur per 1,000
hours of training (1,22,30) for these sports. For additional context, in traditional sports such as
American football, basketball, and soccer, injury risks are much higher occurring at 4.31-9.6
injuries per 1000 hours of training and play (24,38). Within strength sports, the bodily areas most
susceptible to injury appear to be the knees, lower back, and shoulders (1,30). More specifically,
in weightlifting, knee injuries have up to a 32% chance of occurring more frequently than others
and is the most common injury within the sport (1,30). The knees could be prone to injury due to
general wear and tear and the frequency at which weightlifters are required to perform deep

squats when performing the competition movements, weightlifting derivates, back squat, and

50



front squat training. However, it is unlikely, as these movements tend to reduce injury risk at the
knee (20,23). However, fatigue, which can be caused by a number of factors such as insufficient
sleep (27), nutrition (48), and non-functional overreaching and overtraining (11), can increase
muscle’s susceptibility to injury (31,33). According to Wang et al. (51) weightlifters have
reported that their injuries were associated with tiredness and fatigue, technical errors, and
continuous excessive loading. Thus, the use of programmed variation (e.g., heavy and light days)
and the implementation of athlete monitoring to mitigate fatigue, reduce injury risks, manage
heavy and light loading schemes while optimizing preparedness is warranted to increase the

longevity of a lifter’s career.

Unfortunately, the current literature regarding return-to-competition, rehabilitation, and
re-injury prevention is lacking, particularly relative to strength sports. The existing protocols are
often specific to injuries within non-strength-power sports (9,15), or provide information that is
too broad referencing the need to monitor pain and swelling, limb range of motion, and
psychological readiness (2). While most injuries that occur can be considered a higher- or lower-
frequency injury occurrence within a given athlete population, researchers are often limited to
incorporating case studies to aid with better understanding risks, restoration, and prevention.
However, case studies generally fail to provide a comprehensive investigation that includes
detailed information about a) specific training protocols used prior to, during, and after the
injury, b) sport specific monitoring tools, and c¢) changes in competition performance before and
after injury to demonstrate the efficacy of the training intervention. Thus, research investigating
injuries in weightlifters (i.e., knee) are needed to provide practitioners with a rubric to guide

rehabilitation of athletes.
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Additionally, it is well known that block periodization can serve as a framework to
sequentially produce desired training adaptations across various training phases (14,43).
However, documenting the use of block periodization as a means of effective rehabilitation has
not been produced within the current literature. It is also well accepted that using athlete
monitoring tools such as observing muscle cross sectional area (CSA) via ultrasonography,
jumping performance, and isometric maximal force tests can produce an intra-athlete
performance profile to determine recovery-adaptation rates (4,25,46,47). Thus, the use of block
periodization in conjunction with athlete monitoring could serve as a way to prevent injuries and

rehabilitate lifters back to the platform.

Thus, the purpose of this observation was to retrospectively investigate 1) the efficacy
using a block periodization-style rehabilitation training protocol, 2) the effectiveness of sport
specific athlete monitoring to observe physiological adaptations, and 3) assess laboratory- and
competition-based performance changes in a collegiate male weightlifter following a right knee

meniscal injury.

METHODS

Experimental Approach to the Problem

This observation used a case-study approach to retrospectively monitor a collegiate level
male weightlifter before and after suffering a right knee meniscus injury that required surgery.
The measurements made were part of an ongoing athlete monitoring program. The data for this
observation was collected over a 13-week period. The athlete had been competing in the super-
heavyweight 109kg+ weight class for approximately 1 year. The observation began relative to

his first competition (COMP1) as an ETSU team weightlifter whereas the second competition
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(COMP2) took place at a local meet that was a by-product of his modified post-injury training
regimen. A full battery testing protocol that consisted of various physiological and performance
measurements was collected (baseline; T0) three days after COMP1. Approximately four weeks
after TO, the athlete a right knee meniscus tear became apparent and required surgery, which
took place an additional four weeks after the injury occurrence. After two-weeks of recovery, the
athlete engaged in eight-weeks of reduced and modified training, followed by restoration of
training for 13-weeks. Data collection occurred after each concentrated load training block via
block 1 (T1), block 2 (T2), block 3 (T3), and ended with a post-competition measurement
session (T4). Data for ultrasound and the isometric midthigh pull (IMTP) were collected at all
time points, whereas the full battery of testing, including skinfolds and jump performance, were
only collected at TO, T1, and T4. Data was collected at the same time of day within three days of

the end of each block.
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Figure 3.1. Study timeline and testing procedures. COMP1 = Competition 1, TO = Pre-injury baseline, T1 =
Strength-Endurance Block 1, T2 = Basic Strength Block 2, T3 = Strength Transmutation Block 3, COMP2 =
Competition 2, T4 = Post-Competition 2 Testing.

Athlete Characteristics

We retrospectively monitored a super-heavyweight collegiate level male weightlifter
(23.2 yrs; 131.9 kg; 187.3cm) before and after a meniscus injury. Before injury, the athlete had
been an American collegiate football player prior to becoming a weightlifter. The athlete had a
history of knee injury during American football. The athlete had competed in the 109kg+ weight
class for approximately one year under USA Weightlifting sanctioned competitions. At TO
relative to COMPL, the lifter produced a 122 kg snatch, 160 kg clean and jerk, 282 kg

weightlifting total, and a 289.62 Sinclair score.

Training

After surgery, the athlete completed a modified training regimen where volume was
reduced and lifts were modified for a total of eight weeks, followed by 13-weeks using a block
periodization (i.e., phase potentiation) model of training consisting of sequenced concentrated
loads: T1 with a strength-endurance emphasis over three weeks; T2 with a basic strength
emphasis over three weeks; T3 strength-power transmutation emphasis over three weeks; and a
five week realization phase beginning with a 1 week overreach block and ending with COMP2
and a final testing at T4. Each training week consisted of twice daily training over Monday,
Wednesday, and Friday, and ended with a single training session on Saturdays. See table 3.1 and

3.2 for training details.

Table 3.1 — Training Programming: Sets and Repetitions

Week Testing Block Set x rep Daily Intensities (M, W, Th, S)
COMP1
T0
Week 1-8 RMT
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Week 9 3x10 ML, ML, VL, VL
Week 10 T1 SE 3x10 M, M, VL, VL
Week 11 3x10 L, L, VL, VL
Week 12 3x5 (1x5) M, M, L, VL
Week 13 T2 BS 3x5 (1x5) MH, MH, L, L
Week 14 3x3 (1x5) M, ML, VL, VL
Week 15 3x3 (1x5) MH, MH, VL, VL
Week 16 T3 T 3x3 (1x5) H, H, VL, VL
Week 17 3x3 (1x5) ML, L, VL, VL
Week 18 5x5 M, M, VL, VL
Week 19 3x3 (1x5) M, MH, VL, VL
Week 20 3x3 (1x5) MH, M, VL, VL
Week 21 COMP2 R 3x3 (1x5) ML, L, VL, Meet
Week 22 T4 3x3 (1x5) L, SPEC, VL, Off

Note: RMT = Reduced and Modified Training, SE = Strength-Endurance, BS = Basic-Strength, T =
Transmutation, R = Realization, VL = very light (65-70%), L = light (70-75%), ML = medium light
(75-80%), M = medium (80-85%), MH = medium heavy (80-85%), H = heavy (85-95%), VH =
very heavy (95-100%). Intensities are based off a set-rep best system (DeWeese, Sams, & Serrano,
2014). Sets and reps in parentheses represent a drop set at approximately 60%. Relative intensities
are best on set and repetition best (Carroll et al. 2019a; Stone et al. 1987).

Table 3.2 — Training Programming: Exercise Selection

Strength-Endurance Basic-Strength Transmutation Realization
Monday/Thursday Monday/Thursday Monday/Thursday Monday/Thursday
AM AM AM AM
Back Squat Back Squat Back Squat Back Squat*
PM PM PM PM
Push Press Push Jerk Jerk Jerk
Jerky Recovery BN Press Concentric-Only FS BN Press
FN Press DB Press BN Press DB Press*
DB Press
Wednesday Wednesday Wednesday Wednesday
AM AM AM AM
Snatch Tech Snatch tech Snatch Snatch Tech
CGSS CGSS CGSS CGSS
CG Pull - Floor CG Pull - Floor CG Pull - PP CG Pull - Floor
PM PM PM PM
Snatch Tech Snatch Tech Snatch Snatch Tech
CGSS CGSS SGSS SGSS
CG Pull — Knee CG Pull — Knee SG Pull — Knee SG Pull - PP
CG SLDL CG SLDL CG SLDL CG SLDL
DB Bent Over Row CG Bent Over Row CG Bent Over Row Inverted Row
Saturday Saturday Saturday Saturday
Snatch Tech Snatch Tech SGSS SGSS
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SGSS
Snatch
SG SLDL
DB Bent Over Row

SGSS
Snatch
C&lJ
SG SLDL
SG Bent Over Row

Snatch
C&lJ
SG SLDL
SG Bent Over Row

Snatch
C&J
SGSLDL
Inverted Row

Note: DB = dumbbell, CG = clean grip, CGSS = clean grip shoulder shrug, SLDL = stiff legged
deadlift, SG = snatch grip, SGSS = snatch grip shoulder shrug, FN = front neck, BN = behind the neck,
C&J = clean and jerk. *Dropped during last week of taper.

Testing Procedures

Anthropometrics and Hydration

During the initial pre-injury assessment (T0), the athlete’s standing height was measured

to the nearest 0.01 meters using a stadiometer (Cardinal Scale Manufacturing Co., Webb City,

MO), and body mass measured using a digital scale (Tanita B.F. 350, Tanita Corp. of America,

Inc., Arlington Heights, IL). The sum of 7 skinfolds (chest, axilla, triceps, subscapular,

abdominal, suprailium, thigh) was measured by an International Standards for Anthropometric

Assessment (ISAK) certified anthropometrist using a skinfold caliper (Lange, Beta Technology

Inc., Cambridge, MD) (3). All measurements were completed at the same time of day by the

same experienced technician. Percent body fat and fat free mass were calculated from the sum of

skinfolds to assess body composition (29). The athlete’s hydration state was estimated using a

portable refractometer that calculates urine specific gravity using a scale ranging from 1.000 to

1.060 (Atago 4410 PAL-10S, Tokyo, Japan). If the urine specific gravity >1.020, the athlete was

instructed to drink water and hydration status was retested after 20 minutes. This continued until

the athlete demonstrated adequate hydration.
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Ultrasonography

A 7.5 MHz ultrasound probe was used to collect the muscle CSA of the right vastus
lateralis (LOGIQ P6, General Electric Healthcare, Wauwatosa, W). The athlete stood upright and
placed his weight on his left leg, which was positioned on a 5 cm tall platform, unweighting the
right leg, and creating an internal knee angle of 160° £ 10°. The sampling location of the vastus
lateralis was at 50% of the distance between the greater trochanter and the lateral epicondyle of
the femur. A permanent marker was used to mark the location and the ultrasound probe was
covered with water-soluble transmission gel to aid acoustic coupling while avoiding depression
of the skin during the scan. The muscle CSA was measured by tracing the inter-muscular image
output. All measurements were conducted by the same rater which has been shown to be highly

reliable in our laboratory (intra-class correlation coefficient [ICC]: 0.91) (50).

Warm-Up

After ultrasound, a standardized warm-up was administered consisting of 25 jumping
jacks which was followed by one set of five dynamic mid-thigh pulls at 20kg, followed by three
sets of five dynamic mid-thigh pulls with 60kg. At least one minute of rest was provided

between dynamic pulls before beginning jump trials (6,13).

Jumping Performance

Static jumps (SJ) were performed on dual force plates affixed side by side with a

sampling frequency of 1000 Hz (Rice Lake Weighing Systems, Rice Lake, WI). The athlete held
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a near weightless poly-vinyl chloride pipe (Okg, SJO) and loaded barbell (11kg, SJ11; 20kg SJ20)
across their shoulders for unloaded and loaded conditions, respectively. The tester instructed the
athlete to squat to a 90° knee angle (i.e., ready position), measured using a handheld goniometer,
and instructed to perform a 50% effort warm-up SJ. After a brief rest, the athlete performed
another warmup jump at 75% effort. For the trials, the athlete was instructed to assume the ready
position and to hold the position until the force-time trace was stable. Once stable, the tester
shouted “3, 2, 1, jump!” and the athlete performed a maximal effort jump. The athlete performed
at least two maximal jumps at each loading condition. If the difference in jump height (JH)
between trials was >2cm, additional trials were performed. This was followed by completion of
the countermovement jump (CMJ) using the unloaded (CMJO0) and loaded (CMJ11, CMJ20)
protocol. Custom LabVIEW (LabVIEW 2018, National Instruments Co., Austin, TX) programs
were used to collect and analyze all data during and post-testing sessions. Performance variables
of interest included JH, net impulse (NI), and peak power allometrically scaled (PPa) due to
having existing empirical evidence as strong indicators of weightlifting performance (12,41,45-

47).

Isometric Mid-Thigh Pull

After completing the jump testing protocol, the athlete performed the IMTP testing on
dual force plates (Rice Lake Weighing Systems, Rice Lake, WI). The athlete assumed a mid-
thigh pull position, with an approximate knee angle of 125-135°, which was confirmed using a
handheld goniometer. The lifter was instructed to perform a 50% effort warm-up isometric pull.
After a brief rest, the athlete performed another warmup pull at 75% and was then secured to the

bar with both lifting straps and athletic tape (41). The athlete was instructed to “pull as fast and
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hard as possible” beforehand. For the trials, verbal instruction was given to get into position and
apply a steady amount of pre-tension to the bar to reduce slack in the body, and to help minimize
a countermovement. Once a consistent force trace was observed by the tester a verbal countdown
of “3, 2,1, pull!” was given until the tester noticed a plateau or decrease in force. Athletes then
received 90-120 seconds of seated rest before reattempting. Additional trials were performed if
there was a >250N difference in peak force from the first attempt. The force trace was analyzed
by the same investigator using custom designed lab view software (National Instruments, Austin,
TX) (6,13). Variables of interest for IMTP included isometric peak force (IPF), IPF
allometrically scaled (IPFa), rate of force development (RFD) at 200 ms (RFD200) and 250 ms
(RFD250). These variables were selected per their well-documented relationships with

weightlifting performance (6,19,25,42).

Statistical Analyses

Tau-U was calculated using an online calculator

(http://singlecaseresearch.org/calculators/tau-u). Tau-U is an effect size used in single-case

research that combines nonoverlap between phases (36,37,39). It also provides an option to
control monotonic trend, which is the tendency for scores to increase over time (undesirable
baseline trend) (36,37). For this analysis, all calculations were corrected for baseline. A
hypothetical series (A) of data was set up, which represented a situation in which the athlete
never returned to the pre-injury level of performance and compared changes pre-injury (TO0) to
post-injury (TO-T4). Alpha level for all analyses was set at p<0.05. All other analyses were

performed using Microsoft Excel 2013 (Microsoft Corporation, Redmond, WA, USA).
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RESULTS
Isometric Mid-Thigh Pull

There was a statistically significant increase between the hypothetical series A and an
actual series representing TO-T4 for RFD250 (p=0.0367; Tau-U=0.8; Figure 3.2), IPF (p=0.0367;
Tau-U=0.8; Figure 3), and IPFa (p=0.0367; Tau-U=0.8; Figure 4). No other IMTP variables

reached statistical significance.
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Table 3.3 - IMTP & US

TO T1 T2 T3 T4
IMTP
RFD200 (N*s?) 16956.1+14.7 15969.5+1216.4 20744.2+1156.9 18000.7+4214.7 18624.4+3274.9
RFD250 (N*s?) 14389.6+6.8 16214.9+1045.4 17593.3+1016.4 17142.443283.5 16622.2+2396.9
IPF (N) 8558.9+22.2 10043.6+97.4 10892.2+274.5 10750.9+219.3 10636.6+272.3
IPFa (N*kg¢") 330.3+£0.9 369.87+3.6 398.31+£10.0 392.7848.0 386.81+9.9
Ultrasound
CSA (cm?) 49.7+1.2 52.02+0.5 53.9+0.1 52.1+0.13 52.6+1.2

Notes: RFD-rate of force development, IPF-isometric peak force, IPFa-isometric peak force allometrically scaled for body mass, CSA-
muscle cross sectional area

Table 3.4 - IMTP & US Percent Change

TOvs T1 TOvs T2 TOvs T3 TO vs T4 T1vs T2 T1vs T3 T1lvs T4
IMTP
RFD200 (N*S™) -5.82% 22.34% 6.16% 9.84% 29.90% 12.72% 16.62%
RFD250 (N*S™) 12.69% 22.26% 19.13% 15.52% 8.49% 5.71% 2.51%
IPF (N) 17.35% 27.27% 25.61% 24.28% 8.45% 7.04% 5.90%
IPFa (N*kg ) 11.98% 20.59% 18.92% 17.11% 7.69% 6.19% 4.58%
Ultrasound
CSA (cm?) 4.63% 8.32% 4.69% 5.82% 3.53% 0.06% 1.14%

Notes: TO vs other time points represent comparisons between pre-and-post injury. T1 vs other time points compare how each value changed
over the course of the stage. RFD-rate of force development, IPF-isometric peak force, IPFa-isometric peak force allometrically scaled for
body mass, CSA-muscle cross sectional area
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Muscle CSA and Skinfold

An increase in muscle CSA was found between TO-T4 and TO (p=0.0367; Tau-U=0.8;
Figure 6). Body fat percentage increased from 23.6% to 24.6% from TO-T1 and increased up to
26.17% at T4. Concurrently, FFM increased from 101.69kg to 106.76kg from TO-T1 and

increased further to 106.98kg at T4.
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Jump Performance

No statistically significant differences were found in any of the jump variables across all

SJand CMJ unloaded and loaded conditions. However, jump performance did appear to return to

pre-injury baseline values.

Table 3.5 — Pre- to Post-Study Jump Performance

Variable TO T1 T4

SJ

SJH 0kg (cm) 34.9+1.6 29.4+3.5 39.3+0.1
SINI Okg (N*s) 356.4+8.0 341.84£20.0 395.2+1.1
SJPPa Okg (W*kg?%7) 59.9+0.1 48.2+3.5 57.5+0.6
SJH 11kg (cm) 30.2+0.8 28.7+0.1 32,9155
SINI 11kg (N*s) 355.4+4.3 362.8+0.7 387.9+21.1
SJPPa 11kg (W*kg%7) 54.9+1.6 49.6+0.9 52.2+2.8
SJH 20kg (cm) 27.9+0.4 26.2+0.6 27.6+1.8
SINI 20kg (N*s) 362.0+2.4 370.9+2.2 383.4+8.2
SJPPa 20kg (W*kgo7) 53.9+0.5 49.4+0.2 50.4+1.6
CMJ

CMJH 0kg (cm) 36.8+0.4 35.1+1.3 35.0+0.5
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CMJNI Okg (N*s) 364.621.5 373.3%7.3 381.520.7

CMJPPa 0kg (W*kg ) 62.340.2 54.6+2.5 55.6+2.3
CMJH 11kg (cm) 32.9+0.8 30.6+1.3 29.1+1.8
CMJINI 11kg (N*s) 368.7+3.4 373.4£7.0 383.745.9
CMJPPa 11kg (W*kg ") 59.4+0.9 51.3+1.0 51.4+2.4
CMUJH 20kg (cm) 31.0+1.2 28.8+0.6 30.7+3.2
CMJINI 20kg (N*s) 380.546.0 387.8+2.9 404.6£17.9
CMJPPa 20Kg (W*kg ") 57.5:0.1 52.5+0.5 52.5+3.5

Notes: SD-standard deviation, SJ-static jump, CMJ-countermovement jump, JH- jump height, NI-net
impulse, PPa-peak power allometrically scaled for body mass

Table 3.6 — Jump Performance Percent Change
TOvsT1 TOvsT4 TlvsT4

SJ
SJH 0Okg (cm) -15.64%  12.77%  33.67%
SINI 0kg (N*s) -4.09%  10.89%  15.62%
SJPPa Okg (W*kg?¢7) -19.53%  -4.13%  19.15%
SJH 11kg (cm) -5.13% 8.94%  14.83%
SINI 11kg (N*s) 2.08% 9.12% 6.90%
SJPPa 11kg (W=*kg067) 9.81%  -4.99% 5.35%
SJH 20kg (cm) -6.09%  -1.08% 5.34%
SINI 20kg (N*s) 2.47% 5.91% 3.36%
SJIPPa 20kg (W+*kg067) -8.26%  -6.38% 2.05%
cMJ

CMJH Okg (cm) -4.76%  -5.03%  -0.29%
CMJNI Okg (N*s) 2.36% 4.63% 2.21%
CMJPPa Okg (W*kg®") -12.37%  -10.87% 1.71%
CMJH 11kg (cm) 7.00%  -11.42%  -4.75%
CMJINI 11kg (N*s) 1.27% 4.08% 2.77%
CMJPPa 11kg (W=*kg067) -13.68%  -13.48% 0.23%
CMJH 20kg (cm) -7.11% -0.97% 6.61%
CMJNI 20kg (N*s) 1.92% 6.34% 4.34%
CMJPPa 20kg (W*kg7) -8.75%  -8.71% 0.05%

Notes: TO vs other time points represent comparisons between
pre-and-post injury. T1 vs other time points compare how each
value changed over the course of the stage. SD-standard
deviation, SJ-static jump, CMJ-countermovement jump, JH-
jump height, NI-net impulse, PPa-peak power allometrically
scaled for body mass
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Competition Performance and Body Mass

At COMP1, the subject weighed 131.9kg and lifted 122kg in the Snatch and 160kg in the
Clean and Jerk, totaling 282kg with a Sinclair score of 289.62. After injury, the subject weighed
141.5kg at T1, 143Kkg at T2, 143.2kg at T3, 143.6kg at COMP2, and 144.2kg at T4. At COMP2
(~5.5 months post-surgery), the subject lifted 126kg in the Snatch, 165kg in the Clean and Jerk,
totaled 291kg, and had a Sinclair score of 294.85. As an outside assessment post-observation, the
athlete continued to improve performance in competition. At COMP3 (~9 months post-surgery),
the subject weighed 149.26kg, lifted 125kg in the Snatch, 170kg in the Clean and Jerk, totaled
295kg, and had a Sinclair score of 297.539. At COMP4 (~16 months post-surgery), the subject
weighed 147.50kg, lifted 128kg in the Snatch, and 175kg in the Clean and Jerk, totaling 303kg
with a Sinclair score of 306.006. At COMP5 (~21.75 months post-surgery), the subject weighed
145.5kg, lifted 133kg in the Snatch, 180kg in the Clean and Jerk, totaled 313kg, and had a
Sinclair score of 316.615. At COMP6 (~25.75 months post-surgery), the subject weighed
151.4kg and lifted 134kg in the Snatch, 180kg in the Clean and Jerk, totaled 314kg, and had a
Sinclair score of 316.247. At COMP7 (~30.75 months post-surgery), the subject weighed
152.11kg, lifted 131kg in the Snatch, 176 kg in the Clean and Jerk, totaled 307kg, and had a
Sinclair score of 309.059. Finally, at COMP8 (~33.75 months post-surgery), the subject weighed
154.2kg, lifted 137kg in the Snatch, 182kg in the Clean and Jerk, totaled 319kg, and had a

Sinclair score of 320.750.
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DISCUSSION

The purpose of this observation was to 1) retrospectively investigate the efficacy of a
modified block periodization protocol designed for rehabilitation purposes, 2) determine the
practicality of sport specific athlete monitoring tools with selected variables that best explain
weightlifting based training adaptations, and 3) assess pre- to post-injury performance changes in
a collegiate male weightlifter following a right knee meniscal injury. The primary findings of
this investigation were that a) the use of block periodization and the implementation of phase
potentiation style programming (43) successfully rehabilitated the athlete resulting in b) muscle
size being maintained and improved, which ¢) may have further contributed to observed

laboratory- and competition-based performance improvements.

The most notable finding within this observation is that the athlete was able to improve
competition performance on the platform at COMP2 compared to COMP1. The current
observation suggests that block periodization was an effective means of rehabilitation for this
weightlifter. However, improvements in technical proficiency in the lifts through the use of
block periodization and appropriate programming could have contributed to improvements in
performance, though this was not directly investigated. It is also possible that with the lifter
increasing body mass during this reduced training period, this aided with injury recovery and his

return to the platform.

As noted, the athlete experienced substantial increases in body mass (9.3%A and 11.3kg
from TO-T4), body fat (11%A and 2.6% from T0-T4), and FFM (5.2%A and 5.3kg from TO0-T4)
over the course of the study. These findings are likely attributable to a positive energy balance
and an increase in net protein balance (26,35) during the reduced training. However, this is only

a speculative assumption as nutrition and macronutrient intake was not accounted for. It is also
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likely that the many of observed performance improvements are a direct by-product of the
increases in body size as well as improvements in strength and explosive strength production.
Furthermore, the large increases in body size could also explain the muscle CSA increases

observed over the 13-week period.

It has been shown that increases in muscle CSA are advantageous for weightlifting
performance (17). Increased muscle size has been shown to produce strong relationships with
muscle strength capabilities (32,34). There is also an array of data suggesting that muscle CSA
can be indicative of jumping performance, isometric strength, squat strength, and weightlifting
performance (5,10,28,40,44,52). Further, data suggest that muscle CSA is closely related to later
RFD time bands (>150ms) (16) although this information is limited. The gains in muscle CSA,
as a by-product of body mass increases, were likely associated with the observed improvement
for IPF, IPFa, and RFD250 (p=0.0367). Thus, our data agrees with the relationships reported in
the current literature. This output is also assumed based on the statistically significant
relationship between IPF and RFD250 (r = 0.729, p < 0.05) (6,7), though exact relationships may
differ between athletes. Nevertheless, jumping performance has been more consistent with
determining weightlifters’ recovery, adaptation, and competition-based changes which warrants

further discussion.

Multiple studies have previously reported strong relationships between jump capabilities
and competition-based weightlifting performance (12,18,46,49). However, SJ has been shown to
have a stronger relationship to weightlifting performance than CMJ (21,46), likely due to its
biomechanical similarity to the initial starting position of weightlifting movements. While JH
measured by flight time is easy to collect and most prominent in the literature, it can be

substantially affected by changes in body mass (45). However, small decreases or a maintenance
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in JH should not be interpreted as a lack of positive adaptation for a weightlifter (8,45),
especially when the athlete maintains performance despite increases in body mass. This is
particularly important when applied to the monitoring of any athletes whose sport or position
relies more on generating a large NI and displacing another object, compared to the ability to
displace themselves, as is the case for weightlifters. The NI associated with these jumps showed
increases that were likely reflected in weightlifting performance, with improvements in the
snatch (122kg to 126kg), clean and jerk (160kg to 165kg), total (282kg to 291kg), and Sinclair
score (289.62 to 294.85). This observation has been corroborated by a recent paper out of our lab
(45) indicating a generalizable relationship existing between Sinclair with JH and NI within-
individual athletes. The increases in NI or JH could also be considered indicators of greater
Sinclair score potential within individual lifters. Thus, the athlete’s inability to improve jumping

performance overall is likely reflective of his inability to proportionately displace a greater mass.

Given most variables in this study did not reach statistical significance when compared to
pre-injury, this may be indicative of the fact that over the course of the retraining period, nearly
all performance variables returned to or slightly improved from baseline in both absolute and
percent terms. Most importantly, these adaptations appear to have allowed further improvement
in the snatch, clean and jerk, weightlifting total, and Sinclair score. This case study is a
demonstration of the efficacy of using short-term block periodized models of training in athletes
returning from a right knee meniscal tear, in as few as 21 weeks of training. However, this study
is not without limitations. An important limitation in this study was that testing took place three
days after the day of competition which likely inflated laboratory-based performance metrics via
complete rest (i.e., RFD values). Thus, differences in travel logistics and competition results

between timepoints could have also influenced these results. Indeed, it is possible that very
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positive or negative competition outcomes may have influenced the athletes’ mental state and
motivation to perform during the testing sessions. Therefore, it is possible that the relationships
between the testing performances and competition observed within this investigation could have
been influenced by a previous successful performance resulting in greater motivation during the
proceeding testing sessions. Additionally, the findings of this study are limited due to a single
athlete, the specific injury that occurred (right knee meniscus), and the weight/weight class of the

athlete (109kg+, super-heavyweight).

PRACTICAL APPLICATION

During injuries, coaches can still train athletes but should monitor the athlete day-to-day
while incorporating reduced and modified training under a block periodization programming
framework. Sports scientists and coaches should also implement athlete monitoring tools that
provide appropriate feedback relative to the individual and sport. Additionally, the use of
electronic dietary logs such as MyFitnessPal, MyPlate, Cronometer, and others should be
considered to monitor water intake, macronutrient and micronutrient intake, and body mass
changes. This should help combat nutritional inadequacies that can cause issues with recovery
and, therefore, increased injury risk. Lastly, sports scientists and coaches may benefit from
monitoring body mass changes during injury, as excessive weight gain, in combination with
reduced volume and intensity, may lead to disproportionate gains in fat mass, which is not

beneficial for weight-class sports.
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Chapter 4. Summary and Future Investigations

The purpose of this observation was to 1) retrospectively investigate the efficacy of a
modified block periodization protocol designed for rehabilitation purposes, 2) determine the
practicality of sport specific athlete monitoring tools with selected variables that best explain
weightlifting based training adaptations, and 3) assess pre- to post-injury performance changes in
a collegiate male weightlifter following a right knee meniscal injury. The primary findings of
this investigation were that a) the use of block periodization per the implementation of phase
potentiation style programming successfully rehabilitated the athlete, which resulted in b) muscle
size being maintained, that c) may have further contributed to observed laboratory- and
competition-based performance improvements for a super-heavy weight class weightlifter

returning from a right knee meniscal injury.

Although infrequent, injuries still occur in weightlifting, with the knee being the most
common site of injury (Aasa et al., 2017; Keogh & Winwood, 2016). This is the first study to
demonstrate the efficacy of using a modified block periodization protocol for rehabilitation of a
weightlifter with this injury. However, it is likely that the combination of training stimulus with
significant increases in body mass obviated performance decrements and contributed to the
increases in muscle CSA, IPF, IPFa, and RFD250 found in this study. Nevertheless, it shows the
importance of adequate calorie and protein consumption during injury to facilitate recovery and

return to the platform.

While significant increases in jump performance may not have been realized, an increase
in NI was observed, lending credence to recent arguments from Bishop et al. (2021) and recent
findings out of our lab (Suarez et al., 2022). This line of thinking is particularly important when

applied to the monitoring of any athletes whose sport or position relies more on generating a
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large NI and displacing another object, compared to the ability to displace themselves, as is the
case for weightlifters. Thus, increases in JH or NI might be considered indicators of weightlifting
success (Suarez et al., 2022). Implementing appropriate athlete monitoring over the course of an

athlete’s carcer will likely aid in optimizing performance while minimizing injury risk.

Future investigations should seek to collect jJump data more frequently (e.g., monthly) to
examine changes in performance particularly leading up to competition. This should allow
stronger inferences to be made as to the relationship between jump performance and competition,
as well as the effects of each block on jump performance. Additionally, data collected around
competition should be as close to competition day as possible to reduce the potential impact of
traveling logistics and mood states impact on performance during testing. Considering modern
day technology, future investigations should also implement electronic dietary logs to ensure
athletes are eating and drinking properly which could potentially raise concern if macronutrients

such as protein or carbohydrate intake is not adequate.

78



References

Aasa, U., Svartholm, 1., Andersson, F., & Berglund, L. (2017). Injuries among weightlifters
and powerlifters: A systematic review. British Journal of Sports Medicine, 51(4), 211—

219. https://doi.org/10.1136/bjsports-2016-096037

Allen, D. G., Whitehead, N. P., & Yeung, E. W. (2005). Mechanisms of stretch-induced
muscle damage in normal and dystrophic muscle: role of ionic changes. The Journal of

Physiology, 567, 723-735.

Ajan, T., & Baroga, L. (1988). Weightlifting: Fitness for all sports. International Weightlifting

Federation.

Andersen, L. L., Andersen, J. L., Zebis, M. K., & Aagaard, P. (2010). Early and late rate of
force development: differential adaptive responses to resistance training? Scandinavian

Journal of Medicine & Science in Sports, 20(1).

Ardern, C. L., Bizzini, M., & Bahr, R. (2016). It is time for consensus on return to play after
injury: Five key questions. British Journal of Sports Medicine, 50(9), 506-508.

https://doi.org/10.1136/bjsports-2015-095475

Baar, K., & Esser, K. A. (1999). Phosphorylation of p70. S6k correlates with increase skeletal
muscle mass following resistance exercise. American Journal of Physiology, 276, C120-

C127.

Ball, S. D., Altena, T. S., & Swam, P. D. (2004). Comparison of anthropometry to DXA: a

new prediction equation for men. European Journal of Clinical Nutrition, 58, 1525-1531.

79



Baumann, W., Gross, V., Quade, K., Galbierz, P., & Schwirtz, A. (1988). The snatch
technique of world class weightlifters at the 1985 world championships. International

Journal of Sport Biomechanics, 4(1), 68-89.

Bazyler, C. D., Mizuguchi, S., Harrison, A. P., Sato, K., Kavanaugh, A. A., DeWeese, B. H.,
& Stone, M. H. (2017). Changes in muscle architecture, explosive ability, and track and
field throwing performance throughout a competitive season and after a taper. The

Journal of Strength & Conditioning Research, 31(10), 2785-2793.

Bazyler, C. D., Mizuguchi, S., Zourdos, M. C., Sato, K., Kavanaugh, A. A., DeWeese, B. H.,
Breuel, K. F., & Stone, M. H. (2018). Characteristics of a National Level Female
Weightlifter Peaking for Competition: A Case Study. Journal of Strength and

Conditioning Research, 32(11), 3029-3038.

Beckham, G., Mizuguchi, S., Carter, C., Sato, K., Ramsey, M., Lamont, H., Hornsby, G., Haff,
G., & Stone, M. (2013). Relationships of isometric mid-thigh pull variables to
weightlifting performance. The Journal of Sports Medicine and Physical Fitness, 53(5),

573-581.

Bellumori, M., Jaric, S., & Knight, C. A. (2011). The rate of force development scaling factor
(RFD-SF): Protocol, reliability, and muscle comparisons. Experimental Brain Research,

212(3), 359-369. https://doi.org/10.1007/s00221-011-2735-7

Bishop, C., Turner, A. N., Jordan, M., Harry, J., Loturco, I., Lake, J., & Comfort, P. (2021). A
framework to guide practitioners when selecting metrics during the countermovement

and drop jump tests. Strength and conditioning Journal.

80



Bizzini, M. (2022). Optimizing Performance in Return to Play After Sport-Related Concussion
in Elite Ice Hockey Players: A Sports Physical Therapy and Athletic Trainer Perspective.
International Journal of Sports Physical Therapy, 17(2), 317-326.

https://doi.org/10.26603/001¢.31953

Bodine, S. C., Roy, R. R., Edgerton, E., & Edgerton, V. R. (1987). Maximal force as a
function of anatomical features of motor units in the cat tibialis anterior. Journal of

Neurophysiology, 57, 1730-1745.

Bottinelli, R., Canepari, M., Pellegrino, M. A., & Reggiani, C. (1996). Force-velocity
properties of human skeletal muscle fibres: myosin heavy chain isoform and temperature

dependence. Journal of Physiology, 495(Pt 2), 573-586.

Bottinelli, R. (2001). Functional heterogeneity of mammalian single muscle fibres: do myosin
isoforms tell the whole story? Pflugers Archiv: European Journal of Physiology, 443(1),

6-17.

Blevins, C. E. (1967). Innervation patterns of the human stapedius muscle. Archives Of

Otolaryngology, 86(2), 136-42.

Brechue, W. F., & Abe, T. (2002). The role of FFM accumulation and skeletal muscle
architecture in powerlifting performance. European Journal of Applied Physiology,

86(4), 327-336.

Buckner, S. L., Jessee, M. B., Mattocks, K. T., Mouser, J. G., Counts, B. R., Dankel, S. J., &
Loenneke, J. P. (2017). Determining strength: a case for multiple methods of

measurement. Sports Medicine, 47(2), 193-195.

81



Burd, N. A., Mitchell, C. J., Churchward-Venne, T. A., & Phillips, S. M. (2012). Bigger
weights may not beget bigger muscles: evidence from acute muscle protein synthetic
responses after resistance exercise. Applied Physiology, Nutrition, and Metabolism,

37(3), 551-554.

Buresh, R., Berg, K., & French, J. (2009). The effect of resistive exercise rest interval on
hormonal response, strength, and hypertrophy with training. Journal of Strength and

Conditioning Research, 23(1), 62-71.

Burke, R. E., Strick, P. L., Kanda, K., Kim, C. C., & Walmsley, B. (1977). Anatomy of medial
gastrocnemius and soleus motor nuclei in cat spinal cord. Journal of Neurophysiology,

40, 667-680.

Calancie, B., & Bawa, P. (1985). Voluntary and reflexive recruitment of flexor carpi radialis

motor units in humans. Journal of Neurophysiology, 53, 1194-1200.

Carlock, J. M., Smith, S. L., Hartman, M. J., Morris, R. T., Ciroslan, D. A., Pierce, K. C.,
Newton, R. U., Harman, E. A., Sands, W. A., & Stone, M. H. (2004). The relationship
between vertical jJump power estimates and weightlifting ability: a field-test

approach. Journal of Strength and Conditioning Research, 18(3), 534-539.

Carroll, K. M., Bernards, J. R., Bazyler, C. D., Taber, C. B., Stuart, C. A., DeWeese, B. H.,
Sato, K., & Stone, M. H. (2018). Divergent Performance Outcomes Following Resistance
Training Using Repetition Maximums or Relative Intensity. International Journal of

Sports Physiology and Performance, 1-28.

Carroll, K. M., Bazyler, C. D., Bernards, J. R., Taber, C. B., Stuart, C. A., DeWeese, B. H.,
Sato, K., & Stone, M. H. (2019). Skeletal Muscle Fiber Adaptations Following

82



Resistance Training Using Repetition Maximums or Relative Intensity. Sports (Basel,

Switzerland), 7(7), 1609.

Carlsoo, S. (1958). Motor units and action potentials in masticatory muscles. An
electromyographic study of the form and duration of the action potentials and an
anatomic study of the size of the motor units. Acta Morphologica Neerlando-

Scandinavica, 2(1), 13-109.

Carpentier, A., Duchateau, J., & Hainaut, K. (2001). Motor unit behaviour and contractile
changes during fatigue in the human first dorsal interosseus. Journal of Physiology, 534,

903-912.

Clarkson, P. M., Kroll, W., & McBride, T. C. (1980). Maximal isometric strength and fiber
type composition in power and endurance athletes. European Journal of Applied

Physiology and Occupational Physiology, 44(1), 35-42.

Cleather, D. J. (2006). Adjusting powerlifting performances for differences in body mass.

Journal of Strength and Conditioning Research, 20(2), 412.

Comfort, P., Dos’Santos, T., Beckham, G. K., Stone, M. H., Guppy, S. N., & Haff, G. G.
(2019). Standardization and methodological considerations for the Isometric Mid-Thigh

Pull. Strength & Conditioning Journal, 41(2), 57-59.

Crameri, R., Aagaard, P., Qvortrup, K., Langberg, H., Olesen, J., & Kjaer, M. (2007).
Myofibre damage in human skeletal muscle: effects of electrical stimulation versus

voluntary contraction. The Journal of Physiology, 583(1), 365-380.

83



Cunanan, A. J., DeWeese, B. H., Wagle, J. P., Carroll, K. M., Sausaman, R., Hornsby, W. G.,
3rd, Haff, G. G., Triplett, N. T., Pierce, K. C., & Stone, M. H. (2018). The General
Adaptation Syndrome: A Foundation for the Concept of Periodization. Sports Medicine

(Auckland, N.Z.), 48(4), 787-797.

Cunanan A. J., Hornsby W. G., South M. A., Ushakova K. P., Mizuguchi, S., Sato, K., Pierce
K. C. & Stone, M. H. (2020). Survey of Barbell Trajectory and Kinematics of the Snatch
Lift from the 2015 World and 2017 Pan-American Weightlifting Championships. Sports

(Basel), 8(9), 118.

Damas, F., Libardi, C. A., & Ugrinowitsch, C. (2018). The development of skeletal muscle
hypertrophy through resistance training: the role of muscle damage and muscle protein

synthesis. European journal of applied physiology, 118(3), 485-500.

Damas, F., Phillips, S., Vechin, F. C., & Ugrinowitsch, C. (2015). A review of resistance
training-induced changes in skeletal muscle protein synthesis and their contribution to

hypertrophy. Sports medicine (Auckland, N.Z.), 45(6), 801-807.

DeFreitas, J. M., Beck, T. W., Stock, M. S., Dillon, M. A., & Kasishke, P. R., 2nd (2011). An
examination of the time course of training-induced skeletal muscle

hypertrophy. European Journal of Applied Physiology, 111(11), 2785-2790.

Deschenes, M. R., Kramer, W. J., Maresh, C. M., & Crivello, J. F. (1991). Exercised induced
hormonal changes and their effects upon skeletal muscle tissue. Sports Medicine, 12, 80-

89.

84



Desmedt, J. E., & Godaux, E. (1977a). Ballistic contractions in man: characteristic recruitment
pattern of single motor units of the tibialis anterior muscle. The Journal of Physiology,

264(3), 673-93.

Desmedt, J. E., & Godaux, E. (1977b). Fast motor units are not preferentially activated in

rapid voluntary contractions in man. Nature, 267, 717-719.

DeVol, D. L., Rotwein, P., Sadow, J. L., Novakofski, J., & Bechtel, P. J. (1990). Activation of
insulin-like growth factor gene expression during work induced skeletal muscle growth.

American Journal of Physiology, 259, E89-E95.

DeWeese, B. H., Hornsby, G., Stone, M., & Stone, M. H. (2015). The training process:
planning for strength-power training in track and field. Part 1: theoretical aspects. Journal

of Sport and Health Science, 4(4), 308-317.

DeWeese, B. H., Hornsby, G., Stone, M., & Stone, M. H. (2015). The training process:
planning for strength-power training in track and field. Part 2: Practical and applied

aspects. Journal of Sport and Health Science, 4(4), 318-324.

DeWeese, B., Sams, M., & Serrano, A. (2014). Sliding toward Sochi—part 1: a review of
programming tactics used during the 2010-2014 quadrennial. National Strength and

Conditioning Association Coach, 1(3), 30-42.

Dideriksen, J. L., Del Vecchio, A., & Farina, D. (2020). Neural and muscular determinants of

maximal rate of force development. Journal of Neurophysiology, 123(1), 149-157.

D’Lauro, C., Johnson, B. R., McGinty, G., Allred, C. D., Campbell, D. E., & Jackson, J. C.

(2018). Reconsidering Return-to-Play Times: A Broader Perspective on Concussion

85



Recovery. Orthopaedic Journal of Sports Medicine, 6(3), 2325967118760854.

https://doi.org/10.1177/2325967118760854

Doran, D. A., Mc Geever, S., Collins, K. D., Quinn, C., McElhone, R., & Scott, M. (2014).
The validity of commonly used adipose tissue body composition equations relative to
dual energy X-ray absorptiometry (DXA) in gaelic games players. International journal

of sports medicine, 35(2), 95-100.

Duchateau, J. & Baudry, S. (2014). Maximal discharge rate of motor units determines the
maximal rate of force development during ballistic contractions in human. Frontiers in

Human Neuroscience, 8, 234. doi: 10.3389/fnhum.2014.00234

Duchateau, J., & Enoka, R. M. (2011). Human motor unit recordings: origins and insight into

the integrated motor system. Brain Research, 1409, 42-61.

Dunn, S. E., Burns, J. L., & Michel, R. N. (1999). Calcineurin is required for skeletal muscle

hypertrophy. Journal of Biological Chemistry, 274(31), P21908-P21912.

Dunn, S. E., Chin, E. R., & Michel, R. N. (2000). Matching of calcineurin activity to upstream
effectors is critical for skeletal muscle fiber growth. Journal of Cell Biology, 151, 663-

672.

Elek, J. M., Kossev, A., Dengler, R. Schubert, M., Wholfarht, K., & Wolf, W. (1992).
Parameters of human motor unit twitched obtained by intramuscular microstimulation.

Neuromuscular Disorders, 2, 261-267.

Enoka, R. M., & Duchateau, J. (2017). Rate coding and the control of muscle force. Cold

Spring Harbor Perspectives in Medicine, 7(10). doi: 10.1101/cshperspect.a029702

86



Enoka, R. M., & Fuglevand, A. J. (2001). Motor unit physiology: some unresolved issues.

Muscle Nerve, 24, 4-17.

Enoka, R. M., & Duchateau, J. (2019). Muscle function: strength, speed, and fatigability. In

(J;A. Zoladz, Ed). Muscle and Exercise Physiology, 129-157.

Evans W. J. (2002). Effects of exercise on senescent muscle. Clinical Orthopaedics and

Related Research, (403 Suppl), S211-S220.

Farup, J., Rahbek, S. K., Bjerre, J., de Paoli, F., & Vissing, K. (2016). Associated decrements
in rate of force development and neural drive after maximal eccentric exercise.

Scandinavian Journal of Medicine & Science in Sports, 26(5), 498-506.

Feinstein, B., Lindegard, B., Nyman, E., & Wohlfart, G. (1955). Morphologic studies of motor

units in normal human muscles. Acta Anatomica, 23(2), 127-142.

Folland, J., Buckthorpe, M., & Hannah, R. (2014). Human capacity for explosive force
production: neural and contractile determinants. Scandinavian Journal of Medicine &

Science in Sports, 24(6), 894-906.

Ford, L. E., Detterline, A. J., Ho, K. K., & Cao, W. (2000). Gender- and height-related limits
of muscle strength in world weightlifting champions. Journal of applied physiology

(Bethesda, Md.: 1985), 89(3), 10611064

Franchi, M. V., Longo, S., Mallinson, J., Quinlan, J. I, Taylor, T., Greenhaff, P. L., & Narici,
M. V. (2018). Muscle thickness correlates to muscle cross-sectional area in the
assessment of 68 strength training-induced hypertrophy. Scandinavian Journal of

Medicine & Science in Sports, 28(3), 846-853.

87



Franchi, M. V., Reeves, N. D., & Narici, M. V. (2017). Skeletal muscle remodeling in
response to eccentric vs. concentric loading: morphological, molecular, and metabolic

adaptations. Frontiers in physiology, 8, 447.

Freitas, V. H., Nakamura, F. Y., Miloski, B., Samulski, D., & Bara-Filho, M. G. (2014).
Sensitivity of physiological and psychological markers to training load intensification in

volleyball players. Journal of sports science & medicine, 13(3), 571-579.

Frobose, I., Verdonck, A., Duesberg F, & Mucha, C. (1993). Effects of various load intensities
in the framework of postoperative stationary endurance training on performance deficit of
the quadriceps muscle of the thigh. Zeitschrift fur Orthopadie und ihre

Grenzgebiete, 131(2), 164-167.

Fry, A. C. (2004). The role of resistance exercise intensity on muscle fibre adaptations. Sports

Medicine, 34:663-679.

Funato, K., Kanehisa, H., & Fukunaga, T. (2000). Differences in muscle cross-sectional area
and strength between elite senior and college Olympic weight lifters. The Journal of

Sports Medicine and Physical Fitness, 40(4), 312-318.

Gantier, M. P., McCoy, C. E., Rusinova, I., Saulep, D., Wang, D., Xu, D., Irving, A. T.,
Behlke, M. A., Hertzog, P. J., Mackay, F., & Williams, B. R. (2011). Analysis of
microRNA turnover in mammalian cells following Dicerl ablation. Nucleic acids

research, 39(13), 5692-5703.

Garhammer, J. (1980). Power production by Olympic weightlifters. Medicine and Science in

Sports and Exercise, 12(1), 54-60.

88



Garhammer, John, & Gregor, R. (1992). Propulsion forces as a function of intensity for
weightlifting and vertical jumping. Journal of Applied Sport Science Research, 6(3),

129-134.

Gibson, N. E., Boyd, A. J., & Murray, A. M. (2016). Countermovement Jump is Not Affected
During Final Competition Preparation Periods in Elite Rugby Sevens Players. Journal of

Strength and Conditioning Research, 30(3), 777-783.

Goldberg, A. L., Etlinger, J. D., Goldspink, D. F., & Jablecki, C. (1975). Mechanism of work-

induced hypertrophy of skeletal muscle. Medicine and Science in Sports, 7(3), 185-198.

Goldspink, G. (2002). Gene expression in skeletal muscle. Biochemical Society Transactions,

30(2), 285-290.

Gondin, J., Guette, M., Ballay, Y., & Martin, A. (2006). Neural and muscular changes to
detraining after electrostimulation training. European Journal of Applied

Physiology, 97(2), 165-173.

Gordon, S. E., Kraemer, W. J., Vos, N. H., Lynch, J. M., & Knuttgen, H. G. (1994). Effect of
acid-base balance on the growth hormone response to acute high-intensity cycle

exercise. Journal of Applied Physiology (Bethesda, Md.: 1985), 76(2), 821-829.

Gordon, T., Thomas, C. K., Munson, J. B., & Stein, R. B. (2004). The resilience of the size
principle in the organization of motor unit properties in normal and reinnervated adult
skeletal muscles. Canadian Journal of Physiology and Pharmacology, 82(8-9), 645-61.

doi: 10.1139/y04-081

89



Goto S. E., Kraemer, W. J., Vos, N. H., Lynch, J. M., & Knuttgen, H. G. (1994). Effect of
acid-base balance on the growth hormone response to acute high-intensity cycle

exercise. Journal of Applied Physiology (Bethesda, Md.: 1985), 76(2), 821-829.

Gourgoulis, V., Aggeloussis, N., Antoniou, P., Christoforidis, C., Mavromatis, G., & Garas, A.
(2002). Comparative 3-dimensional kinematic analysis of the snatch technique in elite
male and female greek weightlifters. Journal of Strength and Conditioning Research,

16(3), 359-366.

Gruber, M., & Gollhofer, A. (2004). Impact of sensorimotor training on the rate of force
development and neural activation. European Journal of Applied Physiology, 92(1-2),

98- 105.

Hackett, D., Davies, T., Soomro, N., & Halaki, M. (2016). Olympic weightlifting training
improves vertical jJump height in sportspeople: a systematic review with meta-

analysis. British Journal of Sports Medicine, 50(14), 865-872.

Haff, G. G., Stone, M., O'bryant, H. S., Harman, E., Dinan, C., Johnson, R., & Han, K.-H.
(1997). Force-time dependent characteristics of dynamic and isometric muscle actions.

The Journal of Strength & Conditioning Research, 11(4), 269-272.

Haff, G. G., Carlock, J. M., Hartman, M. J., & Kilgore, J. L. (2005). Force-time curve
characteristics of dynamic and isometric muscle actions of elite women olympic

weightlifters. Journal of Strength and conditioning Research, 19(4), 741.

Haff, G. G., Ruben, R. P., Lider, J., Twine, C., & Cormie, P. (2015). A comparison of methods
for determining the rate of force development during isometric midthigh clean pulls. The

Journal of Strength & Conditioning Research, 29(2), 386-395.

90



Hékkinen, K., Alen, M., & Komi, P. (1984). Neuromuscular, anaerobic, and aerobic
performance characteristics of elite power athletes. European Journal of Applied

Physiology and Occupational Physiology, 53(2), 97-105.

Hékkinen, K., Alén, M., & Komi, P. V. (1985). Changes in isometric force- and relaxation-
time, electromyographic and muscle fibre characteristics of human skeletal muscle during

strength training and detraining. Acta physiologica Scandinavica, 125(4), 573-585.

Hékkinen, K., & Komi, P. V. (1983). Electromyographic changes during strength training and

detraining. Medicine and Science in Sports and Exercise, 15(6), 455—460.

Hamill, B. P. (1994). Relative Safety of Weightlifting and Weight Training. The Journal of

Strength & Conditioning Research, 8(1), 53-57.

Hartmann, H., Wirth, K., & Klusemann, M. (2013). Analysis of the load on the knee joint and
vertebral column with changes in squatting depth and weight load. Sports Medicine

(Auckland, N.Z.), 43(10), 993-1008. https://doi.org/10.1007/540279-013-0073-6

Haun, C. T., Vann, C. G., Roberts, B. M., Vigotsky, A. D., Schoenfeld, B. J., & Roberts, M. D.
(2019). A Critical Evaluation of the Biological Construct Skeletal Muscle Hypertrophy:

Size Matters but So Does the Measurement. Frontiers in physiology, 10, 247.

Heckman, C. J., & Enoka, R. M. (2012). Motor unit. Comprehensive Physiology, 2(4), 2629-

2682.

Henneman, E., & Olson, C. B. (1965). Relations between structure and function in the design

of skeletal muscle. Journal of Neurophysiology, 28, 581-598.

91



Henneman, E. (1957). Relation between size of neurons and their susceptibility to discharge.

Science, 126, 1345-1347.

Henneman, E., Somjen, G., Carpenter, D. O. (1965a). Excitability and inhibitability of

motoneurons of different sizes. Journal of Neurophysiology, 28, 599-620.

Hides, J. A., Richardson, C. A., & Jull, G. A. (1995). Magnetic resonance imaging and
ultrasonography of the lumbar multifidus muscle. Comparison of two different

modalities. Spine, 20(1), 54-58.

Hill, M., & Goldspink, G. (2003). Expression and splicing of the insulin-like growth factor
gene in rodent muscle is associated with muscle satellite (stem) cell activation following

local tissue damage. The Journal of Physiology, 549(Pt 2), 409-418.

Hoffman, J. R. (2012). NSCA’s guide to program design. Champaign, IL: Human Kinetics

Hootman, J. M., Dick, R., & Agel, J. (2007). Epidemiology of Collegiate Injuries for 15
Sports: Summary and Recommendations for Injury Prevention Initiatives. Journal of

Athletic Training, 42(2), 311-3109.

Hornberger, T. A., & Chien, S. (2006). Mechanical stimuli and nutrients regulate rapamycin-
sensitive signaling through distinct mechanisms in skeletal muscle. Journal of Cellular

Biochemistry, 97(6), 1207-1216.

Hornshby, W. G., Gentles, J. A., MacDonald, C. J., Mizuguchi, S., Ramsey, M. W., & Stone,
M. H. (2017). Maximum Strength, Rate of Force Development, Jump Height, and Peak

Power Alterations in Weightlifters across Five Months of Training. Sports, 5(4), 78.

92



Houston, M. E. (1999). Gaining weight: the scientific basis of increasing skeletal muscle
mass. Canadian Journal of Applied Physiology = Revue Canadienne de Physiologie

Appliquee, 24(4), 305-316.

Huang, K., & Ihm, J. (2021). Sleep and Injury Risk. Current Sports Medicine Reports, 20(6),

286-290. https://doi.org/10.1249/JSR.0000000000000849

Issurin, V. B. (2008). Block periodization versus traditional training theory: a review. The

Journal of Sports Medicine and Physical Fitness, 48(1), 65-75.

Issurin, V. B (2009). Generalized training effects induced by athletic preparation. A review.

Journal of Sports Medicine and Physical Fitness, 49(4), 333-345.

Issurin, V. B. (2010). New horizons for the methodology and physiology of training

periodization. Sports Medicine, 40(3), 189-206.

Jackson, A. S., & Pollock, M. L. (1985). Practical Assessment of Body Composition. The
Physician and Sportsmedicine, 13(5), 76-90.

https://doi.org/10.1080/00913847.1985.11708790

Kanda, K., & Hashizume, K. (1992). Factors causing difference in force output among motor

units in the rat medial gastrocnemius muscle. Journal of Physiology, 448, 667-695.

Karpati, George (2010). Disorders of VVoluntary Muscle (PDF). Cambridge University Press.

Kasper, A. M., Langan-Evans, C., Hudson, J. F., Brownlee, T. E., Harper, L. D., Naughton, R.
J., Morton, J. P., & Close, G. L. (2021). Come Back Skinfolds, All Is Forgiven: A
Narrative Review of the Efficacy of Common Body Composition Methods in Applied

Sports Practice. Nutrients, 13(4), 1075.

93



Kassiano, W., Nunes, J. P., Costa, B., Ribeiro, A. S., Schoenfeld, B. J., & Cyrino, E. S. (2022).
Does Varying Resistance Exercises Promote Superior Muscle Hypertrophy and Strength
Gains? A Systematic Review. The Journal of Strength & Conditioning Research, 36(6),

1753-1762.

Kavvoura, A., Zaras, N., Stasinaki, A.-N., Arnaoutis, G., Methenitis, S., & Terzis, G. (2018).
The Importance of Lean Body Mass for the Rate of Force Development in Taekwondo 72
Athletes and Track and Field Throwers. Journal of Functional Morphology and

Kinesiology, 3(3), 43.

Kauhanen, H., Garhammer, J., & Hakkinen, K. (2000). Relationship between power output,
body size and snatch performance in elite weightlifters. In 5th Annual Congress of the

European College of Sport Sciences. Jyvaskala, Finland.

Keogh, J. W. L., & Winwood, P. W. (2017). The Epidemiology of Injuries Across the Weight-
Training Sports. Sports Medicine (Auckland, N.Z.), 47(3), 479-501.

https://doi.org/10.1007/s40279-016-0575-0

Kerr, A., Slater, G. J., & Byrne, N. (2017). Impact of food and fluid intake on technical and
biological measurement error in body composition assessment methods in athletes. The

British journal of nutrition, 117(4), 591-601.

Kimball, S. R., Farrell, P. A., & Jefferson, L.S. (2002). Invited review: Role of insulin in
translational control of protein synthesis in skeletal muscle by amino acids or exercise.

Journal of Applied Physiology, 93, 1168-1180.

94



Kipp, K., Redden, J., Sabick, M. B., & Harris, C. (2012). Weightlifting Performance Is Related
to Kinematic and Kinetic Patterns of the Hip and Knee Joints. The Journal of Strength &

Conditioning Research, 26(7), 1838-1844. doi:10.1519/JSC.0b013e318239c1d2

Kohn, T. A., Essen-Gustavsson, B., & Myburgh, K. H. (2007). Exercise pattern influences
skeletal muscle hybrid fibers of runners and nonrunners. Medicine And Science in Sports

And Exercise, 39(11), 1977-1984.

Kraemer, W. J., & Looney, D. P. (2012). Underlying mechanisms and physiology of muscular
power. Strength and Conditioning Journal, 34(6), 13-19. doi:

10.1519/SSC.0b013e318270616d

Kraska, J. M., Ramsey, M. W., G. Gregory, H., Nate, F., Sands, W. A., Stone, M. E., & Stone,
M. H. (2009). Relationship between strength characteristics and unweighted and
weighted vertical jump height. International Journal of Sports Physiology and

Performance, 4(4), 461-473.

Jenkins, D. M. J., Miramonti, A. A., Hill, E. C., Smith, C. M., Cochrane-Snyman, K. C.,
Housh, T. J., & Cramer, J. T. (2017). Greater neural adaptations following high- vs. low-

load resistance training. Frontiers in Physiology, 8.

Krzysztofik, M., Wilk, M., Wojdata, G., & Gotas, A. (2019). Maximizing Muscle
Hypertrophy: A Systematic Review of Advanced Resistance Training Techniques and
Methods. International Journal of Environmental Research and Public Health, 16(24),

4897. https://doi.org/10.3390/ijerph16244897

Kuo, I. Y., & Ehrlich, B. E. (2015). Signaling in muscle contraction. Cold Spring Harbor
Perspectives in Biology, 7(2). doi: 10.1101/cshperspect.a006023

95



Lee, H., Kim, K., Kim, B., Shin, J., Rajan, S., Wu, J., Chen, X., Brown, M. D., Lee, S., &
Park, J. Y. (2018). A cellular mechanism of muscle memory facilitates mitochondrial
remodelling following resistance training. The Journal of physiology, 596(18), 4413—

4426.

Lewis, M. (2018). It’s a Hard-Knock Life: Game Load, Fatigue, and Injury Risk in the
National Basketball Association. Journal of Athletic Training, 53(5), 503-509.

https://doi.org/10.4085/1062-6050-243-17

Lieber, R. L., & Ward, S. R. (2011). Skeletal muscle design to meet functional
demands. Philosophical transactions of the Royal Society of London. Series B, Biological

sciences, 366(1570), 1466-1476.

Lo, M. S, Lin, L. L., Yao, W. J., & Ma, M. C. (2011). Training and detraining effects of the
resistance vs. endurance program on body composition, body size, and physical
performance in young men. Journal of Strength and Conditioning Research, 25(8), 2246—

2254.

Looney, D. P., Kraemer, W. J., Joseph, M. F., Comstock, B. A., Denegar, C. R., Flanagan, S.
D., Newton, R. U., Szivak, T. K., DuPont, W. H., Hooper, D. R., Hakkinen, K., &
Maresh, C. M. (2016). Electromyographical and perceptual responses to different
resistance intensities in a squat protocol: does performing sets to failure with light loads
produce the same activity? Journal of Strength and Conditioning Research, 30(3), 792—

799.

Maden-Wilkinson, T. M., Balshaw, T. G., Massey, G. J., & Folland, J. P. (2020). What makes

long-term resistance-trained individuals so strong? A comparison of skeletal muscle

96



morphology, architecture, and joint mechanics. Journal of Applied Physiology (Bethesda,

Md: 1985), 128(4), 1000-1011.

Maffiuletti, N. A., Aagaard, P., Blazevich, A. J., Folland, J., Tillin, N., & Duchateau, J. (2016).
Rate of force development: physiological and methodological considerations. European

Journal of Applied Physiology, 116(6), 1091-1116.

Mair, S. D., Seaber, A. V., Glisson, R. R., & Garrett, W. E. (1996). The role of fatigue in
susceptibility to acute muscle strain injury. The American Journal of Sports Medicine,

24(2), 137-143. https://doi.org/10.1177/036354659602400203

Mangine, G. T., Redd, M. J., Gonzalez, A. M., Townsend, J. R., Wells, A. J., Jajtner, A. R.,
Beyer, K. S., Boone, C. H., La Monica, M. B., Stout, J. R., Fukuda, D. H., Ratamess, N.
A., & Hoffman, J. R. (2018). Resistance training does not induce uniform adaptations to

quadriceps. PloS one, 13(8), e0198304.

Mazzulla, M., Volterman, K. A., Packer, J. E., Wooding, D. J., Brooks, J. C., Kato, H., &
Moore, D. R. (2018). Whole-body net protein balance plateaus in response to increasing
protein intakes during post-exercise recovery in adults and adolescents. Nutrition &

metabolism, 15, 62.

McBride, J. M., Triplett-McBride, T. R. A. V. I. S., Davie, A., & Newton, R. U. (1999). A
comparison of strength and power characteristics between power lifters, Olympic lifters,

and sprinters. The Journal of Strength & Conditioning Research, 13(1), 58-66.

McCarthy, J. J., & Esser, K. A. (2007). MicroRNA-1 and microRNA-133a expression are
decreased during skeletal muscle hypertrophy. Journal of Applied Physiology (Bethesda,
Md.: 1985), 102(1), 306-313.

97



McGuigan, M. R., Newton, M. J., Winchester, J. B., & Nelson, A. G. (2010). Relationship
between isometric and dynamic strength in recreationally trained men. The Journal of

Strength & Conditioning Research, 24(9), 2570-2573.

McGuigan, M. R., & Winchester, J. B. (2008). The relationship between isometric and
dynamic strength in college football players. Journal of Sports Science & Medicine, 7(1),

101.

McMahon, J. J., Turner, A., & Comfort, P. (2015). Relationships between lower body muscle

structure and maximal power clean performance. Journal of Trainology, 4(2), 32-36.

Meijer, J. P., Jaspers, R. T., Rittweger, J., Seynnes, O. R., Kamandulis, S., Brazaitis, M.,
Skurvydas, A., PiSot, R., Simuni¢, B., Narici, M. V., & Degens, H. (2015). Single muscle
fibre contractile properties differ between body-builders, power athletes and control

subjects. Experimental Physiology, 100(11), 1331-1341.

Miller, J. D., Lippman, J. D., Trevino, M. A., & Herda, T. J. (2020). Neural Drive is Greater
for a High-Intensity Contraction Than for Moderate-Intensity Contractions Performed to

Fatigue. Journal of Strength and Conditioning Research, 34(11), 3013-3021.

Milner-Brown, H. S., Stein, R. B., & Yemm, R. (1973b). The contractile properties of human
motor units during voluntary isometric contractions. Journal of Physiology, 228, 285-

306.

Minigalin, A. D., Shumakov, A. R., Novozhilov, A. V., Samsonova, A. V., Kosmina, E. A.,
Kalinski, M. I., Baranova, T. I., Kubasov, I. V., & Morozov, V. |. (2015). Effect of

exhaustive weightlifting exercise on the maximal isometric force, electromyogram

98



parameters, muscle pain, and biochemical markers of muscle damage. Human

Physiology, 41(1), 75-82.

Murach, K. A., Dungan, C. M., von Walden, F., & Wen, Y. (2022). Epigenetic evidence for
distinct contributions of resident and acquired myonuclei during long-term exercise
adaptation using timed in vivo myonuclear labeling. American Journal of Physiology.

Cell Physiology, 322(1), C86-C93.

Murach, K. A., Fry, C. S., Kirby, T. J., Jackson, J. R., Lee, J. D., White, S. H., Dupont-
Versteegden, E. E., McCarthy, J. J., & Peterson, C. A. (2018). Starring or Supporting
Role? Satellite Cells and Skeletal Muscle Fiber Size Regulation. Physiology (Bethesda,

Md.), 33(1), 26-38.

Murach, K. A., Fry, C. S., Dupont-Versteegden, E. E., McCarthy, J. J., & Peterson, C. A.
(2021). Fusion and beyond: Satellite cell contributions to loading-induced skeletal muscle
adaptation. FASEB journal: Official Publication of the Federation of American Societies

for Experimental Biology, 35(10), e21893.

Murach, K. A., Mobley, C. B., Zdunek, C. J., Frick, K. K., Jones, S. R., McCarthy, J. J.,
Peterson, C. A., & Dungan, C. M. (2020). Muscle memory: myonuclear accretion,
maintenance, morphology, and miRNA levels with training and detraining in adult

mice. Journal of Cachexia, Sarcopenia and Muscle, 11(6), 1705-1722.

Netreba, A. I. Popov, D. B., Liubaeva, E. V., Bravyi, I. R., Prostova, A. B., Lemesheva, I. S.,
& Vinogradova, O. L. (2007). Physiological effects of using the low intensity strength
training without relaxation in single-joint and multi-joint movements. Rossiiskii

Fiziologicheskii Zhurnal Imeni, 93(1), 27-38.

99



Newton, R. U., Murphy, A. J., Humphries, B. J., Wilson, G. J., Kraemer, W. J., & Hakkinen,
K. (1997). Influence of load and stretch shortening cycle on kinematics, kinetics and
muscle activation that occurs during explosive upper-body movements. European
Journal of Applied Physiology and Occupational Physiology, 75(4), 333-42. doi:

10.1007/s004210050169

Nimphius, S., McGuigan, M. R., & Newton, R. U. (2012). Changes in muscle architecture and
performance during a competitive season in female softball players. The Journal of

Strength & Conditioning Research, 26(10), 2655-2666.

Norton K., Olds T., & Dolman J. Kinanthropometry V1. Proceedings of the sixth scientific
conference of the International Society for the Advancement of

Kinanthropometry. Adelaide, 13-16 October 1998. [(accessed on 14 July 2022)].

Palmer, T. B., Akehi, K., Thiele, R. M., Smith, D. B., & Thompson, B. J. (2015). Reliability of
panoramic ultrasound imaging in simultaneously examining muscle size and quality of
the hamstring muscles in young, healthy males and females. Ultrasound in Medicine &

Biology, 41(3), 675-684.

Parker, R. I., Vannest, K. J., & Davis, J. L. (2011). Effect size in single-case research: A

review of nine nonoverlap techniques. Behavior Modification, 35(4), 303-322.

Parker, R. 1., Vannest, K. J., Davis, J. L., & Sauber, S. B. (2011). Combining nonoverlap and
trend for single-case research: Tau-U. Behavior Therapy, 42(2), 284-299.

https://doi.org/10.1016/j.beth.2010.08.006

Paul, A. C., & Rosenthal, N. (2002). Different modes of hypertrophy in skeletal muscle
fibers. The Journal of Cell Biology, 156(4), 751-760.

100



Pefailillo, L., Blazevich, A., Numazawa, H., & Nosaka, K. (2015). Rate of force development
as a measure of muscle damage. Scandinavian Journal of Medicine & Science in Sports,

25(3), 417-427.

Peterson, M. D., Alvar, B. A., & Rhea, M. R. (2006). The contribution of maximal force
production to explosive movement among young collegiate athletes. Journal of Strength

and Conditioning Research, 20(4), 867-873.

Pierce, J. R., Clark, B. C., Ploutz-Snyder, L. L., & Kanaley, J. A. (2006). Growth hormone and
muscle function responses to skeletal muscle ischemia. Journal of Applied Physiology

(Bethesda, Md.: 1985), 101(6), 1588-1595.

Pion, J. A., Fransen, J., Deprez, D. N., Segers, V. I, Vaeyens, R., Philippaerts, R. M., &
Lenoir, M. (2015). Stature and Jumping Height Are Required in Female Volleyball, but
Motor Coordination Is a Key Factor for Future Elite Success. The Journal of Strength &

Conditioning Research, 29(6), 1480-1485.

Prieto- Gonzalez, P., Martinez-Castillo, J. L., Fernandez-Galvan, L. M., Casado, A., Soporki,
S., & Sanchez-Infante, J. (2021). Epidemiology of Sports-Related Injuries and Associated
Risk Factors in Adolescent Athletes: An Injury Surveillance. International Journal of
Environmental Research and Public Health, 18(9), 4857.

https://doi.org/10.3390/ijerph18094857

Purves, D., Augustine, G. J., Fitzpatrick, D., Hall, W. C., LaMantia, A. S., McNamara, J. O.,
& Williams, S. M. (2004). Upper Motor Neuron Control of the Brainstem and Spinal
Cord. In Hall, W. C. (Eds.), Neuroscience, 3™ edition (pp. 393-416). Sunderland, MA:

Sinauer Associates.

101



Purves-Smith, F. M., Sgarioto, N., & Hepple, R. T. (2014). Fiber typing in aging muscle.

Exercise And Sport Sciences Reviews, 42(2), 45-52.

Raadsheer, M., Van Eijden, T., Van Spronsen, P., Van Ginkel, F., Kiliaridis, S., &
PrahlAndersen, B. (1994). A comparison of human masseter muscle thickness measured
by ultrasonography and magnetic resonance imaging. Archives of Oral Biology, 39(12),

1079-1084.

Rakap, S. (2015). Effect sizes as result interpretation aids in single-subject experimental
research: Description and application of four nonoverlap methods. British Journal of

Special Education, 42(1), 11-33. https://doi.org/10.1111/1467-8578.12091

Roberts, M. D., Haun, C. T., Vann, C. G., Osburn, S. C., & Young, K. C. (2020). Sarcoplasmic
Hypertrophy in Skeletal Muscle: A Scientific "Unicorn™ or Resistance Training

Adaptation? Frontiers in physiology, 11, 816.

Rodriguez-Rosell, D., Pareja-Blanco, F., Aagaard, P., & Gonzalez-Badillo, J. J. (2017).
Physiological and methodological aspects of rate of force development assessment in

human skeletal muscle. Clinical Physiology and Functional Imaging.

Rooney, K. J., Herbert, R. D., & Balnave, R. J. (1994). Fatigue contributes to the strength

training stimulus. Medicine and Science in Sports and Exercise, 26(9), 1160-1164.

Routal, R. V., & Pal, G. P. (1999). A study of motoneuron groups and motor columns of the

human spinal cord. Journal of Anatomy, 195(Pt 2), 211-224.

102



Scanlon, T. C., Fragala, M. S., Stout, J. R., Emerson, N. S., Beyer, K. S., Oliveira, L. P., &
Hoffman, J. R. (2014). Muscle architecture and strength: adaptations to short-term

resistance training in older adults. Muscle & Nerve, 49(4), 584-592.

Schiaffino, S., Reggiani, C., Akimoto, T., & Blaauw, B. (2021). Molecular Mechanisms of

Skeletal Muscle Hypertrophy. Journal of Neuromuscular Diseases, 8(2), 169-183.

Schoenfeld, B. J. (2010). The mechanisms of muscle hypertrophy and their application to

resistance training. Journal of Strength and Conditioning Research, 24(10), 2857-2872.

Schoenfeld, B. J. (2012). Does exercise-induced muscle damage play a role in skeletal muscle

hypertrophy? Journal of Strength and Conditioning Research, 26(5):1441-53.

Schoenfeld, B. J., Grgic, J., Ogborn, D., & Krieger, J. W. (2017). Strength and hypertrophy
adaptations between los- vs. high-load reistance training: a systematic review and meta-

analysis. Journal of Strength and Conditioning Research, 31(12), 3508-3523.

Schott, J., McCully, K., & Rutherford, O. M. (1995). The role of metabolites in strength
training. 11. Short versus long isometric contractions. European Journal of Applied

Physiology and Occupational Physiology, 71(4), 337-341.

Schwartz, L. M., Brown, C., McLaughlin, K., Smith, W., & Bigelow, C. (2016). The
myonuclear domain is not maintained in skeletal muscle during either atrophy or
programmed cell death. American Journal of Physiology. Cell physiology, 311(4), C607—

C615.

Secomb, J. L., Nimphius, S., Farley, O. R. L., Lundgren, L. E., Tran, T. T., & Sheppard, J. M.

(2015). Relationships Between Lower-Body Muscle Structure and, Lower-Body

103



Strength, Explosiveness and Eccentric Leg Stiffness in Adolescent Athletes. Journal of

Sports Science & Medicine, 14(4), 691-697.

Serrano, N., Colenso-Semple, L. M., Lazauskus, K. K., Siu, J. W., Bagley, J. R., Lockie, R. G.,
Costa, P. B., & Galpin, A. J. (2019). Extraordinary fast-twitch fiber abundance in elite

weightlifters. PloS one, 14(3), e0207975.

Snijders, T., Aussieker, T., Holwerda, A., Parise, G., van Loon, L., & Verdijk, L. B. (2020).
The concept of skeletal muscle memory: Evidence from animal and human studies. Acta

Physiologica (Oxford, England), 229(3), e13465.

Stebbings, G. K. (2015). Genetics of skeletal muscle strength and its determinants in healthy,
untrained males (doctoral). Manchester Metropolitan University. Retrieved from

https://e-space.mmu.ac.uk/580126/

Stein, R. B., Gossen, E. R., & Jones, K. E. (2005). Neuronal variability: noise or part of the

signal? Nature Reviews Neuroscience, 6, 389-397.

Stokes, T., Tripp, T. R., Murphy, K., Morton, R. W., Oikawa, S. Y., Lam Choi, H., McGrath,
J., McGlory, C., MacDonald, M. J., & Phillips, S. M. (2021). Methodological
considerations for and validation of the ultrasonographic determination of human skeletal
muscle hypertrophy and atrophy. Physiological Reports, 9(1), e14683.

Stone, M. H., Hornsby, W. G., Haff, G. G., Fry, A. C., Suarez, D. G., Liu, J., Ganzalez-Rave,
J. M., & Pierce, K. C. (2021). Periodization and block periodization in sports: emphasis
on strength-power training: A provocative and challenging narrative. Journal of Strength

and Conditioning Research, 35(8): 2351-2371.

104



Stone, M. H., Pierce, K. C., Sands, W. A., & Stone, M. E. (2006). Weightlifting: program
design. National Strength and Conditioning Association, 28(2), 10-17.

Stone, M. H., & Kirksey, K. B. Weightlifting. In (W.E. Garrett and D. T. Kirendall, eds),
Exercise and Sport Science, Lipincott, Williams and Wilkins, Media, PA. pp. 955-964,
2000.

Stone, M. H., O'Bryant, H. S., Williams, F. E., Johnson, R. L., & Pierce, K. C. (1998).
Analysis of Bar Paths During the Snatch in Elite Male Weightlifters. Strength &
Conditioning Journal, 20(4), 30-38.

Stone, M. H., & O’Bryant, H. (1987). Weight Training: A scientific approach (2nd ed.),
Burgess Publishing, Minneapolis.

Stone, M. H., O'Bryant, H., Hornsby, G., Cunanan, A., Mizuguchi, S., Suarez, D., South, M.,
Marsh, D. J., Haff, G., Ramsey, M., Beckham, G., Ssantana, H., Wagle, J., Stone, M. &
Pierce, K. (2019). The use of the isometric mid-thigh pull in the monitoring of
weightlifters: 25+ years of experience. UKSCA Journal: Professional Strength and
Conditioning.

Stone, M.H., O’Bryant, H.S., McCoy, L., Coglianese, R., Lehmkuhl, M. & Schilling, B.
(2003). Power and maximum strength relationships during performance of dynamic and
static weighted jumps. Journal of Strength and Conditioning Research, 17:140 — 147.

Stone, M. H., Pierce, K. C., Sands, W. A., & Stone, M. E. (2006). Weightlifting part 1: a brief
overview. Strength and Conditioning Journal, 28(1), 50-66.

Stone, M. H., Sanborn, K., O'Bryant, H. S., Hartman, M., Stone, M. E., Proulx, C., Ward, B.,
& Hruby, J. (2003). Maximum strength-power-performance relationships in collegiate

throwers. Journal of Strength and Conditioning Research, 17(4), 739-745.

105



Stone, M. H., Sands, W. A., Pierce, K. C., Carlock, J. O. N., Cardinale, M., & Newton, R. U.
(2005). Relationship of maximum strength to weightlifting performance. Medicine and
Science in Sports and Exercise, 37(6), 1037-43

Storey, A., Wong, S., Smith, H. K., & Marshall, P. (2012). Divergent muscle functional and
architectural responses to two successive high intensity resistance exercise sessions in
competitive weightlifters and resistance trained adults. European Journal of Applied
Physiology, 112(10), 3629-36309.

Suarez, D. G. (2022). An Investigation into the Use of Biomechanical and Performance Data
from Vertical Jump Testing to Monitor Competitive Weightlifters. Dissertation, East
Tennessee State University.

Suarez, D. G., Mizuguchi, S., Hornsby, W. G., Cunanan, A. J., Marsh, D. J., & Stone, M. H.
(2019). Phase-Specific Changes in Rate of Force Development and Muscle Morphology
Throughout a Block Periodized Training Cycle in Weightlifters. Sports (Basel,
Switzerland), 7(6), 129.

Suarez D. G., Wagle J. P., Cunanan A. J., Sausaman R. W., & Stone M. H. (2019). Dynamic
Correspondence of Resistance Training to Sport: a brief review. Journal of Strength and
Conditioning, 4, 80-88.

Suchomel, T. J., Nimphius, S., & Stone, M. H. (2016). The importance of muscular strength in
athletic performance. Sports Medicine, 46(10), 1419-1449.

Suga, T., Okita, K., Morita, N., Yokota, T., Hirabayashi, K., Horiuchi, M., Takada, S.,
Takahashi, T., Omokawa, M., Kinugawa, S., & Tsutsui, H. (2009). Intramuscular
metabolism during low-intensity resistance exercise with blood flow restriction. Journal

of Applied Physiology (Bethesda, Md.: 1985), 106(4), 1119-1124.

106



Taber, C., Bellon, C., Abbott, H., & Bingham, G. E. (2016). Roles of maximal strength and
rate of force development in maximizing muscular power. Strength & Conditioning
Journal, 38(1), 71-78.

Takarada, Y., Nakamura, Y., Aruga, S., Onda, T., Miyazaki, S., & Ishii, N. (2000). Rapid
increase in plasma growth hormone after low-intensity resistance exercise with vascular
occlusion. Journal of Applied Physiology (Bethesda, Md.: 1985), 88(1), 61-65.

Teo, S. Y., Newton, M. J., Newton, R. U., Dempsey, A. R., & Fairchild, T. J. (2016).
Comparing the Effectiveness of a Short-Term Vertical Jump vs. Weightlifting Program
on Athletic Power Development. Journal of Strength and Conditioning Research, 30(10),

2741-2748.

Tesch, P. A., Colliander, E. B., & Kaiser, P. (1986). Muscle metabolism during intense, heavy-
resistance exercise. European Journal of Applied Physiology and Occupational

Physiology, 55(4), 362-366.

Tesch, P. A., & Larsson, L. (1982). Muscle hypertrophy in bodybuilders. European Journal of

Applied Physiology and Occupational Physiology, 49(3), 301-306.

Thorlund, J. B., Michalsik, L., Madsen, K., & Aagaard, P. (2008). Acute fatigue-induced
changes in muscle mechanical properties and neuromuscular activity in elite handball
players following a handball match. Scandinavian Journal of Medicine & Science in

Sports, 18(4), 462-472.

Toigo, M., & Boutellier, U. (2006). New fundamental resistance exercise determinants of
molecular and cellular muscle adaptations. European Journal of Applied Physiology, 97,

643-663.

107



Travis, S. K., Goodin, J. G., Suarez, D. G., & Bazyler, C. D. (2017). Identifying a surrogate
measure of weightlifting performance. Presented at the 12th Annual Coaching and Sport

Science College, Johnson City, TN.

Travis, S., Goodin, J., Beckham, G., & Bazyler, C. (2018). Identifying a Test to Monitor
Weightlifting Performance in Competitive Male and Female Weightlifters. Sports, 6(2),

46.

Travis, S. K., Ishida, A., Taber, C. B., Fry, A. C., & Stone, M. H. (2020). Emphasizing task-
specific hypertrophy to enhance sequential strength and power performance. Journal of

Functional Morphology and Kinesiology, 5(4), 76.

Turnagol, H. H., Kosar, S. N., Giizel, Y., Aktitiz, S., & Atakan, M. M. (2021). Nutritional
Considerations for Injury Prevention and Recovery in Combat Sports. Nutrients, 14(1),

53. https://doi.org/10.3390/nu14010053

Van Cutsem, M., Duchateau, J., & Hainaut, K. (1998). Changes in single motor unit behavior
contribute to the increase in contraction speed after dynamic training in humans. Journal

of Physiology, 513 (Pt 1), 295-305.

Valle, X., Til, L., Drobnic, F., Turmo, A., Montoro, J. B., Valero, O., & Artells, R. (2013).
Compression garments to prevent delayed onset muscle soreness in soccer players.

Muscles, Ligaments and Tendons Journal, 3(4), 295-302.

Vierck, J., O’Reilly, B., Hossner, K., Antonio, J., Byrne, K., Bucci, L., & Dodson, M. (2000).
Satellite cell regulation following myotrauma caused by resistance exercise. Cell Biology

International, 24(5), 263-272.

108



Viitasalo, J., Hakkinen, K., & Komi, P. (1981). Isometric and dynamic force production and

muscle fibre composition in man. Journal of Human Movement Studies, 7, 199-209.

Viitasalo, J., & Komi, P. (1978). Force-time characteristics and fiber composition in human
leg extensor muscles. European Journal of Applied Physiology and Occupational

Physiology, 40(1), 7-15.

Vinogradova, O. L., Popov, D. V., Netreba, A. I, Tsvirkun, D. V., Kurochkina, N. S.,
Bachinin, A. V., Bravyi, L., Liubaeva, E. V., Lysenko, E. A., Miller, T. F., Borovik, A. S.,
Tarasova, O. S., & Orlov, O. I. (2013). Optimization of training: Development of a new

partial load mode of strength training. Fiziol Cheloveka, 39, 71-85, 2013.

Vizcaya, F. J., Viana, O., del Olmo, M. F., & Acero, R. M. (2009). Could the deep squat jump
predict weightlifting performance? The Journal of Strength & Conditioning Research,

23(3), 729-734.

Wakeling, J. M., Uehli, K., & Rozitis, A. I. (2006). Muscle fibre recruitment can respond to
the mechanics of the muscle contraction. Journal Of the Royal Society Interface, 3(9),

533-544.

Wagle, J. P., Carroll, K. M., Cunanan, A. J., Taber, C. B., Wetmore, A., Bingham, G. E.,
DeWeese, B. H., Sato, K., Stuart, C. A., & Stone, M. H. (2017). Comparison of the
Relationship between Lying and Standing Ultrasonography Measures of Muscle
Morphology with Isometric and Dynamic Force Production Capabilities. Sports (Basel,

Switzerland), 5(4), 88.

Wallace, B., & Janz, J. (2009). Implications of motor unit activity on ballistic movement.
International Journal of Sports Science & Coaching, 4(2), 285-292.

109



Wang, R., Hoffman, J. R., Tanigawa, S., Miramonti, A. A., La Monica, M. B., Beyer, K. S.,
Church, D. D., Fukuda, D. H., & Stout, J. R. (2016). Isometric mid-thigh pull correlates
with strength, sprint, and agility performance in collegiate rugby union players. Journal

of Strength and Conditioning Research, 30(11), 3051-3056.

Waugh, C. M., Korff, T., Fath, F., & Blazevich, A. J. (2013). Rapid force production in
children and adults: mechanical and neural contributions. Medicine & Science in Sports

& Exercise, 45(4), 762-771.

Wen, Y., Dungan, C. M., Mobley, C. B., Valentino, T., von Walden, F., & Murach, K. A.
(2021). Nucleus Type-Specific DNA Methylomics Reveals Epigenetic "Memory" of

Prior Adaptation in Skeletal Muscle. Function (Oxford, England), 2(5), zqab038.

Williamson, D. L., Gallagher, P. M., Carroll, C. C., Raue, U., & Trapper, S. W. (1985).
Reduction in hybrid single muscle fiber proportions with resistance training in humans.

Journal of Applied Physiology (1985), 91(5), 1955-1961.

Yu, J. G, Liu, J. X., Carlsson, L., Thornell, L. E., & Stal, P. S. (2013). Re-evalutation of
sarcolemma injury and muscle swelling in human skeletal muscles after eccentric

exercise. PLoS One, 8:62056

Zaras, N. D., Stasinaki, A. N., Methenitis, S. K., Krase, A. A., Karampatsos, G. P., Georgiadis,
G. V., Spengos, K. M., & Terzis, G. D. (2016). Rate of force development, muscle
architecture, and performance in young competitive track and field throwers. Journal of

Strength and Conditioning Research, 30(1), 81-92.

110



Education:

Professional Experience:

Teaching and Instruction:

VITA

NICHOLAS GENE HARDEN

PhD. In Sport Physiology and Performance, East Tennessee State
University, Johnson City, TN, 2022

M.A. in Kinesiology and Exercise Science, University of Central
Missouri, Warrensburg, MO, 2019

B.S. in Kinesiology and Exercise Science, University of Central
Missouri, Warrensburg, MO, 2017

Doctoral Fellow, East Tennessee State University, Johnson City,
TN 2020-2022

Powerlifting Head Coach, East Tennessee State University,
Johnson City, TN, 2020-2022

Powerlifting Assistant Coach, East Tennessee State University,
Johnson City, TN, 2019-2020

Assistant Performance Coach, Excelerate Sport LLC, Snohomish,
WA, 2017-2019

Sport Nutrition; Guest Lecturer, Undergraduate/Graduate. East
Tennessee State University, Johnson City, TN, 2021

Hypertrophy Seminar; Guest Lecturer, Sport Science Internship.
East Tennessee State University, Johnson City, TN, 2021

Multi-Discipline Tutor; Athletic Department. East Tennessee State
University, Johnson City, TN, 2019-2020

Vice President; Scientific Training Association. University of
Central Missouri, Warrensburg, MO, 2014-2016

111



	Return-To-The-Platform: The Case of a Collegiate Level Weightlifter Recovering from a Meniscus Injury
	Recommended Citation

	tmp.1659735654.pdf.2tkRD

