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ABSTRACT: Skeletal muscle is an integral part of the somatic nervous system and plays a primary role in the 

performance of physical activities. Because physical activity is vital to countering the effects of aging and age 

related diseases and is a key component in the maintenance of healthy body composition it is important to 

understand the effects of use and disuse on skeletal muscle. While voluntary muscle activity provides optimal 

benefits to muscle and the maintenance of healthy body composition, neuromuscular electrical stimulation may 

be a viable alternative activity for individuals with paralysis. Body composition with a healthy muscle to fat ratio 

has been associated with healthy blood lipid and glucose profiles that may decrease the risk of cardiovascular 

and metabolic diseases.      
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Knowledge of skeletal muscle physiology is important as 

the various principles that govern muscle health guide the 

development of rehabilitative and preventive exercise 

prescriptions. This is especially true concerning the 

detrimental effects of aging and age related diseases. 

Skeletal muscle is a pliable tissue that depends on activity 

and responds differently according to the exercise 

stimulus. These include alterations in molecular, 

metabolic and functional properties [1] and can yield a 

spectrum of adaptations that range from muscle 

hypertrophy to fatigue resistance. 

Conversely, skeletal muscle atrophy due to disuse or 

immobilization can have major consequences including 

decreased muscle fiber cross-sectional area (CSA) and 

reduced force generating capacity [2]. This process can 

lead to insulin insensitivity and subsequent type II 

diabetes with increased risk of cardiovascular diseases, 

thus it is important to explore countermeasures to 

ameliorate the effects of disuse on skeletal muscle. 

Voluntary muscle action is the natural order of muscle 

contraction however when unavailable, neuromuscular 

electrical stimulation (NMES) has been proposed as a 

promising rehabilitative tool for individuals with limited 

ability to voluntarily activate muscles.   

The objectives of this paper are to 1) provide a brief 

overview of skeletal muscle strength, 2) describe the 

effects of muscle deactivation on muscle size, fiber type 

and muscle mechanics, 3) discuss the changes in body 

composition and metabolic profile accompanied with 

muscle atrophy, and 4) describe the effects of voluntary 

and externally induced exercise as countermeasures for 

reversing muscle disuse.  
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Muscle Strength and Specific Tension 

Skeletal muscle strength is a major component of 

maintaining mobility and activities of daily living.  

Moreover, skeletal muscle strength has long been tied to 

all-cause mortality [3].  Therefore, accurate estimation of 

muscle strength is necessary to understand possible 

deviations from the normal pattern.  The maximum force 

normalized to the cross sectional area (CSA) or mass of 

the muscle has been considered as an accurate estimation 

of muscle strength [4-8].  This index is referred to as 

specific tension and accounts for differences in muscle 

size across different populations, ages (young vs. elderly) 

and gender [9-11] and neuromuscular factors of loss or 

gain in strength [9-11].  

Several methods have been used to estimate the 

specific tension of muscle. Muscles of rodents have been 

stimulated directly and/or indirectly via the nerve, 

measuring the force and weighing the muscle [12].  

Additionally, single motor units are stimulated to deplete 

glycogen and to estimate the CSA of the stimulated 

muscle fibers [1].  Muscle CSA has been measured in 

cadavers using indirect methods such as limb 

circumference corrected for subcutaneous fat [9,14,15].  

Lastly, torque has been measured in humans with skeletal 

muscle size measured by non-invasive imaging 

techniques such as Doppler ultrasound, dual energy x-ray 

absorptiometry and magnetic resonance imaging (MRI) to 

calculate specific tension [5,6,11].   

Despite the use of MRI, there is a major 

methodological flaw in calculation of specific tension. 

This flaw is that no study has reported in vivo specific 

tension after accounting for the activated skeletal muscle 

size. It has been shown that muscle is not totally activated 

during maximum voluntary contraction and that muscle 

space is occupied by contractile and non-contractile tissue 

[16-18].  Therefore, failure to distinguish the difference 

between the two during measurement can result in 

overestimation of the amount of skeletal muscle engaged 

in torque production and underestimation of specific 

tension.  Additionally, it questions previous results that 

used specific tension to compare between different aging 

groups (young vs. elderly) because activation differs with 

aging.  For example, estimation of muscle recruited 

during exercise when referring to oxygen uptake/ unit 

muscle [19].   

The activity of muscle contraction is the elemental 

key to muscle health and physical well-being. Following 

we explore the effects of muscle deactivation on muscle 

size, fiber type characteristics and muscle mechanics. 

 

 

 

 

Muscle Fiber Size and Deactivation  

 

Muscle size and strength are governed by the 

muscles capability to perform work. This concept can be 

divided into two simple principles known as the 

“Principle of Overload” and the “Principle of 

Reversibility”.  The Principle of Overload states that a 

greater than normal stress or load must be placed on the 

muscle to illicit a training response which includes muscle 

hypertrophy and increased work capacity [19].  Similarly, 

the Principle of Reversibility states that the amount of 

stress or load on a muscle must be sufficiently maintained 

in order to retain its size and work capacity [20]. If 

sufficient load or work is not maintained, muscle size and 

force capability will revert back to pre-adaptation size and 

work capacity levels. If work becomes absent, muscle 

atrophy continues unabated.  This is typically thought to 

be a natural progression during aging as well as during 

chronic disorders such as cancer, chronic renal disease, 

human immunodeficiency virus, stroke and spinal cord 

injury (SCI). 

While increased workload causes muscle 

hypertrophy or enlargement of muscle fibers, the lack of 

physical activity and insufficient load on muscles results 

in atrophy which is characterized by loss of muscle mass 

and muscle weakness. Decreased muscle size and strength 

typically have a linear relationship with physical 

inactivity. This fact is commonly realized with prolonged 

bed rest or immobilization due to casting and splinting. 

Early significant losses in muscle mass result from 

decreased protein synthesis which has been shown to 

occur after just 10 days of bed rest [21].  After the initial 

decreased levels of protein synthesis, muscle atrophy is 

continued by muscle protein breakdown [22]. This action 

is also intertwined with the aging process as typically 

people lose muscle mass as they age. However, 

individuals that are more physically active are able to 

retard the loss of muscle mass and maintain a vibrant level 

of physical functioning throughout life promoting the idea 

that decreased physical activity plays a more prominent 

role than chronological aging.  

Muscle loss is perhaps most easily demonstrated by 

studying individuals that suffer an upper motor neuron 

injury resulting in some level of muscle paresis such as 

cerebral vascular or spinal cord injuries. People suffering 

from hemiparesis lose muscle mass and strength in the 

involved extremities without a decrement in function 

or strength of the intact extremities. Ryan and 

associates were able to measure an average 20% 

loss of muscle CSA coupled with a 25% increase 

in intra-muscular fat in the paretic mid-thigh of 

those with hemiparesis after stroke [23].  Likewise, 
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individuals with incomplete SCI show muscle 

weakness and loss of muscle mass below the level 

of injury according to the severity of the injury. 
After SCI, skeletal muscle atrophy appears to 

proceed at its highest rates within the first six weeks and 

reaches its nadir by the end of the first year.  Those with 

complete motor SCI have the largest amount of muscle 

wasting as voluntary muscle activity becomes absent as 

opposed to merely decreased. Individuals that suffer a 

motor complete SCI can have extreme reductions in 

skeletal muscle CSA ranging from 45-80% [22,24,25]. 

However, looks can be deceiving when observing the 

extremity sizes of those with SCI as intramuscular fat has 

been shown to increase as much as 126% in the first 6 

weeks post SCI obscuring the visual evidence that muscle 

CSA has significantly decreased [25].  It has been 

reported that fat cells constitute up to 30% of muscle area 

in biopsied muscles after 8-10 years of denervation and 

that individuals with chronic SCI have three times more 

intramuscular fat and nearly four times more sub-fascial 

fat than people without SCI [17,26]. Decreased muscle 

mass is accompanied by narrowing of the membrane 

surrounding each muscle fiber (sarcolemma), decreased 

fiber size and decreased metabolism. 

 

Fiber Type Conversion 
 

While it is more accurate to describe skeletal muscle fiber 

types as a continuum based on histochemical and 

biochemical characteristics, [27] for simplicity of 

discussion, human skeletal muscle is typically divided 

into two main fiber types, slow oxidative twitch fibers 

(type I) and fast twitch fibers (type II) which is further 

divided into fast-glycolytic twitch fibers (type IIx) and 

fast-oxidative twitch fibers (type IIa). For further 

simplification these fibers may be thought of as three 

separate fiber types with slow-oxidative fibers and fast-

glycolytic fibers being on the opposite ends of the fiber 

type spectrum and fast-oxidative twitch fibers as the 

intermediate fiber [28].  The biochemical characteristics 

of the muscle fibers guide the contractile properties of 

each. Type I, slow-oxidative twitch fibers are so named 

because of the large number of mitochondria, oxidative 

enzymes and circulatory vessels in and around the muscle 

fiber [28]. These characteristics give this fiber type the 

ability to efficiently carry out aerobic metabolism 

producing adenosine triphosphate (ATP) for energy over 

an extended period of time. This process is highly fatigue 

resistant. Aerobic metabolism is a slower process relative 

to glycolytic metabolism. Type IIx, fast-glycolytic twitch 

fibers have very low numbers of mitochondria thus have 

a limited ability to carry out aerobic metabolism and are 

less resistant to fatigue compared to the type I oxidative 

twitch fibers. These fibers have a large number of 

glycolytic enzymes which makes them highly efficient in 

anaerobic energy metabolism [28]. Type IIa, fast-

oxidative twitch fibers have biochemical properties of 

both slow-oxidative and fast-glycolytic fibers. These 

fibers are unique in that they are more adaptable and with 

training can increase their oxidative or aerobic properties 

[29]. While some human muscles have higher amounts of 

particular muscle fiber types, there is typically a mixture 

of the three fibers types with the healthy human muscular 

system having an even mixture of fast and slow fiber types 

[29]. However, the relative body composition relationship 

between fast and slow fiber types has been shown to be 

variable due to heredity, race, sex and the characteristic 

plasticity of muscle fibers with training. 

Just as muscle size is determined in large part by 

relative workloads during muscle contractions and 

physical activity levels, so too is the plasticity of muscle 

fiber types. Skeletal muscle is able to adapt to different 

forms of training by altering fiber type characteristics. The 

most common adaptation seen is the transformation of fast 

twitch fibers to slow twitch fibers by the increase in 

number of mitochondria and increased vascularization 

surrounding the muscle fibers. Interestingly, both 

endurance training and weight training have been shown 

to promote this same transformation although endurance 

training provides a much more efficient transformation 

[29]. Conversely, transition from slow twitch fibers to fast 

twitch fibers due to training although conceivable, is still 

an uncertainty owing to more evidence through research. 

Aging also affects the ratio and efficiency of fiber types 

with a transition from type IIx fast twitch fibers to type I 

slow twitch fibers. As with the loss of muscle mass with 

aging, this may be more descriptive of a decreased amount 

of physical activity and a change in the types of activities 

performed as people age than descriptive of an increased 

number of years of life.  

Muscle denervation after stroke and SCI has also 

been shown to greatly affect the relative relationship 

between fast and slow twitch muscle fibers. While study 

results have varied there is a general consensus that a 

transition from slow to fast twitch fibers and an increase 

in fibers that show both fast and slow twitch properties 

arise after paralysis from stroke and SCI [30-33].  This 

transformation process was demonstrated early on by 

Grimby et al. as they found that several individuals from 

seven months to ten years post traumatic SCI were 

estimated to have approximately 90% fast twitch muscle 

fibers in vastus lateralis, gastrocnemius and soleus 

muscles [30].  Likewise, over 3 decades ago Landin and 

colleagues found that after CVA, there was a shift from 
slow twitch oxidative muscle fibers to fast twitch 

anaerobic based muscle fibers of the paretic vastus 

lateralis muscle [34]. Since then other researchers have 
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discovered similar results in various paretic muscle 

groups [32,35,36]. This process typically shows 

manifestation between 4-7 months post injury and can 

continue up to 70 months post injury before plateauing 

into a new steady state of predominant type IIx fast-

glycolytic twitch muscle fibers [22].  The fact that muscle 

atrophy driven by upper motor neuron injuries show 

skeletal muscle shifts from slow oxidative twitch muscle 

fibers to fast glycolytic twitch muscle fibers and muscle 

atrophy related to the aging process shows a shift in the 

reverse direction may indicate that neurogenic properties 

are involved in the former.  

 

Mechanical Factors in Muscle Contraction 

There are several mechanical factors that play a key role 

in muscle function and training including the various 

functional contraction types, the muscle length at the time 

of contraction and the speed of contraction. 

There are three primary functional muscle 

contraction types with three different purposes. The first 

is an isometric muscle contraction where the external 

force and the contraction force generated by the muscle 

are equal resulting in no movement of the body part 

completing the muscle contraction. This type of 

contraction is important when the intent of the activity is 

to hold an object in place i.e. holding a jog under a faucet 

to fill with water. The elbow flexor muscles must hold the 

elbow joint at a fixed angle to allow the water to flow into 

the opening of the jug. The second is a concentric muscle 

contraction during which the muscle exerts a greater force 

than the external object allowing movement of the object 

toward the body i.e. lifting the jug of water toward the 

mouth to drink. During this movement the elbow flexors 

must exert enough force to overcome the weight of the jug 

of water allowing the elbow to bend as the jug is moved 

toward the mouth. The third is eccentric muscle 

contraction whereby the force produced by the muscle 

lowers the external object allowing the object to move 

away from the body in a controlled fashion i.e. the weight 

of the jug is allowed to move away from the mouth by 

allowing the elbow flexors to slowly elongate in a 

controlled fashion as the elbow joint extends.  Eccentric 

muscle contraction can actually produces more muscle 

force that isometric or concentric contractions [37].  

Although each muscle contraction is vastly different they 

each play a vital role in body function. 

The strength of a muscle’s ability to contract is 

dependent upon its pre-contraction length, or degree of 

contraction. Levangie and Norkin discovered that a 

muscle can contract with maximal concentric force at 1.2 
times its resting length. Beyond this length, active tension 

decreases due to insufficient sarcomere overlap [38].  

Muscle contraction is also affected by the speed of 

muscle contraction and similar to muscle length, there is 

an optimal speed that allows the greatest force produced 

during muscle contractions. Because the force generated 

by muscle depends on the total number of actin-myosin 

cross-bridge connections, as the muscle contractions 

become faster there is less time for cross-bridge links to 

form decreasing the number and decreasing the force of 

the muscle contraction. With slower muscle contractions 

there is time for the optimal number of actin-myosin 

linkages to form thus maximizing force produced. Just as 

physical activity levels play a role in fiber type and force 

production, they also play a major role in body 

composition and metabolism.   

 

Body Composition and Metabolic Profile after Muscle 

Atrophy 

Muscle disuse due to inactivity can have a significant 

impact on body composition depending on the degree and 

length of disuse. When muscle is no longer activated to 

perform work, muscle atrophy follows. During the first 

several days of disuse muscle undergoes a slowing of 

protein synthesis which retards the body’s ability to 

replenish contractile protein for muscle cells [39,40]. This 

process is followed by muscle protein breakdown 

(proteolysis) [39,40]. When proteolysis becomes greater 

than protein synthesis, muscle mass decreases resulting in 

altered body composition.  

As stated earlier muscle disuse can result in dramatic 

losses in muscle mass. However, muscle disuse also plays 

a major role in the loss of bone mass and the accumulation 

of adipose tissue. Concerning bone, muscular activity is a 

primary contributor to bone health as muscle contractions 

cause the muscle tendon attached to bone to produce stress 

to the bone. This results in the cellular adaptation of bone 

increasing bone mineral density. This process follows the 

Mechanostat Theory, which was described by Frost as a 

derivative of Wolff’s law which states that “there are 

strains within bone that are kept within certain limits by 

adding and removing bone tissue, which in turn 

strengthens the bone according to the particular stresses 

that are exerted upon it” [41,42]. These effects have been 

summarized along with the effects of SCI and exercise on 

bone health by Dolbow and associates [43]. 

The impact of skeletal muscle atrophy on body 

composition is clearly demonstrated in persons with SCI 

[44,45]. Deterioration in body composition and associated 

health issues following SCI has become a topic of interest 

among a growing number of investigators [46-50].  A few 

months post-injury, there is a rapid onset of skeletal 
muscle atrophy [24,25,51] increase in fat mass (FM) 

[45,46,50], waist circumference [49] and a decrease in fat 

free mass (FFM) [46,47]. Healthy body mass index (BMI) 
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fails to reflect the percentage of FM after SCI as there is a 

significant gain in FM post-injury [52].  The deterioration 

in body composition and the associated muscle atrophy 

has been attributed to a number of factors including 

reduction in physical activity, unloading, disuse and 

reduction in anabolic hormone secretion [53,54]. The 

process of muscle atrophy begins within a few weeks of 

injury and continues at least until the end of the first year 

[24,25].  Skeletal muscle CSA can be decreased by more 

than half compared to healthy able-bodied (AB) controls 

[22,24,51].  Spungen et al. reported that monozygotic 

twins with acquired paraplegia had significantly more 

total body FM (7%) and percent fat (13.1%) per unit BMI 

than their AB twins [46].  Those with SCI showed an 

increase in FM (7%) compared with their AB co-twins.  

Spungen et al. has demonstrated that 133 men with SCI 

were 13.1% fatter per unit of BMI compared with age-, 

height-, and ethnicity-matched AB controls [47].  

Individuals with SCI have greater trunk FM, visceral 

adipose tissue (VAT) CSA (58%) and VAT: 

subcutaneous adipose tissue (SAT) ratio (48%) compared 

to the age and waist circumference matched AB 

population [55-57].  The body composition changes may 

be further exacerbated by associated reductions in the 

anabolic hormones, testosterone (T), and growth hormone 

(GH) and the GH secondary messenger insulin like 

growth factor-1 (IGF-1) [58,59].  GH release is blunted 

and chronically depressed after SCI, as evidenced by 

reduced levels of IGF-1, an indicator of chronic GH 

secretion [58,59].  In both rat and human models, 

reduction in IGF-1 has been associated with skeletal 

muscle atrophy and increases in FM [60].  Skeletal muscle 

atrophy and increased FM have been associated with 

decreased levels of IGF-I which is an indicator of GH 

secretion.  GH plays a major role in promoting protein 

synthesis and muscle growth which also plays a role in 

controlling blood glucose levels and insulin sensitivity. 

Therefore, reductions in IGF-1 due to decreased muscle 

mass could partially explain increased levels of glucose 

intolerance and insulin resistance that are seen in 

individuals with stroke and SCI. In a recent study of 12 

weeks of NMES and resistance training, IGF-1 increased 

by 25% in persons with motor complete SCI [61].  

Moreover, increasing muscle activity via spasticity is 

capable of keeping the circulating plasma IGF-1 43% 

higher in those with greater spasticity compared to those 

with less spastic skeletal muscle [62]. These findings 

warrant further study to explore the role of IGF-1 in 

response to disuse and exercise following SCI. 

Reduced skeletal muscle activity and extreme 

muscle atrophy can lead to excessive accumulation of 
body fat. A healthy ratio of muscle to FM is accomplished 

by maintaining a balance between energy consumption 

and energy expenditure. This homeostatic balance is in 

large part accomplished through the combination of 

physical activity and the resting metabolic rate which are 

both largely governed by skeletal muscle mass. When the 

energy balance is disrupted by excessive increases in 

either energy consumption or decreased energy use 

additional adiposity results. Thus an active skeletal 

muscular system is important to maintain this balance. 

This process can again be clearly demonstrated by 

observing the consequences of SCI. After injury, the loss 

of metabolically active muscle mass results in reduction 

of the resting energy expenditure (EE).  The resting EE 

accounts for ~84% of the total daily (EE) thus significant 

decline in EE after SCI can dramatically disturb energy 

balance [53].  Using whole body potassium counts, 

Bauman et al. demonstrated a significant reduction in 

muscle mass in SCI compared to monozygotic AB twins 

(2534 ± 911 vs. 3515 ± 916). Bauman et al. also 

demonstrated that resting EE were similarly reduced in 

SCI compared to AB twins (1634 ± 290 vs. 1735 ± 295 

kcal/d) [63].  Without appropriate intervention, the 

decrease in resting metabolic rate and the decrease in 

physical activity overwhelm the energy balance and 

energy intake exceeds energy expenditure resulting in 

excessive adiposity.  

As demonstrated in the above evidence, skeletal 

muscle is a key factor in maintaining healthy body 

composition.  However, skeletal muscle activity and body 

composition have also been found to play a role in the 

maintenance of healthy metabolic blood profiles.  
 

Carbohydrate or Lipid Profiles and Muscle Atrophy 
 

Evidence has tied deterioration in skeletal muscle and the 

subsequent negative alteration in body composition to 

disorders of carbohydrate and lipid profile [64-67].  

Duckworth et al. found an approximate 50% susceptibility 

rate among 45 participants being tested for problems with 

glucose intolerance, insulin resistance and type 2 DM 

[68].  Bauman and Spungen documented the prevalence 

of type 2 diabetes mellitus was 3.5 times higher in persons 

with SCI (22%) compared to AB controls (6%). Fifty 

percentage of those with paraplegia and 82% with 

tetraplegia were diabetic [69-70].  In a study of persons 

with tetraplegia, Aksnes et al. similarly noted an 

association between whole body insulin-mediated glucose 

uptake and skeletal muscle mass suggesting that loss of 

muscle mass plays a primary role in insulin insensitivity 

[71].  It has also been suggested that the shift to fast twitch 

muscle fibers after stroke resulting in less fatigue resistant 

fibers could play a role in insulin resistance after stroke 

[1]. In addition to carbohydrate disorders, individuals 
with chronic physical disorders are characterized by 

abnormal atherogenic profiles because of dyslipidemia.  

Serum lipid levels in individuals with SCI showed a 
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decrease in high-density lipoprotein cholesterol (HDL-C) 

that negatively correlated with an increase in serum 

triglycerides (TG) [72,73].  Nash et al. reported that 76% 

of individuals with paraplegia had HDL-C less than 40 

mg/dl and 34% had the Adult Treatment Panel III- defined 

metabolic syndrome [66].  The above complications have 

been strongly correlated to a reduction in physical activity 

and deterioration in body composition (increase body 

adiposity and reduction in FFM) that predispose 

individuals with SCI to a spectrum of health-related 

secondary complications. Likewise, Nelson and 

associates reported that 55% of individuals with SCI were 

at risk of developing metabolic syndrome [67]. It is also 

possible that increases in FM are associated with 

inflammatory biomarkers that trigger metabolic syndrome 

after SCI. Adipose tissue has been demonstrated to secrete 

large amounts of pro-inflammatory cytokines, including 

interleukin-6 (IL-6) and tumor-necrosis factor- (TNF-

). This stimulates hepatic production of C - reactive 

protein (CRP) which is tied to vascular inflammation [74].  

Advances in imaging technology allow successful 

determination of the relationships between body 

composition adaptations and metabolic profile after SCI. 

Several studies have revealed the association between 

excessive adipose tissue accumulation and altered 

metabolic profile. In a cross-sectional study, Gorgey and 

Gater established associations between regional or 

relative adiposity and metabolic dysfunction after SCI.  

The study showed that in individuals with SCI, leg FM 

had higher metabolic associations to carbohydrate and 

lipid profiles compared to whole body FM, especially 

when leg FM was adjusted to whole body FM [75].  The 

findings show that interventions that decrease leg FM may 

reverse the metabolic disorders after SCI. Whole body FM 

is negatively related to HDL-C concentration after 

controlling for percentage trunk FM [75].   An advantage 

of using magnetic resonance imaging over dual-energy X-

ray absorptiometry is the capability to differentiate 

between subcutaneous adipose tissue and ectopic adipose 

tissue.  Edwards et al. noted significant association 

between VAT, plasma insulin and insulin resistance 

index; while a negative correlation was noted between 

VAT: SAT ratio and HDL-C. Increases in VAT has also 

been shown to be related to leptin and plasminogen 

activator inhibitor-1 [56,57]. Percent whole body FFM 

was negatively related to VAT and SAT volumes [65], 

suggesting that strategies that increase lean mass would 

be associated with reduction in central adiposity and can 

attenuate the deleterious effects of ectopic adipose tissue 

on the metabolic profile of individuals with SCI.  The 

findings also confirm observations that exercise induced 

skeletal muscle hypertrophy is associated with reduction 

in ectopic adipose tissue [76]. 

The evidence of association between skeletal muscle 

loss and unfavorable metabolic profiles continues to 

increase, however further corroborative research is 

needed before a clear cause-effect relationship can be 

substantiated.  Regardless of this substantiation, it is clear 

that skeletal muscle disuse can have devastating 

consequences for sedentary individuals. However, in 

many cases these effects can be reversed through 

increased physical activity.  

 

Exercise as a Countermeasure to Skeletal Muscle 

Disuse 
 

Exercise is commonly prescribed as an effective 

therapeutic modality to induce a healthy musculoskeletal 

system, reduce obesity and enhance metabolic profile in 

the AB community.  The Centers for Disease Control and 

the American College of Sports Medicine 

recommendations have indicated that daily exercise for 30 

minutes or more is required to maintain health and reduce 

the risk of sedentary life-style associated diseases [77,78]. 

However, for those with physical disabilities several 

barriers exist limiting participation in beneficial regular 

physical activities. For example after SCI, exercise 

opportunities are either not possible or limited to small 

muscle mass above the level of lesion which does not 

utilize the  large muscle groups in the lower extremities 

[79]. This renders exercise as an ineffective method of 

attenuating the deterioration in body composition and 

metabolic profile after SCI. 

Since the primary cause of skeletal muscle atrophy 

is muscle disuse, it makes sense that the primary treatment 

for muscle atrophy is muscle use. For AB persons that 

have lost muscle mass due to sedentary life-style, a 

change to a more physically active life-style is typically 

all that is required.  However, for individuals that have 

been immobilized for weeks i.e. casting or splinting, a 

rehabilitation program guided by healthcare professionals 

is in order.  Berg and colleagues have shown that 

unilateral casting for 4 weeks resulted in 7% reduction in 

the CSA as well as 22% decrease in torque of the calf 

muscle [80].  Jones and associates induced skeletal muscle 

atrophy on healthy individuals by immobilizing a leg for 

two weeks followed by a 6 week rehabilitation exercise 

program.  After 2 weeks of immobilization, force 

production was decreased accompanied by the increase of 

proteolytic genes and a near 5% decrease in skeletal 

muscle mass. After 6 weeks of rehabilitation exercise, 

these factors reversed [81]. 

 

Electrical Stimulation as a Countermeasure for 

Muscle Atrophy 
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For individuals with chronic muscle paralysis, exercise 

options are limited. Volitional exercises such as arm-

crank, hand-rim wheelchair propulsion, and hand cycling 

are generally used for endurance training, while resistance 

exercises are used for upper body strength training [82].  

However, none of these activities resolve the problem of 

skeletal muscle loss in paralyzed limbs. Functional 

electrical stimulation lower extremities cycling (FES-

LEC) using surface electrodes (Figure 1) has become a 

primary alternative for those with paralysis and has a long 

history of safe use in rehabilitation centers evoking 

contractions in paralyzed muscles [83]. Table 1 highlights 

the benefits of FES-LEC on body composition which have 

been shown to include increased muscle mass, decreased 

fat mass and increased bone mineral density. Griffin et al. 

also reported improvements in blood glucose and insulin 

sensitivity [84-91].  

 

 

Figure 1. Functional Electrical Stimulation Lower Extremity 

Cycling. Restorative therapies (RTI) powered FES bike that has 

been successfully applied for home exercise program in persons 

with spinal cord injury. The progress of the training as well as 

adjustment of the FES parameters can be monitored via and 

controlled via internet.  

 

Mahoney et al. showed that 12 weeks of evoked 

resistance training (RT) using surface NMES resulted in 

40% hypertrophy of the knee extensor muscle group with 

a trend of improvement in glucose tolerance in individuals 

with motor complete SCI [92].  Gorgey et al. found that 

electrical stimulation activities that evoked leg extension 

exercise combined with diet (RT+ diet group) out-

performed diet control (diet group) alone. Using the 

technology of MRI (Figure 2), the findings detected 

skeletal muscle hypertrophy. Skeletal muscle hypertrophy 

of the whole thigh (28%) and knee extensor (35%) muscle 

groups were observed in the RT+ diet group with no 

changes in the diet group. Other muscle groups (knee 

flexors) showed significant hypertrophy (12-16%) in the 

RT + diet group. Skeletal muscle hypertrophy was 

associated with an increase in plasma IGF-1 (25%) in the 

RT+ diet group but not in the diet group. The increase in 

IGF-1 was negatively associated with ectopic adipose 

tissue accumulation (%IMF and VAT). The outcomes of 

12 weeks of RT also suggested that %leg FM (decreased 

by 6%) and was associated with an increase in absolute 

leg FFM by 10% in the RT+ diet compared to no changes 

in the diet group. The results showed that there is a trend 

of VAT reduction in the RT+ diet group with a 25% 

decrease of VAT in the region of L5-S1 to S2-S3.  The 

RT +diet showed a favorable change on the carbohydrate 

and lipid profiles compared to diet only. Plasma insulin 

area under the curve (AUC) decreased in the RT + diet (-

34%) group but not in the diet (+22%) group, with no 

change in plasma glucose.  Plasma TG (-37% vs. +12.6%) 

and cholesterol: HDL-C (6 ± 2 to 5 ± 1 vs. 5 ± 1 to 5 ± 1) 

decreased and HDL-C (10%) increased in the RT+ diet 

group compared to the diet group [61].  The findings 

suggested that evoking skeletal muscle hypertrophy could 

be simply achieved by gradually lifting ankle weights for 

twice weekly without the need for engaging in a long-term 

exercise on a daily basis.  Most important is that the 

outcomes of training was accompanied with improvement 

in both carbohydrate and lipid profiles.  It should be noted 

that it is advisable to monitor caloric intake and regulate 

factors such as pain and stress during exercise [61].  In a 

report that involves FES-LEC for 21 weeks, 4 times per 

week where caloric intake was not monitored; training 

was unsuccessful in inducing positive body composition 

or metabolic adaptations in a person with SCI [93]. 

Therefore, monitoring caloric intake is highly 

recommended when designing training studies that aim to 

induce body composition or metabolic adaptations. 

 

Electrical Stimulation and Muscle Fatigue  

 
Applications of surface NMES can cause premature onset 

skeletal muscle fatigue that limits the outcomes of 
exercise in individuals with physical disabilities [94]. 

Investigators have focused their effort into studying the 

effects of NMES parameters and skeletal muscle 
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recruitment in studying the rapid onset of muscle fatigue 

during NMES. For example, increasing the frequency and 

duty cycle from 10 Hz and 50% to 50 Hz and 70% causes 

60% fatigue for the later compared to only 20% for the 

former [95]. Gorgey et al. introduced 4 protocols of 

surface NMES to the knee extensor muscle group to study 

the independent effects of frequency, amplitude of the 

current and pulse duration on muscle fatigue [96]. The 

first protocol was set to deliver 100 Hz, amplitude of the 

current that required to evoke 75% of the maximum 

voluntary contraction (MVC) and pulse duration of 450 

µs.  The three other protocols were modified from the first 

protocol by changing only one parameter and the rest of 

the parameters were kept constant.  In the 2nd protocol, 

pulse duration was altered from 450 µs to 150 µs, the third 

protocol frequency was reduced from 100 to 25 Hz and 

finally in the fourth protocol, the amplitude of the current 

was reduced from 75% to 45% of the current required to 

evoke MVC.  The results showed that altering the 

amplitude of the current or pulse duration did not 

influence muscle fatigue; whereas reducing the frequency 

from 100 Hz to 25 Hz reduces the percentage decline in 

force by 37% [96]. It is well known electrically stimulated 

training with surface NMES reduces muscle fatigue.  

Sabatier et al. studied the effects of electrically stimulated 

training following 12 weeks of resistance training in men 

with complete SCI.  The findings showed that there was 

60% reduction in muscle fatigue [97].  However, the 

authors showed that reduction in muscle fatigue was not 

associated with improvement in arterial diameter or blood 

flow capacity [97].   

 
 

Table 1. Benefits of FES-LEC on Body Composition 

 

Authors Times/Wk Program 

Duration 

Results 

Skold et al. 2002 [84] 2-3/wk 6 months 10% increase in muscle mass 

Hjeltnes et al. 1997 

[85] 

7x/wk 8 weeks 2% increase in muscle mass, 22% increase in muscle CSA, 1.9% 

decrease in fat mass 

Griffin et al. 2009 [86] 3x/wk 10 weeks 3.3% increase in muscle mass 

Demchak et al. 2005 

[87] 

3x/wk 13 weeks 63% increase in muscle cross sectional area 

Mohr et al. 1997 [88] 3x/wk 1 year Increased bone mineral density in the tibia. 

Dolbow et al.2012 [89] 3x/wk 9 weeks 8.3% increase in lean mass, 1.2% decrease in fat mass. 

Dolbow et al. 2012 [90] 3x/wk 6 months 3.3% increase in lean mass, 7.1% increase in legs lean mass 

Dolbow et al. 2014 [91] 3x/wk 1 year 7.7% increase in lean mass, 4.1% increase in legs lean mass, 1.2% 

decrease in fat mass, 9.9% decrease in legs fat mass. 
 

 

Other studies have investigated the effects of 

recruitment on skeletal muscle fatigue during NMES. 

Compared to the size principle in which recruitment 

gradually progresses from the order of small slow twitch 

to large fast twitch motor units, recruitment of motor units 

during NMES does not necessarily follow the same 

principle.  Recruitment during NMES has been an active 

area of research investigation and may explain the rapid 

onset of premature fatigue. Initially and based of the work 

of muscle biopsy, the order of recruitment was thought to 

be the reverse of the size principle where large fast twitch 

fibers are recruited before slow twitch fibers.  Because 

large twitch fibers rely primarily on glycolysis, these 

fibers are unable to replenish their glycogen storage 

capacity during NMES and hence the idea of reversal 

recruitment.  Another theory describes a randomly, 

synchronous, repeated recruitment of motor units during 

NMES compared to the orderly, asynchronous 
recruitment during voluntary exercise (i.e. slow to fast 

fibers as force is increased) [98].  In addition, the fatigued 

motor units can potentially be compensated for by the 

recruitment of additional units during voluntary effort as 

fatigue ensues in an effort to maintain sub-maximal 

performance [99].  In contrast, with NMES repeated 

random activation of the same slow and fast motor units 

result in fatigue during submaximal exercise so 

performance cannot be maintained. The process of muscle 

fatigue during NMES is well documented in persons with 

physical disabilities.  Persons with SCI were unable to 

show recovery in muscle torque between repeated bouts 

of electrical stimulation compared to AB controls.  The 

study clearly documented that persons with SCI had 66% 

decline of the knee extensor torque compared to 33% for 

AB controls [100]. NMES applied with large pulse 

duration 1 ms can result in volley like effect and stimulate 

the alpha motor units via the afferent ant-dromic pathway.  

Collins and associates have conducted a series of studies 

that have determined the capabilities of surface NMES to 
cause asynchronous recruitment similar to volitional 

exercise via afferent stimulation [101]. The work showed 
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that there is a volley-like phenomenon that may result in 

afferent stimulation and indirectly stimulate the motor 

neuron pool to activate the desired muscle group [101].  

This work may potentially reduce the rapid muscle fatigue 

during stimulation. The same group also tested the 

difference in recruitment between the direct stimulation of 

the tibial nerve and the calf muscle.  Direct stimulation of 

the tibial nerve resulted in more asynchronous recruitment 

compared to stimulation of the calf muscle which resulted 

in the typical random, motor unit recruitment. The authors 

suggested that direct nerve stimulation should be 

considered as a technique to minimize muscle fatigue 

during NMES [102]. However, the clinical applicability 

of this technique may be site specific and may be difficult 

to be used for stimulation of the femoral nerve to activate 

the knee extensor muscle group, especially in obese 

individuals.   

 

 

 
 

Figure 2. Pre- and Post- Training Mid-thigh Imaging. A representative T1 MRI images of the mid-thigh in a person with 

motor complete SCI A) pre and B) post-12 weeks of training using neuromuscular electrical stimulation to the knee extensor 

muscle group to evoke dynamic leg extension exercise while lifting ankle weights.  

Although it is clear that FES activities are able to 

increase muscle mass, the effect on bone is not clear. 

Groah and associates found that electrical stimulation of 

the quadriceps muscle 5 times per week for 12 weeks 

resulted in a significant slowing of the bone loss with 26 

individuals in the early stages of SCI [103].  Studying 

chronic SCI adults, Frotzler and colleagues found 

significant increases in total BMD and regional BMD in 

the distal femur after FES-LEC 3 to 4 times per week for 

6 and 12 months [104]. Mohr studied BMD of the 

proximal tibia in 10 persons with chronic C6-T4 SCI with 

FES-LEC for 30 minutes 3 times per week for 12 months 

followed by 6 months of once weekly FES-LEC [88]. 

Prior to FES-LEC the SCI group showed 52% less BMD 

in the proximal tibia than that of the control group. After 

12 months of FES-LEC performed 3 times per week, 

BMD had increased by 10%. However, after 6 months of 

once weekly FES-LEC, the difference in BMD between 

the SCI group and the control group had returned to 50%, 

leading the authors to conclude that 3 times per week 

FES-LEC is beneficial for BMD however, once weekly 

FES-LEC does not maintain BMD in the proximal tibia 

[88]. Similarly, Chen and associates found that 6 months 

of FES-LEC improved the BMD of the distal femur and 

proximal tibia however, 6 months after cessation of FES-

LEC BMD returned to pre-exercise levels [105]. These 

findings demonstrate that the benefits of physical activity 

are temporary and that long term physical activity is 

required to achieve long term benefits. 

 

Conclusion 
 

Skeletal muscle health is linked to overall body health and 

both are linked to adequate physical activity. When 
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physical activity is significantly decreased via central 

nervous system injury, alternative methods of producing 

muscle contractions must be utilized. Currently electrical 

stimulation is the only viable method of producing muscle 

contractions without stimulus from the higher centers of 

the central nervous system. Further study is needed to 

advance the technologies of these devices and to explore 

other possibilities. 
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