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Study Overview
This review is determined to discover whether low volume, high intensity training is the most optimal method for hypertrophy in resistance-trained individuals. The research will focus on analysing the existing literature of low volume, high intensity training in participants who have at least several months of training experience. It will also include other factors related to muscle gain and growth and how hypertrophy is produced within muscles, and the physiology behind why it occurs.  

Introduction  
Muscle hypertrophy is a topic which has been widely debated and reported upon in the literature. There are hundreds and possibly thousands of studies conducted on this subject, and the goal of this review is to refine the key aspects that are involved in hypertrophy, why it is relevant to weightlifters and trainers, the biological factors that affect it, the underlying physiological mechanisms, and the best training methods and exercises to induce and enhance muscular hypertrophy.    
Gaining muscle mass is a by-product of resistance training, and something that is sought after by most body builders and power lifters. Training programs are designed to target certain skeletal muscles based on specialized programs that utilize repetitions with resistance exercises and weights to generate muscle. This subsequent increase in muscle is known as hypertrophy, and lifting weights is the most common method to obtain this. Skeletal muscle makes up approximately 40% of body mass and is one of the most important tissues in the body due to its ability to convert chemical energy into mechanical energy required for movement (Vieceli et. Al 2022). It is required not only for movement, but for many other essential conditions such as breathing, eating, and energy (Sartori 2021).  
What is interesting is that the number of skeletal muscle fibers is more or less set from the first year of life. Hypertrophy is a physiological process that allows for the longitudinal and transversal growth during childhood and into puberty and this growth is fuelled by hormones such as steroids, growth hormones and physical activity (Reggiani et al. 2020). 
Muscles, like neurons in the brain, are unable to grow, divide and differentiate. In order for the muscle cells to grow larger, protein synthesis must exceed protein degradation.  Muscle hypertrophy is later achieved by resistance training that specially focuses on increasing muscle size as desired by body builders, or muscle strength as selected by weight lifters For a beginner, most of the changes in muscle strength are a result of neural adaptations, which involves changes in the nervous system that permit the coordination of repeated movements of muscles (Hughes et al 2018). This is true of any repeated motions over a certain period of time. However, with continued training over several months, hypertrophy becomes the prominent contributor to increasing muscle mass, and it becomes first noticeable in the upper extremities then in the lower ones. There are many factors that contribute to this hypertrophy response including age, weight, gender, hereditary factors, health status, and the nutritional state of an individual. As the training regime continues, it becomes more difficult to add to the lean muscle mass and as such, routine and persistence is important for continued growth and for maintenance.    .   
There are 2 main types of hypertrophy: Sarcoplasmic hypertrophy involves an enlargement in the overall muscle volume but not strength, whereas myofibrillar hypertrophy is the process of growing skeletal muscle through an increase in the myofibrillar contractile proteins actin and myosin. This increased physical demand on the skeletal muscle in turn increases the size of the muscle fibers (Schoenfeld, 2010). There are two main contributors to this action, mechanical tension and metabolic stress. Mechanical tension is the time under tension and the load put on the muscle, compared to metabolic stress, which is the accumulation of by-products such as lactate and hydrogen ions (Schoenfeld, 2013). Muscle hypertrophy can be gained through a variety of unique training techniques, although, there is an ongoing debate about the effect of resistance training on muscle size and muscle strength and how each can be obtained. In some studies such as by Schoenfield (2017), the research shows that a high number of repetitions (high volume) is important for increasing muscle mass but not strength, whereas other studies indicate otherwise. There also appears to be a maximum threshold volume that if exceeded within a certain time period, will show no difference or change. The same is true of muscle strength where the volume is not as critical as the intensity or load. Indications show that if the volume, intensity and timing of the exercise is varied, that the quantity and quality of the hypertrophy will be affected. 
Muscle hypertrophy can be achieved through a variety of resistance training protocols, but the principle of specificity states that some training programs will promote greater levels of hypertrophy compared to other programs, and that the body will adapt to the specific training provided, although the best structured variables, such as volume, intensity, frequency, fatigue and rest periods are still debated (Schoenfeld  2010). Much research still needs to be conducted to determine the optimal program for the type of muscle hypertrophy desired, but in general, body builders train with moderate loads and short rest periods, whereas powerlifters use the opposite approach of high-intensity loads and longer rest.  

Traditional hypertrophy training typically involves several sets of exercises performed with moderate to high repetitions. This type of training has been widely recognized as the optimal approach for stimulating muscle growth (Schoenfeld et al., 2017). The most common sets are usually performed at 60-80% of the lifters one-repetition maximum (1RM) (Schoenfeld, 2010). Training volume is looked at as the most important training variable, which is usually defined as sets x reps x load (Schoenfeld et al., 2017).  Many experts in the field believe this method to be the best because higher volume increases the amount of mechanical tension and metabolic stress. However, there is research emerging which questions whether lower volume with higher levels of intensity may be just as effective for resistance trained individuals, while ultimately reducing the training time. Generally training at high efforts of intensity provides the most recruitment of motor units and muscle fibers, resulting in more hypertrophy (Fisher, Steele, & Smith, 2013).  This narrative review is aimed at reviewing the research that has been conducted in this area, and to provide a clear and concise understanding of which method is most desirable for optimum muscle growth.   

Aims of the Study 
The aim of this study is to determine if low volume, high intensity training methods are more effective at inducing hypertrophy compared to other methods, such as high-volume training in resistance trained individuals. (In this case, resistance trained individuals are defined as those with at least six months of training experience). The objective of this literature review is to describe the primary mechanisms of hypertrophy that are influenced by volume and intensity, and to compare the outcomes of low volume and high intensity training versus other methods of training (i.e. High volume, moderate intensity training). In addition, the practical use of low volume, high intensity training will be evaluated and ascertained if it is sustainable in a long-term training program. This literature review will also provide evidence-based recommendations that are applicable for resistance trained individuals to implement into their own training protocols.    

The hypothesis is that low volume, high intensity training will produce comparable, or possibly better, hypertrophy results compared to using other traditional raining methods, while being superior because less time is required in the gym.   


Methodology 
This narrative literature review will be used to evaluate the scientific literature on low volume, high intensity training related to hypertrophy in resistance trained individuals. This is an appropriate method for interpreting the research because it can be less restricted by inclusion and exclusion criteria. This type of review also allows for a more subjective, interpretive overview of the literature to show why low volume and high intensity is effective and how it differs from other traditional methods. It allows a more flexible approach to view the literature and compare the differences in approaches, while also following the same trends that are used, and potentially spotting gaps or differences in them.   

Searches through scientific databases will be used to find the literature that will be reviewed for this report. There are many online databases available, such as PubMed, Google scholar and SPORTDiscus, which contain a wealth of information in this area. Peer-reviewed articles published within the last 20 years, between 2004 and 2024, will be used as the primary source of information detailed in this review, although earlier publications will not be excluded if the data is particularly interesting and relevant. The reason for focusing on this twenty-year window is because the more recent research studies will likely contain more concise and up to date information related to this topic, and scientific breakthroughs or changes in attitudes and methods may also be noted.   

Keywords that will be used include “hypertrophy”, “muscle hypertrophy” “skeletal muscle”, muscle growth”, “satellite cells” “exercise volume” “low volume training”, “high intensity training”, “training volume and intensity”, “resistance training”, “resistance exercise”, “resistance-trained individuals” and “concurrent training”.  Other words will be added as more research in this area is conducted and the scope of this study widens.  Inclusion criteria include studies that focus on resistance trained individuals, studies that define their hypertrophy outcomes and results following specific protocols, as well as comparing studies between multiple volume and intensity methods.  Exclusion criteria include untrained participants, studies that do not measure the outcomes or the mechanisms of hypertrophy (muscle gain, muscle size) and non-peer reviewed articles that are not as credible and may contain biases and affect the integrity of the results.    

Data Analysis   
Thematic analysis will be used to analyse the qualitative data presented in a wide range of scientific publications and conducted by international scientists with expertise in this area. The results of the research will be examined to provide insights and identify similar patterns and outcomes to explain the main topics of hypertrophy. The underlying mechanisms of muscle hypertrophy, the training outcomes found in resistance trained individuals, as well as the applications of the training methods will be the focus. 


Training Outcomes
In the context of muscle hypertrophy, low volume training refers to a workout routine with fewer sets and repetitions per exercise (which involves a smaller work load), compared to high volume training, which uses more sets and repetitions. Frequency refers to how many times a certain muscle group is worked or trained within a given time period, and therefore the higher the frequency, the more likely the associated muscle growth. Fatigue refers to the decline in muscle force which occurs due to metabolic changes and depleted energy. 

Low Volume  
Low volume typically means performing 3 or less sets per exercise (Krieger, 2010). Meta-regression studies looked at measuring strength gains through effect sizes and compared the effects of volume on 1 set, 2-3 sets and 4-6 sets on trained and untrained individuals that lasted at least four weeks, with a minimum of one major muscle group performing at least one exercise. The results revealed that doing 2-3 sets per exercise showed around 46% more strength gains compared to only one set, however, there was no significant differences seen between 1 set and 4-6 sets, suggesting a possible diminishing return on sets beyond 3. This could lead to my theory on fatigue build up with diminishing returns on too much volume. The potential limitation included the reporting of review methods and dealing with small sample sizes.  
Another meta-analysis from (Lopez et al., 2020) checked for the effects of resistance training on strength and hypertrophy in healthy adults under different loads, with those being low (<8 reps), moderate (9-15 reps) and high (≥16 reps). The study analysed 28 trials with a total of 747 participants of both men and women with an average age of 23 years, and exercise duration of roughly 9 weeks (on average). That study found that hypertrophy was similar among all loads when training intensity was performed to volitional failure. This study showed more hypertrophy, which was assessed by measuring muscle mass, from untrained individuals, while those who had some training experience, required more weekly sessions to see similar results. Studies showed 2-3 sets per exercise elicited better growth than a single set approach, while sets beyond three had diminishing returns. High load resistance training required longer rest periods than lower load due to more neuromuscular fatigue, however, the low load group, which had less mechanical tension, required recovery due to more metabolic fatigue. Some risk of concern from measuring hypertrophy in this review was shown as studies evaluated muscle hypertrophy through un-blinded evaluations, and 3 studies did not use reliable techniques of assessment.  

High Volume  
Another study (Schoenfeld et al., 2019) looked at the effects of different training volumes on strength, hypertrophy and endurance in resistance trained men. There were 34 healthy 18 to 35-year-old men who were separated into three groups. A low-volume (one set per exercise per session, six to nine sets per muscle group per week), moderate-volume (three sets per exercise, 18 to 27 sets per muscle group per week), and high-volume (five sets per exercise, 30 to 45 sets per muscle group per week). Training took place three times per week, on off days for a total of 8 weeks. The exercises comprised of flat barbell bench press, barbell military press, lat pulldown, seated cable row, barbell back squat, machine leg press, and unilateral leg extension. The rep range used 8-12 and performed to perceived failure. Rest period was 90 second intervals with 2 minutes in between exercises. All groups showed improved strength and muscle endurance with no significant differences.   
In terms of muscular hypertrophy, more muscle growth was noted in the highest volume group relative to the other groups. The biggest difference however was in the quadriceps, where the higher volume group showed significantly more growth. Based on this, the lower body appears to require more volume in general than the upper body, which is prevalently described in research as the lower body demands more metabolic output due to its larger muscle mass. The limitations to this study include a short duration of 8 weeks, as well as not enforcing dietary demands, besides the 24 grams of protein supplement on training days. The measurement of hypertrophy was taken with a B-mode ultrasonography which looks at muscle thickness.   

Frequency 
Frequency can be defined by how often a muscle group is trained per week. It has a direction correlation with volume as they are both variables that can be modified to fit different individual's needs. Schoenfeld et al. (2019) conducted a review examining weekly training frequency and how it relates to hypertrophy. The review found that when volume is distributed throughout the week, the frequency has no additional benefits on muscle growth. If multiple programs have the same number of sets, with similar intensities, the frequency in which they are performed is less important. Another study (Bernárdez-Vázquez et al. 2022) found that when volume was different between the groups, then the higher frequency training resulted in more hypertrophic growth. In theory this makes sense because it is easier to perform more sets that are spread out throughout the week rather than in one given session. Schoenfeld et al (2019) also found a benefit of performing 2-3x sets a week rather than 1x a week. This supports my theory that spreading the volume out over multiple sessions enables the body to recover between sessions. The reason is because this method disburses more systemic fatigue and allows the muscle to be worked on with more effective reps, as diminishing returns can take place when dealing with multiple sets within a session.  

Bernárdez-Vázquez et al. (2022) further enforced my theory as their review concluded that increasing frequency while lowering the volume in each session can help maintain intensity, while allowing for more recovery between sessions. The downside of this is found when training a muscle 5-6 days a week because this combined with high volume and heavy weight, can lead to overtraining and an accumulation of systemic fatigue which is not easily recoverable from. In my opinion, working a muscle 2-3x a week seems to be optimal as it allows for maximum rest between sessions while increasing the probability of producing more effective reps for the specified muscles. Frequency is best used as a tool that can manipulate training programs to best match what an individual needs, or prefers, since the options for optimal training may be impacted by what the user believes to be best for them. This works well, provided that each muscle is targeted at least once per week, although twice per week seems to be where the evidence points for maximizing hypertrophy. 

Fatigue  
Muscle fatigue has a different impact on trained athletes compared to untrained individuals. Power-trained athletes have been shown to have a 25-35% maximal voluntary contraction (MVC) force, as well as a greater rate of force development (RFD), when compared to endurance athletes. Endurance athletes tend to have a lower peak power output, but also have a slower rate of muscle power decline compared to power athletes. This difference is notable as endurance-trained athletes can typically maintain performance for longer based on their lower fatigue index, which is calculated by a decline in power output from peak to the end of a test. This difference can be clearly seen when the rest period between working bouts of exercise is reduced. A well-known method of assessing fatigue in muscle performance is by analysing power decline across a series of short sprints, with minimal rest time (Bishop et al., 2011). Endurance runners showed a 37% smaller power decline over a set of five six-second maximal sprints, which are then accompanied by 24 seconds of rest, compared to sport athletes. This lower level of power drop in endurance athletes was also found with smaller disturbances in their blood homeostasis as seen by lower post-exercise blood lactate levels. (Bishop & Spencer, 2004).    

Exercise-related fatigue is a complicated, multifaceted phenomenon that affects performance and recuperation and has both physiological and psychological components (McKenna et al. 2008). According to McKenna, it can be divided into two types: peripheral fatigue, which happens in the muscles, and central fatigue (CNS fatigue), which occurs in the central nervous system. To minimize physiological harm, the Integrative Governor Theory proposes that homeostatic systems balance psychological and physical elements to prevent physical damage to the body (Noakes, 2007).

Reduced physical performance and an increase in perceived effort are the outcomes of fatigue, which is essentially a breakdown of homeostasis because of an increase in energy demand from outside stimuli (Abbiss & Laursen 2005). According to the task-dependent model (Enoka & Duchateau 2008), tiredness is the consequence of several physiological and psychological processes that occur both before and during exercise-induced mechanical failure. Impaired neural drive from the brain and spinal cord causes central exhaustion, which lowers voluntary muscular activation (Gandevia 2001). Dopamine depletion can also be seen to lower motor drive and alertness (Davis & Bailey 1997) The brainstem, cerebellum, motor cortex, and basal ganglia are important components in central fatigue (Gandevia 2001) and cognitive performance is impacted by variations in cerebral blood flow (CBF) during exercise (Nybo & Nielsen 2001) Cognitive impairment, emotional issues, and sleep disruptions can all be caused by prolonged central nervous system exhaustion (Ishii et al. 2013). Norepinephrine and adrenaline are released during the fight-or-flight reaction, and this can help reduce fatigue momentarily and increase alertness and energy availability.

Contractile function is diminished by peripheral fatigue, which is brought on by biochemical and metabolic alterations in the muscle (Fitts 1994). Acidosis results from the disruption of muscular contraction caused by the metabolic build-up of hydrogen ions (H+), inorganic phosphates (Pi), and lactate (Allen et al. 2008). Ion dysregulation can result in decreased neuromuscular excitability (McKenna et al. 2008) and decreased contraction efficiency (Westerblad et al. 2002) due to potassium (K+) flow.  ATP deficiency and loss of glycogen can both contribute to energy depletion, which speeds up muscular fatigue (Hargreaves & Spriet 2018), and reactive oxygen species (ROS) also cause tiredness by harming muscular fibres (Reid 2008). Muscle recovery and tiredness perception are influenced by an inflammatory response, namely the production of IL-6 cytokines (Fischer 2013).  
Fatigue's onset and intensity are influenced by several variables. When it comes to endurance exercises, gender differences are important since women often feel less tired than males because they have higher Type I muscle fibre composition, better muscle perfusion, and more efficient lipid metabolism (Hunter, 2009). According to Ansdell (2018), males are more likely to experience faster fatigue during explosive activities due to their higher anaerobic efficiency. CNS fatigue is increased by psychological and behavioural variables, such as stress and sleep deprivation, which can change patterns of brain activity (Halson 2014). Short, high-intensity activities, such as weight lifting include both peripheral and central fatigue mechanisms, whereas ultra-endurance events largely cause CNS exhaustion (Abbiss & Laursen, 2005). The kind and length of exercise also affects tiredness. Adenosine build-up contributes to mental fog, which can lower motivation and lead to a greater increase in perceived exertion (Martin et al. 2018) According to Meeusen et al. (2006), the catecholamines (norepinephrine and adrenaline) prevent weariness by increasing alertness, whereas dopamine depletion decreases motor drive, and environmental stresses such as dehydration, heat, and oxygen transport limits, affect muscle performance in a poor way and make peripheral and central nervous system fatigue worse (Sawka et al. (2007).

Training loads and recovery techniques must be optimised by having a thorough understanding of the mechanisms underlying central and peripheral fatigue, which play a vital role in the ability to gain muscle. Effective fatigue management involves hydration techniques by increasing sodium and potassium to avoid electrolyte imbalances (Sawka et al. 2007), psychological interventions to manage stress, sleep, and motivation (Halson 2014) as well as  nutritional changes like supplementing an  appropriate amount of  protein and carbohydrates to support energy metabolism and muscle recovery (Jeukendrup 2011). Focusing on a proper training periodisation program is also required to prevent excessive fatigue accumulation (Impellizzeri et al.2019). Whereas metabolic alterations, ion imbalances, and energy depletion are the main causes of peripheral fatigue, neurotransmitter imbalances, stress, and cognitive demands are the main causes of CNS fatigue (Gandevia 2001) Numerous factors impact the onset and intensity of exhaustion, including gender, psychological state, sleep quality, and the type of exercise (Hunter 2009,  Halson 2014).  

Both central and peripheral tiredness are brought on by resistance training, which affects neuronal drive and muscle function. The type of training, as well as the intensity and the recovery period, all have an impact on the local muscle fatigue that results from resistance exercise. Both hypertrophic loading and maximum strength training do similar things to the muscles, such as lowering phosphocreatine and ATP levels and building up inorganic phosphate and hydrogen ions. (Westerblad et al., 2002; Takada et al., 2012) Fatigue and decreased muscular contractility are caused by these metabolic abnormalities, especially at intensities close to one-repetition maximum (1RM) (Tesch et al., 1986) .

Since Group III and IV sensory afferents pick up metabolic waste products like ATP, lactate, and H+ ions and communicate these signals to the brainstem, muscle tiredness is also associated with nociceptive afferent activity. (Allen et al., 2008) Fatigue and weakness are further exacerbated by muscle damage, which is shown by elevated creatine kinase (CK) levels, which are considered an indirect way of measuring muscle damage (Rodriguez, 2010; Jackman et al., 2010). Furthermore, ischemia-induced resistance training reduces muscle pH, which may affect contractile function. (Westerblad et al., 2002) and high-intensity, repetitive maximum exertion increases these metabolic stresses. (Kayser, 2010)  

The onset of fatigue is also significantly influenced by muscle fibre recruitment. Type II fibres (fast-twitch) are primarily engaged in high-intensity workouts and undergo faster rates of metabolic stress, ATP depletion, and lactate accumulation compared to Type 1 fibres. Type I fibres (slow-twitch) are recruited first and rely on oxygen through the aerobic system to perform. (Karatzaferi et al., 2001) Near-maximal training causes an increased dependence on Type II fibres, as an increase in load requires a more demanding stress, and recruits less Type 1 fibres, and this accelerates fatigue.  


Slow-twitch fibres suffer from oxygen deprivation under heavy loads, but fast-twitch (Type II) fibres wear out more quickly since they depend on anaerobic metabolism. Research conducted by Taylor and Gangevia (2008) show that both central and peripheral fatigue is produced slower during submaximal exercises compared to performing maximal voluntary contractions. Training level also affects fatigue resistance because highly trained people continue to have superior neuromuscular efficiency and greater motor unit recruitment, which helps delays the onset of fatigue.  

Physiological Mechanisms  
While there have been a variety of research studies performed to determine what may be best methods of resistance training to maximize muscle hypertrophy, often the conclusions are insignificant, inconclusive or even contradictory. The outcomes differ for a variety of reasons, but may be due to differences in research designs, length of time, number, gender, age and physical condition of the participants. To have a better understanding of other factors which can affect the outcomes of these research studies, a review of the underlying physiological mechanisms which occur as a response of resistance training is imperative. While many of the factors are interconnected, and some go beyond the scope of this review, the ones I have focused on include mechanical tension, metabolic stress (hypoxia, cell swelling, ROS), muscle damage. These are the three main factors responsible for exercise induced hypertrophic response. 
Mechanical Tension  
Mechanical tension is considered one of the primary drivers of hypertrophy. It refers to the force produced and resisted by a muscle fiber during an action. When high tension is involved, it starts the molecular signaling of mTOR that leads to muscle protein synthesis. This is noted in the data as training with heavy loads, which generates high amounts of tension and stimulates muscle growth. However conversely, training with lighter loads can also provide hypertrophy when it is taken close to failure since the motor unit recruitment and high fiber threshold is reached in the final few reps (Schoenfeld et al. 2015). Studies lead to the observation that muscle fibers need to experience high levels of tension to trigger hypertrophy signaling. In fact, certain resistance training procedures have resulted in more neuronal changes than hypertrophy. The tension that comes from resistance training causes distress in skeletal muscle, which in turn, induces cellular and molecular changes in satellite cells and myofibers. The upstream cell signaling process includes growth factors and cytokines, whereas the downstream process involves the AKT/mTOR pathways. The buildup of fatigue through the metabolites leads to cell swelling or edema. This kind of stress on the body, which can happen from doing many repetitions, drop sets, or restricting blood flow, can help muscles grow. The main reasons are because the muscle fibres are under a lot of tension, which triggers the release of growth hormones, but mainly because high amounts of tension are being experienced by the muscle fibres. Over the years, researchers have theorised that muscle damage may not play a significant role in muscle gain. Mechanical tension (force and stretch) is important for muscle growth but not necessarily responsible for the gains. Damas et al. (2018) showed that hypertrophy can occur alongside muscle damage, and by following protocols which mitigate muscle damage, similar muscular gains to those that cause soreness can be induced.  

Metabolic Stress 
Metabolic stress, which is another factor that causes muscle hypertrophy, is a physiological process that occurs during resistance training and which leads to the accumulation of various metabolites including lactate, phosphate, and hydrogen ions. These molecules influence other internal processes such as the release of certain hormones, cell swelling, hypoxia, and the production of reactive oxygen species (ROS), which stimulate anabolic production for muscle growth. The magnitude and degree of the metabolic stress is determined by a range of different factors, but changes in exercise regimes play a large role, including the level of intensity, volume and rest periods (De Freitas M.C. 2017). Each of these variables contributes in unique ways to building muscle. Several studies have shown that when resistance training is performed during hypoxia, there is a greater effect on muscle hypertrophy. There are some theories as to why muscle hypoxia could be a benefit to muscle hypertrophy. One theory is that hypoxia has been linked to an increase in metabolic build up (Feriche et al 2017) which in turn, may contribute to cell swelling, known to regulate protein synthesis, and another is that the increase in lactate may also contribute to an increase in the anabolic hormones and cytokines.  

During active workouts, muscles contract and constrict the local blood vessels, causing lower oxygen levels to flow to the area and producing a hypoxic environment. Performing resistance training at low intensity shows a decrease in muscle oxygenation in comparison to a higher intensity workout. These findings suggest that keeping pressure on the muscles help to reduce the level of oxygen which is beneficial to increasing muscle hypertrophy. (De Freitas, 2017). Cell swelling is another reaction that occurs during resistance training, and that contributes to muscle hypertrophy. The contraction of muscles which occurs during intense exercise puts pressure on the veins which leads to intercellular swelling, and this also occurs when there is an increase in the metabolic by products of hydrogen, lactate and phosphate. Mechanical stress can also be induced by using a low-intensity resistance training protocol combined with blood flow restriction training (BFRT) protocols, also referred to as KAATSU (De Freitas M.C. 2017). This method utilizes cuffs that block the flow of blood from the muscles, and which contribute to working in a hypoxic environment. This method appears to show an improvement and increase in muscle hypertrophy compared to just performing high intensity training, which has been largely induced by mechanical stress and tension. (De Freitas M.C 2017). One study (Powers et.al 2012) noted that low to normal levels of reactive oxygen species (ROS) are required for muscle contraction and movement, but high levels of ROS can produce fatigue (Powers et al. 2011) It also appears that Reactive Oxygen Species (ROS) has a strong impact on muscle hypertrophy but the exact mechanisms are not well defined. What is known is that ROS has a complex connection to cell signaling pathways, and can activate mTOR. 
Although not well understood, cell swelling (also called cell hydration) appears to be involved in anabolic regulation by stimulating protein synthesis. When hydrated, it is known that cells can also activate certain protein kinase signaling pathways in the muscle cells. The level of intracellular and extracellular water in cells is further induced and increased by resistance training. Depending on the intensity and the type of training, the level can fluctuate. With exercises that involve glycolysis, as in anaerobic respiration, the corresponding lactate build that follows, contributes to osmotic changes within the muscle cell and cell swelling is maximized. (De Freitas M.C 2017). Fast-twitch fibers, which are known to be involved with muscle hypertrophy, are sensitive to these kinds of osmotic fluctuations. This connection means that cell hydrations may play a role in muscle hypertrophy during intense resistance training that utilizes anaerobic glycolysis. (Schoenfeld 2013).  Any exercise that leads to a build-up of glycogen also has a correlation to cell swelling since 1 gram of glycogen attracts 3 grams of water 


Muscle Damage 

Skeletal muscle is one of the few tissues in the body that is not subjected to mitotic divisions for growth. Instead, muscle damage caused by intense and repeated exercise to the point of overload (also referred to as exercise-induced muscle damage or EIMD), undergoes a specialized regeneration process. The variables that contribute to the level of overload are intensity, frequency, volume, and duration and the effects include pain, inflammation, as well as a temporary loss of motion, force and strength (Nosaka 2003). This phenomenon has led to the popular phrase “No pain, no gain”. 

Each muscle fiber contains satellite cells, which are specialized cells comprised of stem cells and skeletal muscle progenitor cells that are inactive until muscle damage or tears occurs (Kaczmarek et. al 2021). It has been shown that eccentric training (which is defined as on the lengthening phase of a muscle contraction) provides better results overall in terms of muscle size and growth than other types of training (Nosaka, 2003), however, is more damaging than shortened movements. One meta-analysis (Roig et al 2009) which analysed 73 participants under various training regimes, found that those performing eccentric exercises showed an overall statistically greater increase in muscle circumference compared to those preforming concentric exercise. 


Molecular Mechanisms
There are a large number molecular and intercellular factors that contribute to muscle hypertrophy, and they include hormones, growth factors and other cellular mechanisms that work together to stimulate an increase in muscle mass, In general, muscle hypertrophy occurs when the rate of protein synthesis is greater than the rate of protein degradation. For this reason, it is important to have an understanding of the role and components involved in protein synthesis as it relates to muscle hypertrophy.
Protein Synthesis
In simplified terms, the increase in rate of protein synthesis in response to performing intense exercise is related to an increase in muscle mass and growth (Figueiredo, 2019). The skeletal muscles consist of tissues that contain myofibers, including contractile proteins (such as myosin and actin), and the mitochondrial proteins which provide energy (Witard et al. 2011), and because protein synthesis consumes almost 30% of the total ATP pool, the mitochondria energy system is required to sustain anabolism (Atoria, 2021). The rate of hypertrophy seems to be related to an increase in these myofibrils since they comprise more than 70% of the total cell size of skeletal muscles (Figueiredo, 2019). The growth of muscles is related to the increase of these muscle fibres and also to a lesser extent that is not as well defined, by the addition of new myofibres, known as hyperplasia (Attwaters et al. 2021).

The rate of muscle protein synthesis (MPS) is normally measured as the rate of amino acid incorporation into muscle protein over a specific time (Witard et al. 2011), and the 2 main factors of driving this reaction in adults is physical activity and the availability of nutrients (in particular amino acids), which are used to form the skeletal muscle proteins (Atherton et al. 2012). For this reason, it is important to consider nutritional intake in addition to training regimes for optimal results in muscle growth.  

Cellular Signalling

Resistance training activates signalling pathways within muscle cells, including mTOR (mammalian target of rapamycin), which plays a crucial role in protein synthesis and muscle growth. Protein synthesis in skeletal muscle is controlled through a series of signaling pathways that largely comprise growth factors, and kinases (including phosphoinosite-3 kinase, Protein Kinase B (AKT), and mTOR as previously mentioned, and also known as the mechanistic target of rapamycin (Schiaffino 2021). This pathway acts as a positive regulator for growth, although there are other pathways that contribute. However the details and scope of these pathways are outside of this review. 

Testosterone 
Serum and plasma testosterone seems to increase in males who exercise, but there is a large degree of individual variability which is dependent on several factors including age and physical health, type of exercise performed, the type and intensity of the training, the length of rest periods, and the time line when the testosterone is measured (Riachy, 2020). Testosterone is an anabolic androgenic steroid which in addition to other characteristic, is known to promote muscle growth. It acts on muscles through 2 ways: first by stimulating protein synthesis for building up muscles and then by inhibiting the degradation of proteins. There are certain conditions that can affect testosterone levels in men, and they include obesity, age, lack of sleep, stress, and poor nutrition. Low levels of plasma testosterone have been associated with depression, fatigue, sexual dysfunction, and can lead to muscle wasting and osteoporosis or low bone mass density, so maintaining testosterone at normal physiological levels is critical for good health. 
There are certain levels of intensity required during strength training exercise that is necessary for serum testosterone levels to increase. Some studies have suggested that in addition to the intensity of the exercise, the activity must also last for a certain length of time. Various reports in the literature indicate that anywhere from 5 to 40 minutes of intense exercise must occur before an increase is noted and that the muscle mass impacted must be of significant size. Free weights also produced better results than those used by machines, which can be attributed to utilizing a larger muscle mass. A third factor to consider was duration of time between rest periods, which was also tested for its effect on testosterone levels with interesting results. It appeared that the shorter the intervals of rest between sets, combined with moderate to high intensity workouts and impact on greater muscle volume, the higher the serum testosterone levels which could last up to 48 hours post-exercise (Riachy 2020). Generally, the levels of testosterone are much lower in obese individuals compared to lean or normal size men, and the decrease is likely affiliated with the higher amount of adipose tissue in overweight individuals.  
In comparing three groups of men, including resistance-trained, endurance-trained and sedentary individuals, after performing resistance or endurance training exercises, with short rest intervals between sets, all groups showed an increase in testosterone levels after training. However the resistance-trained individuals showed the greatest effect and the highest levels of all the groups (Riachy 2020). In terms of other factors, men of all age groups showed an increase in testosterone levels after acute physical activity, but the degree of increase is lower with middle aged and older men than with younger men.  Following post-exercise, regardless of the type of activity or the intensity, the resting basal levels of serum testosterone did not seem to change much between healthy individuals, whether they were athletic, sedentary or somewhere in between. The only exception was with obese individuals which revealed an increase in basal testosterone levels after an extended period of exercise that has been postulated to be due to weight loss and muscle accumulation after a period of exercise.   
What is not clear is if the temporary increase in serum testosterone after intensive training has any relationship to hypertrophy or muscle anabolism. There have been many studies that show there is a direct correlation to the increase in testosterone and lean body mass, but the mechanism is not clear. It may provide an increase in the androgen receptor expression which leads to myofibrillar protein synthesis through the testosterone-androgen receptor and its pathway.  What does need to be better studied is how the release of high levels of testosterone affects the downstream events of the exercise-testosterone-muscle hypertrophy relationship.  Most of the testosterone that is generated is from the Leydig cells in the testes from the hypothalamic-pituitary-gonadal axis pathway. Once in the blood, approximately 60% of the testosterone is bound to steroid hormone binding globulin and about 38% is bound to albumin, with the remaining 2% is unbound throughout the circulatory system. Only this latter form (the unbound testosterone) is active and can be used by tissues (Riachy 2020). With the onset of exercise and mechanical loading, testosterone works to stimulate protein synthesis and inhibit protein breakdown. It can also promote the release of other anabolic hormones, such as growth hormone (GH) and satellite cells. One study (Ahtiainen et al. 2003) observed a strong correlation between elevated testosterone levels induced by resistance training and a corresponding increase in muscle cross sectional area, indicating its role and relationship with muscle hypertrophy. 


Growth Hormone 
 
Growth hormone (GH) is a polypeptide with both anabolic and catabolic properties that is produced by the anterior pituitary gland. Its main role is in fat metabolism and incorporating amino acids into proteins (anabolism) as used with muscle growth as well as other effects.  As with testosterone, growth hormone levels increase after exercise, and it appears to have an effect and relationship with type I and type II muscle fiber hypertrophy, although further research needs to be done.   


Insulin-Like Growth Factor 

Insulin-like growth factor-1 (IGF-1) plays an essential role in muscle hypertrophy. It is a major contributor to anabolic pathways and helps to regulate muscle size and function (Yoshida 2020). It is important for stimulating and promoting protein synthesis and by inhibiting the breakdown of muscle. However one of the problems with understanding the role of IGF-1 is that it has been implicated in many cell signaling pathways, and so its interactions and interconnections are hard to differentiate between the various roles it play (Yoshida 2020). It has also been shown to activate satellite cell proliferation, although the mechanism is not well defined. 
Discussion 
Interpretation & Limitations
The main aim of this review was to analyse a range of variables and factors involved in resistance training that impact muscle hypertrophy to determine if low volume high-intensity training was optimal, or even comparable, to other methods of training. A second aim of this review was to obtain and uncover additional knowledge for a better understanding on the underlying physiological and molecular mechanisms that affect muscle hypertrophy to improve training methods (such as low volume, high intensity) for better results. 

Reviewing the various research papers in this review, it was noted that sufficient training volume is a key component for increasing muscle hypertrophy, and that aiming for 3-8 sets per muscle group in a session was considered optimal (Benito et al., 2020). The benefits of this allow for the maximization of hypertrophy when combined with training that is close to momentary muscular failure since this recruits the highest number of motor units (Giessing et al., 2016). More volume has been demonstrated to yield more growth, but only if the participants are able to sufficiently recover from the exercise. Although there are other limitations to consider, I noted that with some high volume studies which correlate to a high level of hypertrophy, edema may also be present in the muscles when the results are measured, and this can skew the data. The edema and swelling that occurs gives the appearance that high volume training is superior to other types of training, but it is well-known that the muscle take a few days to fully reduce the swelling when high tension is placed on it. 

Regardless, progressive overload has been shown to be a by-product of hypertrophy, and something that should be focused on when trying to gain muscle mass. Other limitations from the studies that involve low volume, is that the duration is often short, typically lasting just 6-12 weeks. Many studies I considered revealed marginal to no differences in hypertrophy between high vs low volume groups (Schoefeld et al., 2019) and this is most likely due to the fact that the studies were far too short in duration to notice any significant changes. Other limitations in the studies include a diverse range of intensity training methods and protocols used. The low volume groups tend to enforce the training to failure model, whereas some of the high-volume groups used submaximal tests, which would change the total volume performed. There are also limitations relating to how the parameters were determined and when the measurements were taken (as timing can be very important) and variability between these kinds of factors would definitely contribute to some of the differences noted between papers. Lastly, there are always going to be cofounding factors which play a significant role and which are harder to control and normalize for. These factors include individual differences and variations related to a person’s biochemical makeup and metabolism, their general health, history, previous physical activity and training, their age, size, genetics, dietary habits, and even psychological beliefs (as noted with the placebo effect). 

Future Research 
Future research studies should consider extending training duration for up to 6 months or even longer since trained individuals tend to grow muscle mass at a slower rate than untrained individuals, and this can minimize the effect of the published data. Research studies should also focus on training athletes in larger sample sizes to ensure stronger and more statistically significant results since individual variability does play a large role in the outcomes. These types of studies should also carefully try to delineate other individual factors, such as age, sex, health, and physical ability of participants, as this can impact an individual’s training volume and outcome. While most studies do try to control for some variables, it can be challenging to control and it may be costly for the researcher who likely relies on grants for their research projects, therefore has only limited funds available.

The list of future studies that could be conducted is endless as there is still so much that is unknown or unclear in this area. This is especially true in relation to the underlying molecular mechanisms and cell signaling pathways involved in the building up, repair and maintenance of muscle cells and the corresponding resulting hypertrophy, where there are hundreds and possibly thousands of molecules involved, each affecting and influencing one another within complex networks. 

There is some evidence in the literature which implies training applications under hypoxic environments may be beneficial to increasing muscle hypertrophy and there are a variety of protocols that could be used and examined under controlled studies. For example, studying the response of how anabolic hormones (such as IGF1 and testosterone), might measure and perform after rigorous training sessions under hypoxic conditions, to help promote hypertrophy and lead to uncovering new training protocols and strategies. Other studies could try to ascertain how certain molecules operate, interact and influence each other (positively or negatively) at the molecular or physiological level, which in turn, may also contribute to and be exploited to promote greater muscle growth. 


Conclusion
Closing Summary
The most efficient resistance training methods encompass both mechanical tension and metabolic stresses which are used by athletes to develop strength and increase muscle mass. While there are a variety of training techniques and variables postulated in the literature, there is still no agreement or consensus on what the optimal methods are. In part this could be due to the fact that many of the underlying mechanisms and pathways that drive hypertrophy are still not elucidated. In this narrative review, I tried to examine and evaluate whether low-volume, high-intensity training was an optimal strategy for hypertrophy. While reviewing the evidence, the results seem to indicate that although this type of training does show significant improvements in gain of muscle hypertrophy, there is no optimal element based on the data I evaluated, which conclusively points to this being the best method. 

While there is an ongoing debate on this subject, there were more studies reviewed that seemed to suggest that higher-volume training approaches are linked to slightly greater rates of hypertrophy, and this is most likely due to the stimulation of muscle protein synthesis (Schoenfeld et al., 2019). The load used generally did not seem to be a driving factor of hypertrophy as long as sets were taken near failure, maximising mechanical tension, while rep ranges could vary significantly to still allow for muscle growth (Schoenfeld et al., 2017). While some previous studies indicated the best results for increasing muscle hypertrophy was to exercise with high load or high tension, more recently research has shown that if low-load resistance training is conducted until failure, the results seem to be somewhat comparable to that of high-load training. (Ozaki et. Al 2016). The results from another research study (Ogasawara et. Al, 2013) suggested that high-load resistance training was not required for obtaining significant muscle hypertrophy, but rather the more important point was the percentage of external load.

When applying these factors to a real-world setting, resistance trainers should adjust their volume based on their personal ability to recover and progressively overload. The more volume that is applied to one's training program, the more important, I believe, outside factors become. This includes external factors such as ensuring proper nutrition and regular sleeping habits since fatigue will build up rapidly, making it harder for the body to dissipate. These details, if not properly addressed, could lead to a lack of progression and subsequently hinder training performance. 
To sum up the research question of whether lower-volume, high-intensity training is optimal for muscle hypertrophy, I would suggest that while it may not be the optimal method for maximizing growth, it is still quite an effective strategy. One advantage of this process is that it requires less input and energy. I believe that elevating the volume of sets trained close to failure for each muscle group at between 6 and 14 per week, could be considered an optimal range. This repertoire would allow for a balance of maximising mechanical tension, ensuring enough stimulus is applied to each muscle group, while not allowing too much CNS fatigue to accrue within the body, hindering progression, and ensuring the athlete does not need time off from their training program to recover. 



Publications & Sources

References 
1. Abbiss, C. R., & Laursen, P. B. (2005). Models to explain fatigue during prolonged endurance cycling. Sports Medicine, 35(10), 865–898. https://doi.org/10.2165/00007256-200535100-00004 

2. Ahtiainen, J.P., Pakarinen, A., Alen, M., Kraemer, W.J., and Häkkinen, K. (2003). Muscle hypertrophy, hormonal adaptations and strength development during strength training in strength-trained and untrained men. European Journal of Applied Physiology. 89, 555- 563. https://doi.org/10.1007/s00421-003-0833-3 

3. Allen, D. G., Lamb, G. D., & Westerblad, H. (2008). Skeletal muscle fatigue: Cellular mechanisms. Physiological Reviews, 88(1), 287–332. https://doi.org/10.1152/physrev.00015.2007 

4. Ansdell, P., Thomas, K., & Howatson, G. (2018). Physiological and neuromuscular responses to mental fatigue in male and female athletes. European Journal of Applied Physiology, 118(2), 259–269. https://doi.org/10.1007/s00421-017-3779-5 

5. Arantes, V.H.F., da Silva, D.P., de Alvarenga, R.L. et al. (2020). Skeletal muscle hypertrophy: molecular and applied aspects of exercise physiology. German Journal of Exercise and Sport Research. 50, 195–207 https://doi.org/10.1007/s12662-020-00652z 

6. Attwaters, M., Hughes, S. (2021). Cellular and Molecular Pathways Controlling Muscle Size in Response to Exercise. The FEBS Journal. 289(6). 1428-1456. https://febs.onlinelibrary.wiley.com/doi/10.1111/febs.15820

7. Atherton PJ, Smith K. (2012). Muscle protein synthesis in response to nutrition and exercise. Journal of Physiology. 590(5):1049-57. https://pmc.ncbi.nlm.nih.gov/articles/PMC3381813/

8. Brian K.M., John Q.C., Daniel B.L., Gretchen O.D., Michael E.R., Kyle T.J., Price B.M. (2015). Autonomic Responses to and Acute Bout of High-intensity Body Weight Resistance Exercise vs. Treadmill Running. Journal of Strength and Condition Research. 30(4): 1050-1058. https://pubmed.ncbi.nlm.nih.gov/26340470/

9. Barnardez-Vazquez, R., Raya-Gonzalez, J., Castillo, D., Beato, M. (2022). Resistance Training Variables for Optimization of Muscle Hypertrophy: (2022). An Umbrella Review. Frontiers in Sports Active Living. 4 https://www.frontiersin.org/journals/sports-and-active-living/articles/10.3389/fspor.2022.949021/full

10. 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, 485–500. https://doi.org/10.1007/s00421-017-3792-9 

11. Davis, J. M., & Bailey, S. P. (1997). Possible mechanisms of central nervous system fatigue during exercise. Medicine & Science in Sports & Exercise, 29(1), 45–57. https://doi.org/10.1097/00005768-199701000-00008 

12. De Freitas M.C., Gerosa-Neto J, Zanchi N.E., Lira F.S., Rossi F.E. (2017). Role of metabolic stress for enhancing muscle adaptations: Practical applications. World Journal of Methodology. 7(2):46-54. https://pmc.ncbi.nlm.nih.gov/articles/PMC5489423/

13. Egerman, M., Glass, D. (2014). Signaling pathways controlling skeletal muscle mass. Critical Reviews in Biochemistry and Molecular Biology. 49(1). 59-69.  https://www.tandfonline.com/doi/epdf/10.3109/10409238.2013.857291?src=getftr&utm_source=wiley&getft_integrator=wiley

14. Enoka, R. M., & Duchateau, J. (2008). Muscle fatigue: What, why and how it influences muscle function. The Journal of Physiology, 586(1), 11–23. https://doi.org/10.1113/jphysiol.2007.139477 

15. Figueiredo V.C. (2019). Revisiting the roles of protein synthesis during skeletal muscle hypertrophy induced by exercise. American Journal of Physiology - Regulatory, Integrative and Comparative Physiology. 317(5):R709-R718. https://pubmed.ncbi.nlm.nih.gov/31508978/ 

16. Fisher, J., Steele, J., & Smith, D. (2013). Evidence-based resistance training recommendations for muscular hypertrophy. Medicina Sportiva.17(4), 217–235.https://doi.org/10.5604/17342260.1081302

17. Feriche B, García-Ramos A, Morales-Artacho AJ, Padial P. (2017). Resistance Training Using Different Hypoxic Training Strategies: a Basis for Hypertrophy and Muscle Power Development. Sports Medicine Open. 3(1):12. https://sportsmedicine-open.springeropen.com/articles/10.1186/s40798-017-0078-z

18. Fink, J., Schoenfeld, B, Nakazato, K. (2018). The role of hormones in muscle hypertrophy. Physician and Sports Medicine. 46(1) 129-134. https://pubmed.ncbi.nlm.nih.gov/29172848/

19. Fitts, R. H. (1994). Cellular mechanisms of muscle fatigue. Physiological Reviews, 74(1), 49–94. https://doi.org/10.1152/physrev.1994.74.1.49 

20. Gandevia, S. C. (2001). Spinal and supraspinal factors in human muscle fatigue. Physiological Reviews, 81(4), 1725–1789. https://doi.org/10.1152/physrev.2001.81.4.1725 

21. Glessing, J., Eichmann, B., Steele, J., Fisher, J. (2016). A comparison of low volume ‘high- intensity-training’ and volume traditional resistance training methods on muscular performance, body composition, and subjective assessments of training. Biology of Sports. 33, 241-249. https://doi.org/10.5604/20831862.1201813 

22. Halson, S. L. (2014). Monitoring training load to understand fatigue in athletes. Sports Medicine, 44 (Suppl 2), 139–147. https://doi.org/10.1007/s40279-014-0253-z 

23. Hargreaves, M., & Spriet, L. L. (2018). Skeletal muscle energy metabolism during exercise. Nature Metabolism, 1, 1–10. https://doi.org/10.1038/s42255-018-0017-6 

24. Hunter, S. K. (2009). Sex differences and mechanisms of task-specific muscle fatigue. Exercise and Sport Sciences Reviews, 37(3), 113–122. https://doi.org/10.1097/JES.0b013e3181aa65f9 

25. Hughes D.C., Ellefsen S., Baar K. (2018). Adaptations to Endurance and Strength Training. Cold Spring Harbour Perspective Medicine. 8(6):a029769. https://pmc.ncbi.nlm.nih.gov/articles/PMC5983157/#:~:text=Strength%20training%20leads%20to%20an,individual%20learns%20an%20exercise%20(Fig.

26. Hirono, T., Ikezoe, T., Taniguchi, M., Tanaka, H., Saeki, J.,Yagi, M., Umehara, J., Ichihashi, N. (2022). Relationship Between Muscle Swelling and Hypertrophy Induced by Resistance Training. Journal of Strength and Conditioning Research. 36(2): p359-364. https://journals.lww.com/nsca-jscr/fulltext/2022/02000/relationship_between_muscle_swelling_and.10.aspx

27. Impellizzeri, F. M., Marcora, S. M., & Coutts, A. J. (2019). Internal and external training load: 15 years on. International Journal of Sports Physiology and Performance, 14(2), 270–273. https://doi.org/10.1123/ijspp.2018-0935 

28. Ishii, H, Nishida, Y. (2013) Effect of lactate accumulation during exercise-induced muscle fatigue on the semsorimotor cortex. Journal of Physical Therapy Science. (12) 1647-42. https://pmc.ncbi.nlm.nih.gov/articles/PMC3885857/

29. Jeukendrup, A. E. (2011). Nutrition for endurance sports: Marathon, triathlon, and road cycling. Journal of Sports Sciences, 29(Suppl 1), S91–S99. https://doi.org/10.1080/02640414.2011.610348 

30. Kaczmarek A, Kaczmarek M, Ciałowicz M, Clemente FM, Wolański P, Badicu G, Murawska-Ciałowicz E. (2021). The Role of Satellite Cells in Skeletal Muscle Regeneration-The Effect of Exercise and Age. Biology (Basel).10(10):1056. https://pmc.ncbi.nlm.nih.gov/articles/PMC8533525/

31. Krzysztofik, Michael, Wilk, Michael, Grzegorz, Wojdała and Gołaś, Artur. (2019) Maximizing Muscle Hypertrophy: A Systematic Review of Advanced Resistance Training Techniques and Methods. International Journal of Environmental Research and Public Health. 16(24). https://pmc.ncbi.nlm.nih.gov/articles/PMC6950543/

32. Martin, K., Meeusen, R., Thompson, K. G., Keegan, R., & Rattray, B. (2018). Mental fatigue impairs endurance performance: A physiological explanation. Sports Medicine, 48(9), 2041–2051. https://doi.org/10.1007/s40279-018-0946-9 

33. McKenna, M. J., Bangsbo, J., & Renaud, J. M. (2008). Muscle K+, Na+, and Cl− disturbances and Na+-K+ pump inactivation: Implications for fatigue. Journal of Applied Physiology, 104(1), 288–295. https://doi.org/10.1152/japplphysiol.00698.2007 

34. Meeusen, R., Watson, P., Hasegawa, H., Roelands, B., & Piacentini, M. F. (2006). Central fatigue: The serotonin hypothesis and beyond. Sports Medicine, 36(10), 881–909. https://doi.org/10.2165/00007256-200636100-00006 

35. Noakes, T. D. (2007). The central governor model of exercise regulation applied to the marathon. Sports Medicine, 37(4–5), 374–377. https://doi.org/10.2165/00007256-200737040-00036 

36. Nosaka K, Lavender A, Newton M, Sacco P. (2003) Muscle damage in resistance training: Is muscle damage necessary for strength gain and muscle hypertrophy? International Journal of Sport and Health Science. 1(1) 1-8.  https://www.jstage.jst.go.jp/article/ijshs/1/1/1_1_1/_article

37. Nybo, L., & Nielsen, B. (2001). Hyperthermia and central fatigue during prolonged exercise in humans. Journal of Applied Physiology, 91(3), 1055–1060. https://doi.org/10.1152/jappl.2001.91.3.1055 

38. Ogasawara, R., Loenneke, J., Thiebaud, R., Abe, T. .Low-load bench training to fatigue results in muscle hypertrophy similar to high-load ben press training. (2013). International Journal of Clinical Medicine. 4:111-121. https://www.researchgate.net/publication/235732920_Low-Load_Bench_Press_Training_to_Fatigue_Results_in_Muscle_Hypertrophy_Similar_to_High-Load_Bench_Press_Training

39. Ozaki H, Loenneke JP, Buckner SL, Abe T. (2016). Muscle growth across a variety of exercise modalities and intensities: Contributions of mechanical and metabolic stimuli. Medical Hypotheses. 88:22-26 https://pmc.ncbi.nlm.nih.gov/articles/PMC5489423/#B48

40. Reggiani, Carlo, Schiaffino, Stefano. (2020). Muscle hypertrophy and muscle strength: dependent or independent variables? A provocative review. European Journal of Translational Myology. (3) 9311. https://pmc.ncbi.nlm.nih.gov/articles/PMC7582410/

41. Reid, M. B. (2008). Free radicals and muscle fatigue: Of ROS, canaries, and the IOC. Free Radical Biology and Medicine, 44(2), 169–179. https://doi.org/10.1016/j.freeradbiomed.2007.03.002 

42. Riachy, Ruba, McKinney, Kevin, Tuvdendorj, Demidmaa. (2020). Various Factors May Modulate the Effect of Exercise on Testosterone Levels in Men. Journal of Functional Morphology and Kinesiology 5(4): 81. https://pmc.ncbi.nlm.nih.gov/articles/PMC7739287/

43. Powers S.K, Ji L.L., Kavazis A.N., Jackson M.J. (2011). Reactive oxygen species: impact on skeletal muscle. Comprehensive Physiology. 1(2):941-69. https://pmc.ncbi.nlm.nih.gov/articles/PMC3893116/

44. Roig M, O'Brien K., Kirk G, Murray R., McKinnon P, Shadgan B, Reid W.D. (2009). The effects of eccentric versus concentric resistance training on muscle strength and mass in healthy adults: A systematic review with meta-analysis. British Journal of Sports Medicine. 43: 556–568. https://oce.ovid.com/article/00002412-200908000-00004

45. Sartori, R., Romanello, V, Sandri, M. (2021). Mechanisms of atrophy and hypertrophy: implications in health and disease. Nature Communications. 330. https://www.nature.com/articles/s41467-020-20123-1

46. Sawka, M. N., Burke, L. M., Eichner, E. R., Maughan, R. J., Montain, S. J., & Stachenfeld, N. S. (2007). American College of Sports Medicine position stand. Exercise and fluid replacement. Medicine & Science in Sports & Exercise, 39(2), 377–390. https://doi.org/10.1249/mss.0b013e31802ca597 

47. Schiaffino S, Reggiani C, Akimoto T, Blaauw B. (2021). Molecular Mechanisms of Skeletal Muscle Hypertrophy. Journal of Neuromusculular Disease. 8(2):169-183. https://pmc.ncbi.nlm.nih.gov/articles/PMC8075408/
 
48. 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. https://journals.lww.com/nsca-jscr/fulltext/2010/10000/the_mechanisms_of_muscle_hypertrophy_and_their.40.aspx  

49. Schoenfeld, B. J. (2012). Does exercise-induced muscle damage play a role in skeletal muscle hypertrophy? Journal of Strength and Conditioning Research, 26(5), 1441-1453. https://journals.lww.com/nsca-jscr/fulltext/2012/05000/does_exercise_induced_muscle_damage_play_a_role_in.37.aspx

50. Schoenfeld, B. J. (2013). Potential Mechanisms for a Role of Metabolic Stress in Hypertrophic Adaptations to Resistance Training. Sports Medicine, 43(3), 179–194. https://doi.org/10.1007/s40279-013-0017-1  

51. Schoenfeld, B., Grgic, J., Ogborn, D., Krieger, J.W.  (2017) Strength and hypertrophy adaptations between low- vs. high-load resistance training: A systematic review and meta-analysis. Journal of Strength and Conditioning Research. 31(12): 3508-3523. https://doi.org/10.1519/jsc.0000000000002200

52. Schoenfeld, B. J., Ogborn, D., Krieger, J. W. (2017). Dose-response relationship between weekly resistance training volume and increases in muscle mass: A systematic review and meta-analysis. Journal of Sports Sciences, 35(11), 1073–1082. https://doi.org/10.1080/02640414.2016.1210197  

53. Schoenfeld, B. J., Contreras, B., Krieger, J., Grgic, J., Delcastillo, K., Belliard, R., Alto, A. (2019). Resistance training volume enhances muscle hypertrophy but not strength in trained men. Medicine and Science in Sports Exercise. 51(1), 94–103. https://doi.org/10.1249/mss.0000000000001764

54. Schoenfeld, B. J., Grgic, J., Krieger, G. (2018). How many times per week should a muscle be trained to maximize muscle hypertrophy? A systematic review and meta-analysis of studies examining the effects of resistance training. Journal of Sports Sciences, 37(11), 1286–1295. https://doi.org/10.1080/02640414.2018.1555906

55. St. Clair Gibson, A., Lambert, E. V., & Noakes, T. D. (2006). Neural control of force output during maximal and submaximal exercise. Sports Medicine, 36(8), 705–722. https://doi.org/10.2165/00007256-200636080-00006 

56. Spiering, B.A., Clark, Brian C., Schoenfeld, B.J., Foulis, S.A., Pasiakos, S.M. (2023). Maximizing Strength: The Stimuli and Mediators of Strength Gains and Their Application to Training and Rehabilitation Journal of Strength and Conditioning Research. 37(4): p 919-929. 
      	https://journals.lww.com/nsca-jscr/fulltext/2023/04000/maximizing_strength__the_stimuli_and_mediators_of.22.aspx

57. Terada, K., Kikuchi, N., Burt, D., Voisin, S., Nakazato, K. (2022). Low-Load Resistance Training to Volitional Failure Induces Muscle Hypertrophy Similar to Volume-Matched, Velocity Fatigue. Journal of Strength and Conditioning Research. 36(6):p1575-1581. https://journals.lww.com/nsca-jscr/abstract/2022/06000/low_load_resistance_training_to_volitional_failure.14.aspx

58. Taylor, J. L., & Gandevia, S. C. (2008). A comparison of central aspects of fatigue in submaximal and maximal voluntary contractions. Journal of Applied Physiology, 104(2), 542–550. https://doi.org/10.1152/japplphysiol.01053.2007 

59. Viecelli C, Aguayo D. (2022). May the Force and Mass Be With You-Evidence-Based Contribution of Mechano-Biological Descriptors of Resistance Exercise. Frontiers in Physiology. 5;12:686119.https://pmc.ncbi.nlm.nih.gov/articles/PMC8769283/

60. Westerblad, H., Allen, D. G., & Lännergren, J. (2002). Muscle fatigue: Lactic acid or inorganic phosphate the major cause? News in Physiological Sciences, 17, 17–21. https://doi.org/10.1152/nips.01311.2001 
 
61. Weston, M., Taylor, K., Batterham, A.M., Hopkins, W.G. (2014). The Effects of Low-Volume High-Intensity Interval Training (HIT) on Fitness in Adults: A Meta-Analysis of Controlled and Non-Controlled Trials. Sport Medicine. 44,1005-1017. https://link.springer.com/article/10.1007/s40279-014-0180-z 

62. Widrick J.J., Stelzer J.W., Shoepe T.C., Garner, D.P.  (2002). Functional Properties of Human Muscle Fibers after Short-Term Resistance Exercise Training. American Journal of Physiology-Regulatory, Integrative and Comparative Physiology. 283(2):R408-416. https://pubmed.ncbi.nlm.nih.gov/12121854/

63. Witard, O.C., Bannock, L., Tipton, K.D. (2011), Making Sense of Muscle Protein Synthesis: A focus on Muscle Growth during Resistance Training. International Journal of Sports Nutrition and Exercise Metabolism. 23(1), 49-61. https://journals.humankinetics.com/view/journals/ijsnem/32/1/article-p49.xml 

64. Yoshida, T., Delafonaine, P. (2020). Mechanisms of IGF-1 Mediated Regulation of Skeletal Muscle Hypertrophy and Atrophy. Cells. 9(9) https://pmc.ncbi.nlm.nih.gov/articles/PMC7564605/

65. Zając, A., Chalimoniuk, M., Maszczyk, A., Gołaś, A., Lngfort, J. (2015)  Central and Peripheral Fatigue During Resistance Exercise – A Critical Review. Journal of Human Kinetics. 49:159-169. https://pmc.ncbi.nlm.nih.gov/articles/PMC4723165/#b92-jhk-49-159

17 | Page

image1.png




