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ABSTRACT
Mason Moore:  Effects of transdermal magnesium chloride on muscle damage and force production after eccentric exercise 
(Under the direction of Erik Hanson) 

PURPOSE: To determine if transdermal magnesium chloride (MgCl2) increases isometric force production and reduces muscle soreness after eccentric exercise. METHODS: In a double blind trial, participants were randomly assigned to a supplement before completing isometric force and muscle soreness testing. After 6 sets of 12 eccentric knee extensions, force and soreness were reassessed at 0, 24, 48, and 96 h. Supplements were applied three times per day. The other condition was repeated on the contralateral limb.  RESULTS: Peak torque significantly decreased by 20% after eccentric exercise. At 48 and 96h, condition A force was 9% and 5% higher but this was not significant. Muscle soreness was not different between conditions at any point. CONCLUSIONS: This preliminary analysis suggests that condition A may attenuate muscle force loss after eccentric exercise, leading to faster recovery. An accelerated recovery phase can potentially aid training intensity and duration as well as overall performance.
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CHAPTER 1: INTRODUCTION
There are over 300 essential enzymatic reactions in the cells of the human body that rely on magnesium (Bohl et al., 2002). Magnesium is involved in cellular energy production, cell growth and reproduction, maintenance of cellular electrolyte composition and stabilization of mitochondrial membranes (Newhouse et al., 2000). These processes are vital to the physiological growth and recovery processes within the body following exercise. Adequate magnesium levels protect the tissues from excessive calcium uptake, and aid in maintaining cell membrane potential through helping regulate the uptake and release of hormones, nutrients and neurotransmitters. These mechanisms are the backbone to hypotheses examining the pivotal role magnesium plays in the physiological processes related to performance.
Oral magnesium supplementation has been show to increase performance values such as peak torque generation and jump variables (Brilla et al., 1992, Santos et al., 2011, Setaro et al., 2014). In these studies, a wide variety of oral magnesium supplements and doses where used to increase performance therefore it is unclear which form and dose of magnesium supplementation is best for increasing performance. Despite these numerous studies examining the effects of oral supplementation, only one study to date has examined the effects of a transdermal magnesium chloride supplement (MgCl2) (Gulick et al., 2011).  Transdermal magnesium chloride has been shown to be absorbed quickly and be more readily used by the cells than oral magnesium supplements (Circus 2007, Chandrasekaran et al., 2016). Through aiding cellular energy metabolism and muscle contraction, application of transdermal MgCl2 has been anecdotally proposed as a means of improving muscle function and recovery. 
Previous research has shown that eccentric muscle contractions are more likely to induce muscle damage than concentric contractions (Newham et al., 1986: Proske et al., 2001). Exercise induced muscle damage (EIMD) following eccentric exercise peaks 1-3 days after exercise and a significant reduction of maximal isometric force occurs for up to 8 days after eccentric exercise (Cheung et al., 2003). Delayed onset muscle soreness has also been associated with eccentric exercise (Connolly et al., 2003).  When compared to other experimental muscle injury models, an isokinetic dynamometer allows for the standardization of contraction velocity and range of motion (Hody et al., 2011). Hicks and colleagues successfully utilized 6 sets of 12 eccentric leg extensions on an isokinetic dynamometer to induce EIMD and DOMS that was attenuated within 5 days (Hicks et al., 2016). As such, it provides a controlled model of muscle damage that occurs during moderate to intense exercise to assess the effects of transdermal MgCl2. 
It is hypothesized that transdermal MgCl2 will reduce damage or hasten the recovery of the muscle cell membrane, potentially through increases in energy metabolism, local circulation, and enhanced muscle contraction in the treated areas. A greater rate of healing would also improve muscle function through the gains in muscle strength. There has been evidence to suggest that oral magnesium supplementation paired with resistance training, can increase measures of force production such as countermovement jumps, maximal quadriceps torque, and isometric trunk flexion within untrained individuals (Brilla et al., 1992, Santos et al., 2011). As such, transdermal application has the potential to increase force production while also reducing muscle damage following resistance exercise, suggests a therapeutic role for magnesium supplementation prior to exercise and during the subsequent recovery periods. 
Purpose Statement
 The purpose of this study is to examine the effects of transdermal MgCl2 supplementation on muscle soreness and isometric force production after a bout of 6 sets of 12 eccentric leg extensions on an isokinetic dynamometer. While it is known that magnesium is essential to many of the enzymatic processes associated with exercise, the uses of transdermal MgCl2 as an aid to muscle performance have not been thoroughly researched. Thus, a greater understanding of transdermal MgCl2 is need to justify the claims that it serves as an aid to muscle recovery following exercise.
Research Questions 
RQ1: Will transdermal magnesium chloride increase in isometric force production relative to baseline after a bout of eccentric leg extensions on an isokinetic dynamometer?
RQ2: Will transdermal magnesium chloride decrease muscle soreness on a visual analogue scale (VAS) after a bout of eccentric leg extensions on an isokinetic dynamometer?
Hypotheses 
1) Magnesium chloride will increase isometric force production after a bout of eccentric leg extensions on an isokinetic dynamometer, compared to a placebo supplement.
2) Magnesium Chloride will cause a decrease in subjects perceived muscle soreness after a bout of eccentric leg extensions on an isokinetic dynamometer, compared to a placebo supplement


Operational Definitions 
· Familiarization: Session that occurs prior to the pre-testing session to introduce and prepare the participants to successfully complete the protocols and equipment being used in this study.
· Isokinetic dynamometer: A device that resists applied forces and can control the speed of exercise at a predetermined rate.
· Isometric force production: Muscular force measured from a isometric muscle contraction 
Delimitations 
· All participants will be males between the ages of 18 and 35
· All participants will be recreationally active (30 minutes of aerobic or anaerobic exercise at least 2 times per week) for at least 2 months
· All participants must have previous experience with resistance exercises
· All participants will be recruited via flyer, email, and face to face interaction
· Participants must not have had an acute knee injury with surgery within one year
· Participants must not have previously had any know magnesium deficiency or magnesium supplementation therapy
· Participants will not be currently taking chronic pain medication
· All participants will not have any history of cardiovascular or respiratory conditions which are exacerbated by short duration moderate intensity exercise



Limitations
· The results of this study may only apply to those who are men, recreationally active and between the ages of 18-35 years old. Results may not be applied to males of all ages and females
· It is possible that subjects will not adhere to supplement application or exercise guidelines during the trail weeks as researchers will not be with them during the hours in-between testing sessions 
· The repeat bout adaptation effect could potentially reduce the effect of the second week of trials (Chen et al., 2016)
Assumptions 
· All participants will follow the pre-assessment guidelines 
· All participants will follow supplement application guidelines during the trial weeks
· All participants will refrain from any other forms of exercise during the trial weeks
Significance of Study
	Magnesium is essential to many of the enzymatic processes associated with exercise. However, the uses of transdermal magnesium chloride as an aid to muscle performance has not been thoroughly researched.  By examining the effects of a transdermal MgCl2 supplement on muscle soreness and force production it is possible to find a quicker, more bioavailable treatment to muscle damage. As Americans continue to shift towards diets that are less rich in minerals, magnesium deficient diets are becoming an increasing concern, particularly in athletic populations where minerals are lost in body fluids anyway during exercise. A greater understanding of transdermal magnesium chloride is need to justify the claims and advertisements that it serves as an aid to muscle recovery following exercise.

CHAPTER II: LITERATURE REVIEW
Literature Review

1.1 Eccentric Exercise and Exercise induced muscle damage (EIMD)

1.1.1 Eccentric Mechanisms of Muscle Damage 
The characteristics of exercise induced muscle damage (EIMD) include loss of muscle strength, increased muscle soreness and increased biomarkers of muscle damage such as Creatine Kinase (CK) and Myoglobin (MG) (Nosaka et al., 1996, Byrne et al., 2004, Tee et al., 2007). Previous research has indicated that failures of the excitation-contraction coupling process and sarcomere over-extension are what elicit eccentrically induced EIMD (Morgan et al., 1990, Warren et al., 2001, Raastad T, et al., 2010). Calcium overload is thought to be a mechanism of EIMD (Armstrong et al., 1991).  Excessive Ca2+ within the cell inhibits cellular respiration in the mitochondria (Cullen et al, 1979), which slows ATP production and impairs the tissues ability to discard Ca2+ (Wrogemann and Penna 1976, Zulian et al., 2016). High Ca2+ concentrations in the cell have been related to structural and functional damaged of the mitochondria, energy shortage, cellular necrosis, and Z-disc degradation,  (Busch et al., 1972, Wrogemann and Penna 1976, Zulian et al., 2016).
An eccentric contraction involves the active lengthening of muscle under and external load (Douglas et al., 2016). Eccentric exercise has been used to examine EIMD due to the fact that contraction-induced muscle tissue damage is more likely to occur in exercises involving muscle lengthening during activation (Armstrong et al., 1991, Proske et al., 2001, Warren et al., 2001).  Eccentric muscular contractions have also been hypothesized to produce higher local muscle temperatures than concentric contractions (Davies and Barnes, 1972). A rise in local muscle temperature due to exercise can potentially increase EIMD via the breakdown of muscle fibers and connective tissues (Armstrong, 1984). Hody (2013) demonstrated that 3 sets of 30 maximal eccentric contractions of the knee extensors elicited a muscle damage response via a significant increase in Creatine Kinase content. The present study will utilize a randomized crossover placebo design, and only administer a single set of 30 maximal eccentric contractions of the knee extensors at 60o per/second on an isokinetic dynamometer to protect against a significant repeat bout effect.
1.1.2 Force Production 
Eccentric muscle contractions have demonstrated greater fatigue and muscle soreness when compared to isometric or concentric contractions (Jones et al., 1986). It is also believed that eccentric contractions cause the most soreness and damage at the tissue (McCully and Faulkner, 1985). Histological evidence has shown muscle damage via myofibrillar disorganization and Z-line disruption due to eccentric exercise (Friden et al., 1981, Lewis et al., 2013). The damage to the tissue from eccentric exercise results in a temporary reduction in isometric force generating capacity. (Bryne et al., 2004). Peak force production deficits after an eccentric exercise bout are most likely to appear  24-48 hours after EIMD (Smith, 1991). Measures of isometric strength have been widely accepted as a valid and reliable method of assessing muscle function after eccentric exercise (Warren et al., 1999). Taking into consideration the data presented above, the present study will measure the maximum voluntary isometric contraction ability of quadriceps at 0, 24, 48 and 96 hours after eccentric exercise and as an assessment of muscle function relative to baseline.  
1.1.3 Delayed Onset Muscle Soreness (DOMS)
DOMS is the development of pain, stiffness, and swelling of the activated tissue, due to muscle microtrauma (Lewis et al., 2012). Evidence has suggested that, the swelling response of DOMS is due to the inflammatory responses of EIMD (Connolly et al., 2003). Weekrakkoday et al (2001) proposed that input from muscle mechanoreceptors, including muscle spindles, contribute to muscular soreness after eccentric exercise. Other theories of the mechanism of DOMS include exercise-induced release of chemical substances that elicit pain such as bradykinin, serotonin, histamine and potassium (Fock and Mense 1976). These chemicals are hypothesized to sensitize the pressure receptors in afferent nerve endings, thus signaling pain upon touch (Hiss and Mense, 1976). Reports of DOMS have been positively associated with loss of force and range of motion (Saxton et al., 1996, Prasarthwuth et al., 2006). However, multiple studies have found a poor correlation between DOMS and actual muscle damage. (Rodenburg et al., 1993, Nosaka et al., 2002). Nosaka (2002) concluded that DOMS was a poor reflector of EIMD and inflammation after a bout of eccentric elbow curls. The symptoms of DOMS usually peak between 24 and 96 hours (Cheung et al., 2003). Recent studies have used VAS to effectively identify muscle soreness in the DOMS symptom timeline (Lau et al., 2015, Kanda K et al., 2013). In the present study muscle soreness will be evaluated via VAS at 0, 24,48, and 96 hours after eccentric exercise. 
1.2 Magnesium’s Role in Physiological Processes Relevant to Exercise 
1.2.1 Mg2+ in Cellular metabolism 
The biochemical roles of magnesium at the cellular level influence larger integral physiological processes of muscle energy metabolism and membrane stabilization. (Altura et al., 1996, Newhouse et al., 2000, Nielsen et al., 2006).  From an energy production standpoint, magnesium plays a vital role in enabling the body to complete the enzymatic reactions needed to create energy. The optimization of energy metabolism is essential to muscle recovery after exercise. Magnesium ions (Mg2+) are critical in cellular energy production. The metabolic processes used to produce energy such as glycolysis, the Krebs Cycle, and beta-oxidation are all regulated by Mg dependent enzymes. (Swaminthan R, 2003, Pasternak et al, 2010). Table 1 coveys the different enzymes, structures, and processes of energy metabolism that depend on Mg2+.
	Mg Dependent Processes 
	Mechanism Affected or Aided 

	Enzyme Function 
	Hexokinase
Creatine Kinase
Protein Kinase

	Direct Enzyme Activation
	Phosphofructokinase
Creatine Kinase 
Adeylete Cyclase
Na+, K+, ATPase

	Membrane Function
	Cell Lipid Adhesion 
Protein synthesis

	Calcium antagonist 
	Muscular Contraction/Relaxation
Neurotransmitter release 
Action Potential Conduction 

	Cell Structure and Function
	Mitochondria
Nucleic Acids


Table 1: Physiological Functions of Magnesium (Swaminthan R, 2003)

Adenosine triphosphate (ATP) is considered to be the energy currency of life, and almost all of the reactions requiring ATP, require the presence of magnesium (Touyz, 2004). The Mg-ATP complex (Figure 1) plays a significant role in energy metabolism and production (Maguire, 2006). More specifically, the complexes of Mg-ATP are essential in the catabolism of phosphotransferases, hydrolases, and ATPases during energy metabolism within the cell (Saris et al., 2000, Pasternak et al., 2010). Though the presence of Mg2+ is vital to the creation of ATP, the exact role and optimal involvement of Mg2+ in tissue degradation and regeneration is still being debated. One hypothesis researchers favored is that by aiding the production of the enzymes involved in energy production, it is possible to support the regeneration of tissue by assisting cellular energy metabolism (Lukaski et al., 2004, Nielsen, 2006) 
[image: ]
Figure 1: Magnesium is required for ATP to release stored energy to drive biological reactions within the cells (Rosanoff, 2015)
A recent study in rats even found an increase in exercise performance due to increased availability of glucose in the blood and muscles after magnesium sulfate supplementation (Chen et al., 2014). However, evidence of increased glucose availability due to magnesium supplementation in humans has yet to be shown. 
Earlier studies have found that the presence of Mg2+ within the cell has a membrane stabilizing effect due to electrical effects (Bara et al., 1990). However, it is important to note that the electrical effects of Mg2+ are relative to the cell membrane potential. Cellular Mg2+ has been proposed to aid in cellular stability by inhibiting calcium ion uptake during swelling and uncoupling of the mitochondria (Kowaltowski et al., 1998, Iseri.et al., 1984). Mg2+  has also been suggested to enhance membrane function through binding to the phospholipids on cell and organelle membranes, thus stabilizing the membrane and resulting decreases biomarkers of cell damage in blood serum after exercise (Golf et al., 1998). Collectively, these studies suggest that the effects of Mg2+ on cell lipid stabilization and protein synthesis are benefits to maintaining membrane integrity, which is often compromised during different forms of resistance exercise. 
1.2.2 Magnesium’s role in muscle contraction 
During exercise, vasodilation allows for more oxygenated blood to be delivered to the muscles (Ishibashi et al., 1998, Duncker et al., 2008). Increase circulation via vasodilation could provide more nutrients to tissue after EIMD. Early research has suggested that a rise in Mg2+ before exercise aids vasodilation and results in increased muscle blood flow (Haddy et al., 1975). Altura and colleagues (1987) theorized that because magnesium acts an antagonist to calcium channels, by blocking calcium channels a decrease in intracellular calcium would inhibit contraction ability. Thus, lowering peripheral vascular resistance and decreasing the likelihood of calcium overload (Altura et al., 1987).  The inhibitory effects of Mg2+ on calcium channels promote more efficient muscular contractions by decreasing the likelihood of tetany due to intracellular calcium overload (Swaminathan R, 2003). By inhibiting calcium channels via transdermal MgCl2 supplementation it is possible that the hindrance of the calcium overload phase could reduce muscle fiber structural disturbance (Circus, 2007). It is also believed that Mg2+ promote efficient muscular contraction by causing a larger amount of actin-myosin cross bridges (Carvil P, Cronin J, 2010). The proposed enhancement of muscular contraction via magnesium has not been studied through local transdermal application of MgCl2. However, Transdermal MgCl2 application has the potential to effectively treat acute muscle damage through the providing more oxygen to the tissue and optimizing calcium homeostasis (Circus, 2007).
1.2.3 Magnesium’s role in pain response 
Magnesium is a physiological voltage-dependent blocker of N-methyl-D-aspartate (NMDA) receptor channels (Iseri and French, 1984, Ken and Kemp, 2005). Activation of NMDA receptors causes the spinal cord neuron to become more responsive to inputs, resulting in increased pain stimulus via central sensitization (Bennett, 2000). Mg2+ has been shown to influence inflammatory pain through decreasing NMDA receptor activity, reduction of substance p synthesis, and a decrease in activity of presynaptic and postsynaptic calcium channels (Petrenko et al., 2003, Nechifor, 2011). The release of inflammatory mediators such as TNF-α and other cytokines has been associated with muscular soreness and may occur following EIMD (Moyer and Wagner, 2011, Kanda et al., 2013). The presence of  Mg2+ has been shown to decrease the synthesis of these cytokines, thus mediating the inflammatory responses (Nechifor, 2011). 
Despite popular claims, there have been no clinically controlled trials to date identifying a relationship between magnesium supplementation and DOMS from EIMD. However, there have been multiple studies in clinical populations that have shown decreases in chronic pain via the mechanism above after oral supplementation. Shechter et al (2003) found a significant decrease in exercise induced chest pain in patients with coronary artery disease after 6 months of orally administered 365mg of magnesium citrate. Similarly, researchers have found that 4 weeks of daily 300mg orally administered magnesium oxide decreased chronic low back pain with a neuropathic component (Yousef and Al-deeb, 2013). The application of transdermal MgCl2 has also been found to decrease chronic pain in patients with fibromyalgia (Engen et al., 2015).
1.3. Magnesium supplementation/concentration’s influence on performance  
	Previous studies have reported conflicting data between oral magnesium supplementation and exercise performance. Maximal isokinetic knee extension and flexion torque values of elite level basketball and handball players were directly associated with increase dietary magnesium intake (Santos et al., 2011). Similar research in professional male volleyball players showed an increase in peak counter movement jump height after 4 weeks of magnesium oxide supplementation (350mg/day); however, there was no significant increase in peak force production of the knee extensors (Setaro et al., 2014). 
A beneficial role of magnesium supplementation has also been shown in non-elite athletic populations. Oral administered 8mg/kg of magnesium oxide in untrained individuals increased quadriceps torque in the supplement group when compared to placebo (Brilla et al., 1992). The InCHIANTI study examining magnesium and muscle performance in older persons and demonstrated a positive correlation between serum magnesium levels and maximal handgrip strength and knee extension torque in individuals older than 65 (Dominguez et al., 2006). Though the InCHIANTI study did not provide supplementation to its participants, these data suggest that higher circulating levels of  Mg2+ are more likely to have higher force production measures. The studies above hypothesized that the increases in force production are likely due to the role of Mg in energy metabolism and muscular contraction. 

1.4 Transdermal MgCl2 Treatment 
Mineral based therapies such as dead sea salt therapy have been used for several centuries and have been anecdotally associated with a range of health benefits. Recent research by Chandrakanth et al (2016) concluded that a topical MgCl2 supplement was able to penetrate the skin rapidly, and achieved significant magnesium permeation in 15 minutes. Once the Mg2+ ions cross the stratum corneum, transmembrane proteins are then able to assist in intercellular transport of the magnesium ion into the organ systems (Sahni et al., 2007). Epsom salts containing a magnesium sulfate compound (MgSO4) are commonly used to treat pain. However, research has shown that the effects of topically administered MgSO4 are limited when compared to topical MgCl2 (Bara et al., 1994). The composition of MgCl2 enables it to interact with all cellular exchangers in the membrane while MgSO4 is limited to paracellular exchangers and cannot contribute to membrane potential (Bara et al., 1994). Transdermal MgCl2 has also been favored over topical magnesium sulfate due to its lower tissue toxicity (Durlach et al, 2005). 
While research has demonstrated the positive anti-inflammatory effects MgCl2 supplementation has had in clinical populations, there has been only one study to date testing this effect on recreationally active individuals. Gulick et al (2012) found no correlation between the administration of MagPro™ (Mg2+ cream) and muscle flexibility or muscle endurance. The physiological mechanism of increased performance through magnesium supplementation have a greater potential to impact strength and pain measures, therefore the outcomes of the present study do not examine flexibility or endurance. Transdermal MgCl2 is absorbed quickly and has been shown to be more readily used by the cells than oral supplements, and has been proposed as means of improving muscle function and recovery following intense muscular contraction (Circus 2007). A greater understanding of transdermal MgCl2 is need to justify the claims and advertisements that it serves as an aid to muscle recovery following exercise


Chapter III: Methodology 
Research Design Overview 
The purpose of this study was to examine the effects of a transdermal magnesium chloride Oil and Balm on isometric force production and muscle soreness after a bout of 6 sets of 12 eccentric leg extensions on an isokinetic dynamometer In a double-blind, crossover study, recreationally active men who met the inclusion criteria had their baseline isometric muscle strength and muscle soreness levels evaluated. Participants then completed a bout of 6 sets of 12 eccentric leg extensions on an isokinetic dynamometer. Participants then applied the MgCl2 balm or a placebo after exercise and for the next 4 days after testing. Repeat isometric muscle strength and muscle soreness evaluations were performed at 0, 24, 48, and 96 hours after the acute exercise bout. Subjects then underwent a two-week washout period before procedures were repeated under the opposite condition on the opposite leg. 
Participants
~4 males, age: 22 (1) were be recruited for this study. All participants were recreationally active (participating in aerobic or anaerobic exercise for 30 minutes, at least 2 times per week for 2 months). All participants had experience in resistance training and had no prior contraindication for exercise testing. Participants signed an informed consent form prior to participation in the study. Participants were recruited via flyers, email listserv, and class visits by members of the research team. 


· Inclusion Criteria 
· Male participants will be between the ages of 18 and 35  
·  Must have previous experience with resistance exercises  
· All participants will be recreationally active (30 minutes of aerobic or anaerobic exercise at least 2 times per week) for at least 2 months  
· Exclusion Criteria 
· Acute knee injury with surgery within one year  
· Know magnesium deficiency or on magnesium supplementation therapy 
· Currently taking chronic pain medication  
· History of cardiovascular or respiratory conditions which are exacerbated by short duration moderate intensity exercise 
· Female Exclusion 
Females were excluded for this initial study. There is a high degree of performance variability within women that occurs because of the menstrual cycle (Tenan et al 2015). Specifically, during the follicular and luteal phases, the menstrual cycle has also been found to result in increased Creatine Kinase levels after resistance-based exercise (Markofski et al., 2014, Thompson et al 2006., Carter et al., 2001). To minimize these confounding factors, we will perform the initial study in males, as this will help reduce variation in the muscle soreness and muscle isometric force production levels and to determine if there is an effect of the magnesium supplementation such that larger adequately powered trials can be developed. 


Pre-assessment guidelines 
· No exercise 24 hours prior to testing including refraining from any form resistance or aerobic exercise during the trial periods 
· No alcohol consumption 48 hours prior to testing 
· Participants will wear appropriate clothing/shoes for exercise (gym shorts/shirt/shoes)
·  No use of over the counter analgesics during study periods (visits 2-5 or 6-9) 
· Hydration?
Randomization of Study Conditions
All participants in the study were screened for eligibility prior to sorting into study arms. The treatment conditions (experimental and placebo) were randomized and neither the researchers nor participants knew which condition was being used during the study. Participants were also be counterbalanced based on leg dominance such that odd numbered participants will complete the first trial with their dominant leg and even numbered participants will complete the first trial with their non-dominant leg. After a week of testing and the washout period, participants will switch the supplement they are on for the second week of testing. 
Testing Methods
All testing and evaluations were performed in the Department of Exercise and Sport Science at the University of North Carolina in the Neuromuscular, Sports Medicine, and Applied Physiology Laboratories located in Fetzer Hall. 

Muscle Soreness: Visual Analogue Scale (VAS): A 100cm line in which participants indicated the level perceived soreness between 0 – 10. Each mark made on the analog line was examined to determine perceived muscle soreness for both the experimental and control supplements. 
Cycle Ergometer Warm-up: Participants pedaled at light (25-50 watts) resistance for five minutes on the cycle ergometer prior to completing any exercise testing. 
Isometric Muscle Strength: Participants were fitted to the isometric dynamometer and performed single leg extension contractions at 50%, 75% and 90% of their perceived maximal effort with a knee angle of 90 degrees of flexion. Participants had 1 minute to rest in between each warm-up effort. Participants then performed three, maximal isometric leg extension efforts lasting 2-3 seconds with 2 minutes of rest in between each effort. The peak force from each trial was determined and the highest value was used. 
Eccentric Muscle Damage Protocol: Participants remained seated in the isometric dynamometer for 3 minutes after the isometric strength testing and prior to the eccentric protocol. Participants then performed 6 sets of 12 consecutive unilateral eccentric isokinetic knee extension contractions at a speed of 60 degrees per second. Participants had 30 seconds of rest in between each set. Participants were asked to resist the downward movement of the machine for all repetitions for a full range of motion, from ~0 degrees of flexion (leg straight) through to 90 degrees of flexion. 
Body Composition Assessment: Total body composition (lean mass, % fat, bone mineral content) was determined via a single full body scan using dual-energy x-ray absorptiometry. As subcutaneous fat may alter absorption of transdermal products, body composition will be used as a potential covariate. Participants laid down supine on the scanning table in clothes that were free from metal during the scan. 
Familiarization 
Visit One: Participants were screened for participation in the study, which included a medical history questionnaire. If all inclusion criteria were met, subjects were asked to sign the informed consent. Participants underwent a dual-energy x-ray absorptiometry scan to determine body and bone mineral composition and then participants had a chance to practice and become familiar with all study procedures including knee extension strength testing and the eccentric leg extension protocol under submaximal conditions. As participants left, participants were given instructions on the pre-exercise guidelines required for future visits. 
Intervention procedures 
Visit Two: Participants returned to the testing site 3-7 days after the familiarization session. Before performing exercise testing, participants filled out the baseline muscle soreness VAS and completed the isometric force production evaluation. Participants then performed a 5 minute warm-up protocol on a stationary bicycle followed by some additional warm ups on the leg extension machine. Participants then perform 3 maximal efforts where they tried to kick their leg as hard as they could, followed by rest periods. After the strength testing, participants completed the eccentric exercise bout, which consisted of 6 sets of 12 continuous eccentric contractions at 60 degrees per second. Participants had 30 seconds of rest in between each test. After the eccentric exercise bout, participants rested for 5 minutes and then repeated all baseline isometric tests. The magnesium oil and balm was then applied to the participant's thigh muscles of the leg that was tested. Participants were given a supply of the supplement they randomly received along with the supplement application protocol. 
Visit Three, Four, and Five: Participants were be asked to return to the lab for follow up muscle strength and soreness testing at 24h, 48h, and 96h after the eccentric exercise bout. In addition to applying the magnesium oil and balm in the lab after testing, participants were asked to apply the supplements once in the morning and once at night for a total of 3 times per day. After the last strength testing, participants were asked to return all supplements so that the researchers could estimate the amount of magnesium you received during the treatments. 
Washout period: 2 weeks. During the washout period, participants were permitted (and encouraged) to resume their normal exercise routines. After the two-week washout period, participants returned to the laboratory and repeat the testing using the opposite leg and the second supplement condition. 
Visits 6-9: Participants repeated the testing (visits 2-5) from week 1 using the opposite supplementation condition. Participants used the opposite leg from week one to avoid a training or supplement effect from the first week of testing. 
Data analysis
Statistical Analysis 
Descriptive analyses were performed on participant characteristics. Muscle isometric force and soreness were analyzed using mixed-effects linear modeling with repeated measures for the 2x2 crossover design, where the supplement condition effects were analyzed over time against perceived muscle soreness and maximal isometric force production. Significant main effects of time were further analyzed using Fisher’s least squared differences. Baseline comparisons were performed using a paired t-test. All statistical analyses were performed using SPSS v21. All data are reported as mean (SD).


Chapter IV: Results
	Participants were healthy, young, lean, and recreationally active males with no history of lower extremity injury in the past year (Table 1). All the participants engaged in some form of moderate to intense resistance training at least two times per week for 6 months prior to the start of the trail. All participants indicated they partake in vigorous training activities, and considered themselves to be very or quite active. 
Patient Characteristics 
	Table 2. Participant Characteristics.

	Age (y)
	22 (0.5)

	Height (cm)
	176.0 (5.3)

	Mass (kg)
	88.9 (8.4)

	Bone Mineral Content (kg)
	3.2 (0.5)

	Fat Mass (kg)
	20.5 (2.8)

	Lean Mass (kg)
	67.0 (8.1)

	% Body Fat
	23.4 (3.1)


______________________________________________
Data is reported as Mean (SD)



Mg12 Supplementation
	There was 100% compliance on supplement application for both conditions. There was no significant difference in the amount of Mg12 oil applied between Condition A and Condition B. However, participants applied significantly less (18% P=0.037) Mg12 balm between trials.
	Table 3. The quantity of transdermal MgCl2 supplement or placebo applied across the trial.

	
	Condition A
	Condition B
	P value

	Mg12 Oil (mL)
	7.26 (0.86)
	7.69 (0.82)
	0.570

	Mg12 Balm (g)
	6.61 (0.79)
	8.06 (0.85)
	0.037

	Data is reported as Mean SD



Muscle Strength 
	There were no significant differences in absolute maximum knee extension torque between conditions at baseline (P=0.327, Figure 1A). However, to account for the ~10% difference between conditions at baseline, peak torque was then normalized to baseline (Figure 1B. Overall, immediately after the eccentric exercise intervention, torque significantly decreased by ~20% (P=0.013), with participants recovering to nearly baseline levels by 48h. At 96h, peak torque exceed baseline by 12%, but this did not reach statistical significance (P=0.138). Comparing Condition A and Condition B, there was no difference in maximal torque generation at 0 or 24h post exercise, but a 9% difference in at 48h and a 5% difference at 96h that favored Condition A, but neither difference was significant (P=0.245 and P=0.568, respectively). At the end of the trial (96h), torque during Condition A was 12% greater than baseline while Condition B was only 7% higher (Figure 1B).


	Figure 2. (A) Absolute torque from maximal voluntary isometric contraction (MVIC) of the knee extensors was partially more attenuated at 48h post in condition A. (B) Normative values of % MVIC show a 9% increase in force attenuation between condition A and condition B at 48 hours. Data are displayed as mean (SD).

Muscle Soreness
After the eccentric exercise intervention, participants reported a significant increase of 30mm increase in soreness from baseline at 0h post (P=0.37), which was similar across conditions. Muscle soreness remained elevated from baseline at 24h (P=0.032), at 48h (P=0.047) and tended to be elevated at 96h (P=0.062). At 24h, the greatest difference between conditions was observed (11mm difference in soreness) with Condition A producing a greater score but this was not significant (P=0.253). There was no difference across condition for in soreness at 48 and 96 hours post test (Figure 2).

Figure 3. Perceived muscles soreness recorded via a VAS analogue scale over the 5-day trial. Condition B seemed to attenuate soreness more so than Condition A. Data are displayed as mean (SD).






Chapter V: Discussion 
Discussion 
	The aim of this study was to examine the effects of transdermal MgCl2 supplementation on muscle soreness and isometric force production following eccentric exercise through attenuation of muscle damage or via faster recovery. Though the current study is on-going, a preliminary analysis of the first four participants indicates that transdermal MgCl2 does not significantly attenuate isometric force production or muscle soreness on a VAS scale. However, there are small differences between Condition A and Condition B. Because the study remains in progress and is a double-blind trial, the identification of the conditions remains unknown to the research team. As such, the results and discussion will be largely speculative until the study is complete and more adequately powered studies are performed.
Muscle Force Production 
The immediate and prolonged decrease in maximal voluntary isometric contraction (MVIC) torque after eccentric exercise is considered to be an reliable indirect assessment of muscle damage (Warren et all., 1999). The preliminary data found an average decrease of 20% post exercise for MVIC following 6 sets of 12 eccentric knee extensions. This finding was consistent with other studies, which have successfully used the same protocol (Hicks et al., 2016, Jamurtas et al., 2005). In these similar studies, participant’s soreness also peaked at 24 hours and returned to baseline measures near 96 hours. Some of the participants in these studies also experienced a training effect past 96 hours, seen in measures of increased MVIC and increased maximal eccentric contraction resistance from baseline (Hicks et al., 2016, Jamurtas et al., 2005).
There was no apparent difference of MVIC attenuation at 24-hour post exercise between conditions. At 48 hours, condition A supplementation yielded a return of MVIC to 99% of baseline values, while condition B only yielded a MVIC recovery of 91% of baseline MVIC, indicating a possible effect of MgCl2 on muscle recovery in the first two days following exercise. At 96 hours, condition A elicited a 12% increase from baseline values while condition B only exhibited a 7 % increase from baseline MVIC. Previous studies have elicited a similar training effect close to 96 hours after eccentric exercise (Hicks et al., 2016, Jamurtas et al., 2005). The difference in conditions could also be due to the inter-individual differences in training history and their genetic response to EIMD. 
 Acute oral Mg2+ supplementation over a two-day strength trial was shown to increase force production by 2.7% from day 1 to day 2. The acute supplementation condition was compared to chronic (4 week) Mg2+ loading condition, which resulted in a 31% decrease in force from day 1 to day 2 (Kass and Poeria., 2015). These finding suggest that acute Mg2+ supplementation is perhaps better at attenuating strength performance. Under condition A, the 12% increase from baseline after 96-hour periods suggest a potential extended attenuation of acute Mg2+ supplementation. This is likely due to a number of physiological factors including increased protein synthesis rate, increased blood flow to the muscle, and the enhancement of energy metabolism and muscle contraction through the formation of the MgATP complex (Dominguez et al 2006, Lukaski 2004, Brilla et al., 1992, Carvil et al., 2010). 
The 5% difference of attenuation under condition A when compared to condition B is most likely not statistically different, particularly when considering the small sample size. However, when considering performance, a 5% increase in force production could be beneficial during early and mid-season competitions, when coaches may opt to ‘train through’ some of the earlier contests. Moreover, if the 5% increase in force production is sustainable across several microcycles, this potentially may translate into larger gains in force and ultimately performance. Future research should examine the optimal dose response of magnesium supplementation across a 96-hour period to better define the boundaries of an acute effect and also across multiple training stimuli.
Muscle Soreness
The eccentric exercise protocol successfully induced muscle soreness. Soreness peaked at 24h post exercise in both conditions. The peak soreness value was 55mm under condition A and 48mm under condition B, both of which are classified as moderately sore on a VAS scale (Hawker et al., 2011). These results suggest that condition B aided DOMS slightly more than condition A, although this change appears to be rather minimal. Surprisingly, this finding is not synonymous with the effects of condition B in force production. Due to the difference in the preliminary effect of the supplements, it is likely that transdermal MgCl2 only attenuates force production or muscle soreness following eccentric, not both.  
 The current dose of MgCl2 provided in the current study has not been determined. It is possible that an ineffective dose of MgCl2 was used and this did not elicit any physiological changes specific to muscle soreness. Recent research has shown that topical applied magnesium penetration is dependent upon concentration and time of exposure (Chandrasekaran et al., 2016). It is known that subcutaneous fat can affect topical absorption (Jorge et al., 2010). With these findings in mind, DXA scans were performed on the participants to potentially identify areas of excessive subcutaneous fat on the lower limbs that may limit absorption. Though the current study only utilizes a VAS scale, pain threshold and pain tolerance have also been proven to be valid and reliable measures of muscle soreness and should perhaps be added as a second measure of soreness (Kinser et al., 2009). Previous research has also demonstrated that more soluble and bioavailable forms of Mg2+ such as magnesium aspartate and magnesium citrate may be better absorbed orally, and thus more effective in decreasing inflammation. 
Limitations and future directions
From a methodological standpoint, one major limitation of this study is the pilot nature of it. The current analysis is underpowered; therefore the results were not expected to be statistically significant. The current study is the first that we know of to examine the effects of transdermal MgCl2 on strength and soreness measures after EIMD, and only the second study to examine the effect of transdermal MgCl2 on performance. These early studies provide critical insight in order to adequately power future research. 
This preliminary analysis of the first four participants observed a varied learning curve in the isometric strength test during the trail week. The inconsistency in some of the data suggests that the familiarization session did not fully acclimate the participants, thus calling into question the accuracy of the baseline measure. Under the current protocol participants are familiarized under submaximal isometric conditions at 85 to 90 % of max. Instead, efforts closer to maximal conditions may be required to reduce the intra-subject learning curve. The current protocol also places the knee angle at 90o, which may not be an optimal knee angle for some participants to produce a MVIC. Previous research has examined MVIC across multiple angles during the familiarization session to determine the optimal knee angle form MVIC within participants (Hicks et al 2016). Having an individualized optimal knee angle could potentially limit the neural adaptation component by placing participants in the position that is perhaps more comfortable, allowing their knee extensor muscles to contract in a more efficient manner. 
Future research should be geared toward examining the optimal dose response of a topical magnesium supplement on performance. This study also did not assess the participants Mg2+ levels of participants to know if deficiencies existed. Previous research has found that when plasma Mg2+ is within the normal range, supplements offer minimal performance benefits (Bielinski, 2006). Future research should examine the use of a topical magnesium supplement with female and magnesium deficient populations. 
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Condition A	61.09759951640217	46.219584593546188	72.006365459358307	71.154760908880846	72.647551002540112	61.09759951640217	46.219584593546188	72.006365459358307	71.154760908880846	72.647551002540112	277.75	220.25	251.75	276.5	312.5	Condition B	28.535066146760549	38.169577763798543	71.758855434944977	65.024995194155906	59.790606843104257	28.535066146760549	38.169577763798543	71.758855434944977	65.024995194155906	59.790606843104257	Baseline	0h Post	24h Post	48h Post	96h Post	311.25	249.75	287	283.75	332.25	
Maximak Knee Extension Torque (N/m)



Condition A	0	9.7009300025914147	14.16451982177222	8.4617955983659403	5.5946599861671142	1	100	80.052433258031456	90.422058612431414	99.070840771081265	112.32190564120221	Condition B	1	0	8.82614628676229	16.8249660987446	17.338287870522681	17.3778641107121	Baseline	0h Post	24h Post	48h Post	96h Post	100	80.141819717081646	91.335518320822516	90.82498258257894	106.70131499190499	
Maximal Knee Extension Torque %



Condition A	0.59090326337452803	16.6071269841194	29.567549780122079	28.619981365006751	4.3615746392023746	0.59090326337452803	16.6071269841194	29.567549780122079	28.619981365006751	4.3615746392023746	Baseline	0h Post	24h Post	48h Post	96h Post	1.4750000000000001	37.049999999999997	54.7	44.45	7.85	Condition B	0.68495741960115097	20.378011024958582	22.800054824495469	27.257414893321549	8.0222606955063895	0.68495741960115097	20.378011024958582	22.800054824495469	27.257414893321549	8.0222606955063895	Baseline	0h Post	24h Post	48h Post	96h Post	1.5249999999999999	32.65	48.325000000000003	45.3	6.1499999999999986	
Muscle  Soreness (VAS) mm
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