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INTRODUCTION 

 Malnutrition refers to excesses, deficiencies or imbalance in a person's 

intake of energy and/or nutrients. The term Malnutrition addresses 3 broad 

conditions like undernutrition, micronutrient related malnutrition and 

overweight, obesity & diet related non-communicable diseases. The under 

nutrition includes wasting (low weight for height), stunting (low height for 

age), underweight (low weight for age) and deficiencies in vitamins and 

minerals. Under nutrition makes the children much more vulnerable to disease 

and death. Wasting is low weight for the height and it indicates recent and 

severe weight loss. Stunting is low height for the age and it indicates chronic 

or recurrent under nutrition.(1) 

 Overweight and obesity is when a person is too heavy for his or her 

height. Abnormal or excessive fat accumulation can impair health. 

Overweight and obesity result from an imbalance between energy 

consumed (too much) and energy expended (too little). Globally, people are 

consuming foods and drinks that are more energy-dense (high in sugars and 

fats), and engaging in less physical activity. Every country in the world is 

affected by one or more forms of malnutrition. Combating malnutrition in 

all its forms is one of the greatest global health challenges. Women, infants, 

children and adolescents are at particular risk of malnutrition. Malnutrition 

increases health care costs, reduces productivity and slows economic 

growth, which can perpetuate a cycle of poverty and ill health. 
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 Body mass index (BMI) is a simple index of weight-for-height that is 

commonly used to classify overweight and obesity in adults. It is defined as 

a person's weight in kilograms divided by the square of his height in meters 

(kg/m2). As per WHO classification, BMI of<18.5 is Underweight,>25 is 

Overweight and >30 is Obese. But as per Asia pacific guidelines, BMI of 

<18.5 is underweight, 23-24.9 is overweight and >25 is obese. In 2016, 

13% of world adult population were obese. Overweight and obesity are 

linked to more deaths worldwide than underweight. In 2014, approximately 

462 million adults worldwide were underweight, while 1.9 billion were 

either overweight or obese.(1)  

 Energy imbalance between calories used and calories consumed 

becomes the fundamental cause of obesity and overweight. Non-

communicable diseases (NCD) like diabetes, dyslipidemia stroke, heart 

disease, osteoarthritis increases, as the BMI increases. As the pandemic of 

overweight around the globe continues to rise, many countries face a 

double burden of over nutrition and undernutrition.(2) Adopted by the 

World Health Assembly in 2004, the "WHO Global Strategy on Diet, 

Physical Activity and Health" describes the actions needed to support 

healthy diets and regular physical activity. The Strategy calls upon all 

stakeholders to take action at global, regional and local levels to improve 

diets and physical activity patterns at the population level. These two 

conditions are associated with distinct types of public health problems. A 

significant increasing trend in the prevalence of overweight and obesity 
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among children and adolescents has been documented over the last few 

decades in the developed as well as in developing countries.(3) 

 The most significant long-term consequences of childhood and 

adolescent overweight and obesity are their persistence into adulthood with 

all of the attendant health risks. Poor nutritional status during adolescent 

period is an important determinant of health status.(4) 

 Undernutrition and stunting limits work capacity and endurance in both 

boys and girls. Early malnutrition would affect physical work capacity 

through a height, body mass and more specifically, muscle mass. Height in 

particular has most often been shown to be associated with work output, 

productivity or income.(5) Nutritional outcomes have important 

implications for health and development: thinness (poor nutrition) results in 

limiting school achievement and work productivity and gives rise to poor 

reproductive health outcomes; and obesity not only has an impact during 

adolescence but also across the life-course as a risk factor for Non-

communicable diseases.(6) 

 Muscle cell is an excitable tissue like neuron. When it is stimulated 

electrically, chemically or mechanically an action potential is generated. 

Muscle is a contractile tissue with a chemically stored energy which can 

transformed into mechanical energy. There are three different types of 

muscle in the body-skeletal muscle, cardiac muscle and smooth muscles. 
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 Skeletal muscle is voluntary muscle. It can be made to contract under 

our will to perform the movements we desire. They are supplied by somatic 

motor nerves. As the name indicates, skeletal muscles are attached to bones 

of the body skeleton and their contraction results in the body movements. 

Skeletal muscle forms the flesh of the body and form 40% of the body 

weight. 

Skeletal muscle function indices have been advocated for the assessment of 

nutritional status.(7). Changes in the muscle function such as contractility, 

relaxation rate and endurance may precede body composition changes and 

may help detect functional impairment at subclinical levels.(8) 

 Skeletal muscle functions are affected due to undernutriton and obesity. 

Skeletal muscle functions can be assessed by their parameters like skeletal 

muscle work done, muscle strength and endurance. Muscular strength is 

defined as the maximum amount of force that a muscle can exert against 

some form of resistance in a single effort. Muscular endurance is the ability 

of a muscle or group of muscles to repeatedly exert force against resistance. 

Skeletal muscle work done can be measured using Mosso’s Ergograph 

whereas muscle strength and endurance time can be measured using hand 

held dynamometer.  

 We took the above study to investigate the role of altered nutritional 

status and muscle functions of young adolescent population. 
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AIM OF THE STUDY 

The aim of the current study is to test the hypothesis that altered nutritional 

status is associated with poor functional ability and the role of nutrition in the 

muscle functions of young adult population. 

 

 

OBJECTIVES OF THE STUDY 

 To assess the nutritional status and classify the young adults into 

underweight, normal, overweight and obese based on their Body Mass 

Index. 

 To Measure the Maximum Voluntary Contraction [MVC] in kgs and 

Endurance Time in seconds [ET] using Hand Grip Dynamometer. 

 To Calculate the Workdone (in Kg.m2.s-2) using Mosso’s Ergograph. 

 To find out the correlation between skeletal muscle function and 

nutritional status of young adults. 
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REVIEW OF LITERATURE 

HISTORY 

Sir Andrew Fielding Huxley (1917–2012) was a Nobel Prize-winning 

English physiologist and biophysicist (Figure 1). He discovered the basis for 

propagation of nerve impulses called an action potential and earned the Nobel 

Prize in Physiology or Medicine in 1963. Interference microscopy was 

developed by him, which is appropriate for studying muscle fibers. In 1954, he 

and Rolf Niedergerke, German physiologist jointly discovered “Sliding 

filament theory” which explains the mechanism of muscle contraction. This 

theory forms the foundation for interpretation of muscle mechanics.. He 

contributed enormously to the understanding of nerve impulses and muscle 

contraction.(9)(10) 

Henry Pickering Bowditch was an American soldier, physician, 

physiologist, and Dean of the Harvard Medical School (Figure 2). In 1871, he 

was the first one to observe the treppe phenomenon in cardiac muscle. Later, it 

was described in skeletal muscle. This is also called Bowditch effect. There is 

an autoregulation method by which myocardial tension increases with an 

increase in heart rate, which is known as the Treppe phenomenon, Treppe 

effect or staircase effect.(11) (12) 

Schack August Steenberg Krogh (1874-1949) was a Danish professor 

of zoophysiology, (Figure 3) who was awarded the Nobel Prize in Medicine, 

1920, for his work on the regulation of blood flow to the skeletal muscle. After 



Figure 1: Sir Andrew Fielding Huxley 

 

 

Figure 2: Henry Pickering Bowditch 
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many years of work, Krogh was able to demonstrate the mechanism of 

increased blood flow in the skeletal muscle during exercise. He showed that 

normally, most of the capillaries in the muscle are closed. Only a few open 

capillaries are able to provide nutrients to a resting muscle. During exercise, 

when the metabolic demand of the muscle increases, more capillaries open up 

and increase the amount of blood flow to the muscle. These findings were 

published in 1919. Krogh received the Nobel Prize in medicine for this work 

in 1920.Krogh did extensive research in exercise physiology. In 1910, he 

developed an automatically controlled bicycle ergometer. The bicycle 

ergometers developed by him are still in use in an exercise physiology lab in 

Copenhagen. He also devised a system to calculate the bodyweight during 

exercise. With this instrument he could record a decrease in body weight by 

one gram (e.g. due to sweating).(13)(14)(15) 

Herodicus (fifth century BC :) is the first person in the history of 

medicine who actually combined sports with medicine (Figure 4). He 

considered bad health to be the result of imbalance between diet and physical 

activity and for this reason he recommended strict diet, constant physical 

activity and regular training. He believed that this combination was the ideal 

way to maintain good standards of health and he applied this type of treatment 

method to his patients.(16) 

The Nobel Prize in Physiology or Medicine 1922 was divided equally 

between muscle physiologist from UK Archibald Vivian Hill ‘for his 

discovery relating to the production of heat in the muscle’ and American 



Figure 3: Schack August Steenberg Krogh 

 

 

Figure 4: Herodicus 
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muscle physiologist Otto Fritz Meyerhof ‘for his discovery of the fixed 

relationship between the consumption of oxygen and the metabolism of lactic 

acid in the muscle (Figure 5 & 6).(12)(17)(18) 

At the first International Congress of Physiologists in Basel, 

Switzerland, the Italian physiologist Angelo Mosso (1846 –1910) discussed 

his findings on muscular fatigue while demonstrating the functioning of an 

Ergograph (Figure 7). Ergograph is the recording of the concentric 

contractions of the flexor muscles of the middle finger that were volitionally or 

electrically stimulated. Using tracings from the Ergograph, he was able to 

characterize muscle fatigue and to associate its occurrence with central or 

peripheral influences. He demonstrated that exercise would increase muscular 

strength and endurance while prolonging the occurrence of fatigue, which he 

postulated was a chemical process that involved the production of toxic 

substances such as carbonic acid. The phenomenon of contracture was 

described, and his collective studies led to the formulation of laws pertaining 

to exhaustion and to the 1891 publication of La Fatica (Fatigue) (19) 

 

  



Figure 5: Archibald Vivian Hill 

 

 

 

Figure 6: Otto Fritz Meyerhof 

 



 

 

 

Figure 7: Angelo Mosso 
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PHYSIOLOGICAL ANATOMY OF SKELETAL MUSCLE 

Skeletal muscle as the name implies it attaches to the skeleton of the 

body. Skeletal muscle accounts for 40 percent of the body whereas cardiac and 

smooth muscle accounts to 10 percent. Contraction of the skeletal muscle 

provides supports and movement of the skeleton through the joints. Skeletal 

muscle contraction is mostly under the voluntary control which is initiated by 

discharge of motor neuron supplying it. Skeletal muscle is capable of rapid 

force development and shortening. Skeletal muscle can maintain contractile 

force for relatively longer periods. 

  A typical skeletal muscle contains many muscle bundles or fascicles. 

Each fascicle consists of large number of muscle fibres arranged parallel to 

each other. Connective tissue layers in the muscle bundles are epimysium, 

perimysium and endomysium which cover the muscle, each fascicle and each 

muscle fibre respectively. Organisation of skeletal muscle shown                     

(Figure 8).(20) 

 

SKELETAL MUSCLE FIBRE 

The structural unit of muscle is muscle fiber that is a single skeletal 

muscle cell or myocyte (Figure 6-C). The cell membrane of myocyte is known 

as sarcolemma and the cytoplasm as sarcoplasm. The muscle fibers are long, 

cylindrical, multinucleated cells, extending the entire length of the muscle, 

and attach to tendons at both ends. They are 10–100 μm in diameter and may 

extend up to 20 cm in length. In embryonic fibers, the nuclei are centrally 



Figure 8: Organization of skeletal muscle 
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placed; but following differentiation after birth, they lie beneath the 

sarcolemma, hence peripherally placed.(20) The important functions of 

sarcolemma are: 

1. It transmits the wave of depolarization originating at the motor 

end plate over the entire cell surface to initiate contraction. 

2. Besides shielding the muscle fiber, the sarcolemma contributes to the 

parallel elastic resistance, i.e. the resistance to stretch offered by all the 

connective tissue layers. 

3. It has no gap junctions or tight junctions, thereby promotes 

electrical separation between fibers.(20) 

Characteristically, the sarcoplasm is filled with myofibrils that extend 

along the axis of the cell and are connected to the tendons at both ends of the 

muscle fiber. Each myofibril is 1 μm in diameter and consists of cylindrical 

bundles of two types of myofilaments that are referred to as thick and thin 

filaments. The sarcoplasm contains the usual cytoplasmic organelles including 

mitochondria (sarcosomes), sarcoplasmic reticulum, and Golgi apparatus.(20) 

 

DEVELOPMENT OF MYOCYTES 

The muscle fibers are formed during fetal development by the fusion of 

a number of undifferentiated, mono-nucleated cells, known as myoblasts. At 

the time of birth, the differentiation of skeletal muscle fibers is complete. 

These differentiated fibers continue to increase in size during growth from 

infancy to adulthood, but no new fibers are formed from myoblasts. After 
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birth, following destruction of skeletal muscle due to any cause, the existing 

muscle fibers do not divide to replace the damaged fibers. Instead, new fibers 

are formed by differentiation of satellite cells that are located in the adjoining 

myocytes. Though the satellite cells are capable of forming a large number of 

new muscle fibers, which may not be adequate enough to restore a severely 

damaged muscle to its full strength. In such situations, hypertrophy (increase 

in cell size) of the remaining muscle fibers usually compensates for the loss. 

Recently, it has been demonstrated that a transcription factor called myogenin 

stimulates fibroblasts to become muscle cells.(12)  

The most striking feature of skeletal muscle is the presence of 

striations due to alternate light and dark bands throughout the length of the 

fiber as seen through a light microscope. The dark band is also called A band 

because it is anisotropic to polarized light. The light band is known as I band 

because it is isotropic to polarized light. Each myofibril is made up of units 

called sarcomere that contains different muscle proteins.(20) 

 

MUSCLE PROTEINS 

There are three types of proteins in skeletal muscle: 

1. Contractile proteins: myosin and actin 

2. Regulatory proteins: troponin and tropomyosin 

3. Attachment proteins: titin, nebulin, alpha actinin, desmin, myomesin, and 

dystrophin. 

 



12 
 

CONTRACTILE PROTEINS 

There are two contractile proteins in skeletal muscle: myosin and 

actin. 

MYOSIN 

There are thick and thin filaments in muscle. The thick filaments are 

polymers of myosin II (MW 480,000). Myosin filament is a bundle of 

myosin molecules. The head of myosin molecules projects from the filaments 

that are arranged in a helical manner. The filament is composed of two 

intertwined heavy chains, two regulatory light chains, and two alkali 

(essential) light chains. The myosin II has three regions: two globular heads, 

neck (hinge region) and a long tail. 

MYOSIN HEAD 

Each head is made up of amino terminal portions of one heavy chain 

forming a complex with two light chains, one regulatory and one alkali. The 

myosin head contains two binding sites, one for actin and one for ATP. The 

ATP binding site functions as an ATPase (hydrolyzes ATP). The carboxy 

terminals of the heavy chains coil around each other in an alpha-helical 

configuration forming a long rod-like tail. The alkali light chain stabilizes the 

myosin head and the regulatory light chain regulates its ATPase activity. 

MYOSIN TAIL 

The tail of each myosin molecule lies along the axis of the thick 

filament, and the two globular heads extend out to the sides, forming the 

cross-bridges. 
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MYOSIN HINGE 

In the hinge region, the tail joins the globular head. 

ARRANGEMENT OF MYOSIN MOLECULES:  

The myosin molecules aggregate with a definite directional 

arrangement, such that their tail-ends are directed toward the centre of the 

thick filaments creating a bare region in the middle consisting of myosin tails 

only, while the globular heads point away from both sides of the tail. The 

site of the reversal of polarity of myosin molecules is the M line where 

slender cross connections preserve the organization and alignment of the thick 

filaments in the sarcomere. Besides titin, proteins like myomesin and C-

protein contribute to the bipolar organization and packing of the thick 

filaments.(12)  

ACTIN 

The thin filaments are made up of actins. The actin filament (F-actin) is made 

up of globular molecules of G-actin. G-actin is a globular protein with a 

diameter of 4–5 nm and MW 42,000. G-actin molecules (monomers) are 

joined from front to back into long chains that wind about each other forming 

a double stranded alpha helical filament known as F-actin (or filamentous 

actin) that forms the backbone of the thin filament. The cytoskeletal protein 

nebulin extends along the length of the F-actin and plays a role in the 

regulation of the length of the thin filament. Each actin monomer contains 

binding sites for myosin, tropomyosin, troponin I, and other actin monomers. 

As the F-actin undergoes a half turn every seven G-actin monomers, a groove 
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is formed down the length of the helix where lies the long, filamentous protein 

tropomyosin. Each thin filament contains 300–400 actin molecules and 40–60 

tropomyosin molecules.(12)  

 

REGULATORY PROTEINS 

Regulatory proteins are tropomyosin and troponin. 

TROPOMYOSIN 

Tropomyosin is a rod-shaped molecule (MW 70,000) composed of two 

strands of polypeptides intertwined in an alpha helical configuration with a 

length approximately equal to seven actin monomers. It is located in the 

groove between two chains of actin. The tropomyosin molecules are 

connected to one another serially that extends over the entire actin filament 

covering myosin-binding sites on the actin monomers. The function of 

tropomyosin is to interfere with the binding of myosin head to actin. 

TROPONIN 

Troponin is a complex of three proteins: Troponin T, Troponin I, and 

Troponin C. Troponin T have molecular weight 30,000. It binds the troponin 

complex to tropomyosin. Troponin I have Molecular Weight 22,000 which 

binds the troponin complex to actin. It is called I, because it inhibits the 

binding of actin to myosin by blocking the myosin binding site on actin. 

Troponin C have Molecular Weight 18,000 which binds to calcium. Each 

troponin complex interacts with one tropomyosin molecule, which in turn 

interacts with seven actin monomers. The troponin complex also interacts 
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directly with the actin filaments. Troponin is known as the regulatory protein 

in the contraction of skeletal muscle.(20) 

 

ATTACHMENT PROTEINS 

TITIN - is a large, elastic, filamentous, cytoskeletal protein, which extends 

from the Z line to the M line. It provides framework for the thick filaments by 

connecting the Z line to the M line. It prevents overextension of the thick 

filaments and maintains the central location of the A band. 

NEBULIN - is a large, filamentous protein that extends along the length of 

the thin filaments. It is believed to play a role in stabilizing the length of the 

actin filaments during muscle development.  

ALPHA ACTININ - anchors the thin filaments to the Z line.  

DESMIN - is present in the intermediate filament of cytoskeleton of myocyte. 

It connects the Z line to the sarcolemma. It also connects myofibrils to each 

other. 

DYSTROPHIN - is a large rod like protein that anchors the thin filaments to 

the membrane spanning protein beta-dystroglycan, which in turn is 

connected to the extracellular matrix protein laminin through alpha-

dystroglycan. Dystrophin helps in transfer of force from the contractile system 

to extracellular regions through the transmembrane proteins. These proteins 

are disrupted in the group of genetic diseases called muscular dystrophy. 

Absence of these proteins or their mutations leads to muscle degeneration, 

weakness and even death. 
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MYOMESIN - is present in the region of M disc. It binds the tail end of 

myosin filament to the disc.(20) 

 

SARCOMERE 

Sarcomere is the structural and functional unit of myofibril. A single 

myofibril may be composed of hundreds or thousands of sarcomeres that are 

joined end-to-end. In each myofibril, thick and thin filaments are arranged in a 

repeating pattern in the form of sarcomere. Sarcomere is defined as the 

portion of the muscle fibril between two successive Z lines. The average 

length of a sarcomere is 2 μm. (Figure 7-E) 

STRUCTURE OF SARCOMERE 

Electron micrographic studies reveal the detailed structure of 

sarcomere. The Z line or Z disc is a network of interconnecting proteins. It is 

oriented perpendicular to the axis of the muscle fiber. The thin filaments are 

anchored to the two sides of each Z line by alpha actinin. Each thin filament 

is 1 μm long and 7 nm in diameter. It is composed of the contractile proteins 

actin, tropomyosin, and troponin in a ratio of 7:1:1. From the Z line, the thin 

filaments project in parallel arrays toward the centre of the sarcomere where 

they overlap a portion of the thick filaments. Thus, each sarcomere contains 

two sets of thin filaments, one at each end. The Z disc not only binds the thin 

filaments of a single myofibril together, but connections between the Z discs 

also anchor each myofibril to its neighbours. The parallel array of thick 

filaments located in the middle of each sarcomere produces A band. The thick 
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filament is 1.6 μm long and 10 nm in diameter. It consists of the protein 

myosin. 

I Band - lies between the ends of A bands of two adjacent sarcomeres and 

includes those portions of the thin filaments that do not overlap the thick 

filaments. The Z line bisects I band. During muscle contraction, the length of 

the sarcomere (the distance between two Z lines) decreases. This results in 

shortening of I band but, length of A band remains unchanged. Thus, 

sarcomeric length is decided by the length of I band. 

H zone - is a narrow, light band in the centre of A band. This is the portion of 

A band showing no overlap (represented by thick filaments only) as can be 

seen in a relaxed muscle. 

M Line - A transverse M line runs through the middle of H band. The M line 

contains proteins that bind the parallel array of thick filaments. Besides, the 

cytoskeletal protein, titin binds the thick filaments to the Z lines. In fact, titin 

filaments extend from Z line to M line and thus, are linked to M-line proteins, 

thick filaments and Z line proteins. Therefore, it plays a key role in organizing 

and maintaining the regular array of thick filaments in the middle of each 

sarcomere. A cross section through the overlap region of A band shows that 

each thick filament is surrounded by a hexagonal array of six thin filaments, 

and each thin filament is surrounded by a triangular arrangement of three thick 

filaments. The globular heads of myosin II project from the surface of the 

thick filaments toward the thin filaments and bridge the gap between them. 
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These projections are known as cross-bridges. During muscle contraction, 

they attach to the thin filaments and pull them.(12) 

 

SARCOTUBULAR SYSTEM 

Inside a muscle fiber, fibrils are surrounded by membranous structures 

known as sarcotubular system. It consists of sarcoplasmic reticulum (SR) and 

T (transverse) Tubules. The T-tubules, also called sarcotubules are tubular 

extensions of the sarcolemma, about 0.03 μm in diameter. They penetrate to 

the centre of the muscle fiber and surround the individual myofibrils at the 

junctions of A and I band. The lumen of the T tubule contains extracellular 

fluid, which is a continuation of the ECF surrounding the muscle fibers. Once 

initiated, an action potential is rapidly conducted along the sarcolemma over 

the surface of the muscle fiber as well as into the interior of the muscle cell by 

the way of the T-tubules so that deep lying myofibrils are fast activated. The 

sarcoplasmic reticulum (SR) in skeletal muscle corresponds to the 

endoplasmic reticulum found in other cells. It forms an elaborate 

membranous network having extensive anastomosis around each myofibril 

and runs parallel to the myofilaments. The slender tubules, about 0.04 μm in 

diameter, have an elongated portion in the middle and dilated region at both 

ends known as lateral sacs or terminal cisternae. The cisternae lie in close 

contact with the T-tubules at the A-I junction. The combination of the T-

tubule membrane and its two neighbouring cisternae is called a triad, which 

plays a vital role in linking membrane action potentials to muscle contraction. 

In cardiac muscle, it forms a diad due to the presence of one cistern. 
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The T-tubules are separated from the terminal cisternae by a narrow 

space of about 12–14 nm that contains areas of densities known as feet. The 

junctional feet involve two integral membrane proteins, one in the T-tubule 

membrane, and the other in the membrane of the terminal cistern. The T-

tubule protein is a modified voltage-sensitive calcium channel known as the 

dihydropyridine (DHP) receptor. It is so named because it is blocked by the 

drug dihydropyridine. The DHP receptors are L-type calcium channels and 

they are clustered in groups of four called tetrads. Primarily the receptor acts 

as a voltage sensor rather than a calcium channel. The portion of the terminal 

cisternae membrane that faces the T-tubules contains proteins known as the 

ryanodine receptors. They are so called because they bind to the plant 

alkaloid ryanodine. They mainly act as calcium release channels. There is 

also calcium ATPases present on the membrane of Sarcoplasmic Reticulum 

that pumps calcium back into the Sarcoplasmic Reticulum. 

Sarcotubular system (STS) plays a vital role in muscle contraction as it 

links T-tubular action potentials (excitation) with calcium release from the SR 

that activates the contractile machinery (contraction). When calcium is 

pumped back into the SR, decline in cytoplasmic calcium level leads to 

muscle relaxation. Thus, STS is crucial in both contraction and relaxation 

process by mediating calcium release and calcium uptake. 

Following depolarization at the motor end plate, action potentials 

propagate along the sarcolemma and down the T-tubule membrane. 

Depolarization of the triad region of the T-tubules induces conformational 
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changes in each of the four DHP receptor proteins, which leads to a 

conformational change in the ryanodine receptor resulting in opening of the 

ryanodine receptor channel. Calcium is thus released from the terminal 

cisternae of the SR into the cytoplasm, activating cross-bridge cycling. The 

entire process, starting from depolarization of the T-tubule membrane to the 

initiation of the cross-bridge cycling is termed excitation-contraction 

coupling. Further, conformational change in DHP receptor allows calcium 

entry from the ECF into the cytoplasm through the DHP receptor channel and 

this increase in calcium level inside the cell can as well activate the 

ryanodine receptors resulting in calcium release. This mechanism is known as 

calcium-induced calcium release (CICR). However, this pathway has a 

much lesser role in contraction of skeletal muscle. CICR plays an important 

role in cardiac muscle contraction. Increase in Ca2+ concentration near the 

sarcoplasmic reticulum is known as calcium spark. 

The membrane of the SR contains a protein called SERCA 

(Sarcoplasmic Endoplasmic Reticulum Calcium ATPase). This is so named 

as it is present in all cells in connection with the endoplasmic reticulum. The 

protein is a Ca2+ ATPase that pumps free calcium ions from the sarcoplasm 

to the SR, from where the calcium ions are moved to their storage sites in the 

terminal cisternae. The pump relocates two molecules of Ca2+ into the SR for 

each molecule of ATP hydrolyzed. It becomes active as soon as the Ca2+ 

concentration in cytoplasm becomes high. In the terminal cisternae, a Ca2+ 

binding protein called calsequestrin, favors storage of calcium at high 
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concentration. With decrease in cytoplasmic calcium concentration, 

contractile activity ceases and relaxation process begins.(20) 

MECHANISM OF SKELETAL MUSCLE CONTRACTION 

The action potential from sarcolemma spreads to the interior of muscle 

fiber through T tubules and results in calcium release from cisternae. This 

increases sarcoplasmic calcium concentration. The muscle response to the 

action potential (through increased calcium) is the excitation, and the 

mechanical response is the contraction of the muscle. Calcium diffuses to 

troponin C and induces muscle contraction through a series of well controlled 

steps. Therefore, this phenomenon of pairing of electrical event with the 

mechanical event is called excitation-contraction coupling. 

Increase in sarcoplasmic calcium concentration in response to arrival of 

action potential from sarcolemma leads to muscle contraction. The process is 

called excitation- contraction coupling. The term contraction means 

attachment of myosin heads to actin and activation of the cross bridge cycles 

so that force is generated within to shorten the muscle fibers. However, it may 

not always lead to shortening as occurs in isometric contraction. While lifting 

a heavy object, shortening occurs, but holding the object at a constant 

position, activates the cross bridge cycles without apparent shortening.(20) 

 

SLIDING-FILAMENT THEORY OF MUSCLE CONTRACTION 

In 1957, AF Huxley proposed the sliding filament theory of muscle 

contraction based on the changes observed in the lengths and widths of 
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various bands and zones of the sarcomere. Shortening of a muscle fiber occurs 

due to sliding of thin filaments over thick filaments toward the centre of the 

sarcomere. It was observed that the length of A band does not change during 

contraction, but the H zone and I band decrease in width and the Z lines 

move closer together. (12) 

 

MOLECULAR MECHANISM OF MUSCLE CONTRACTION 

The molecular mechanism of muscle contraction is based on the 

principle that the sliding motion of the filaments occurs as a result of a cyclic 

interaction between the myosin cross bridges and the actin filaments, in the 

presence of calcium and ATP. This is known as the cross bridge theory or 

the ratchet theory as the strokes are similar to the action of a ratchet. The 

force generation and shortening are produced at the cross bridge sites where 

the chemical energy stored in the muscle is converted into mechanical energy. 

ROLE OF TROPONIN, TROPOMYOSIN AND CALCIUM 

Calcium ions provide the most important chemical link in the 

regulation of muscle protein interactions during the course of excitation-

contraction coupling. In resting skeletal muscle, cytoplasmic calcium ion 

concentration is low, which is about 10−7 M in the region of the 

myofilaments. Troponin I is attached to myosin binding site on actin and 

partially covers the myosin binding site. Rest of myosin binding site is 

covered by tropomyosin filament. Thus, in normal condition, troponin I and 

tropomyosin inhibits myosin-actin interaction. Troponin T is attached to 
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tropomyosin. Each tropomyosin molecule is held in this blocking position by 

troponin that is bound to both tropomyosin and actin. Thus, the troponin-

tropomyosin complex behaves as a relaxing protein that prevents undesirable 

contraction.(20) 

 

TROPONIN–TROPOMYOSIN INTERACTION 

Following propagation of action potential along the sarcolemma and 

down the T tubules, calcium is released from the SR and calcium 

concentration rises to 10−4 M in the sarcoplasm, which accounts for about 

1,000-fold rise of the ion. Calcium binds to troponin C and induces a 

conformational change in the troponin molecule. This result in shifting of 

troponin I from the actin filament, allowing tropomyosin to move deeper into 

the actin groove, unmasking the myosin binding sites. Moreover, the 

conformational change alters the position of troponin T that drags 

tropomyosin away from the myosin-binding sites. The exposure of the binding 

sites allows myosin heads to interact with actin and engage in cross-bridge 

cycling. Thus, the troponin-tropomyosin complex regulates the contraction 

of skeletal muscle. As the regulation of the contractile process by calcium is 

implemented through the actin filaments, it is also called actin-linked 

regulation.(20) 
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ROLE OF CALCIUM 

An increase in cytoplasmic Ca2+ concentration triggers the contractile 

process by removing the inhibition on cross bridge cycling. On the contrary, 

decrease in cytoplasmic Ca2+ concentration leads to detachment of calcium 

from troponin that reverses the process and turns off contractile activity. In 

skeletal muscle, increase in cytosolic calcium in response to a single action 

potential is usually sufficient to saturate all troponin-binding sites on actin 

filaments. At a calcium concentration of 10−4 M, there is full force 

development and the contractile system is fully saturated. With further 

increase in concentration, there is only small increase in the force. Whereas, in 

cardiac and smooth muscle, the amount of calcium regulates the degree of 

actin-myosin interaction as the contractile system is only partially saturated 

under normal conditions.(20) 

 

CROSS-BRIDGE CYCLE 

The sequence of events that occur during the interaction between the 

myosin cross-bridges and the actin molecules is termed as a cross-bridge 

cycle. During each cycle, cross bridge (myosin head) attaches to thin filament 

causing displacement of thick filament over thin filament followed by 

detachment of myosin head in a repetitive fashion. ATP is required during the 

cycle; for the movement of the cross bridge as well as for its detachment. 

However, all the cross-bridges do not go through the same phase at any instant 

during a cycle. This helps in a smooth and sustained contraction.(12)  
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EVENTS IN THE RESTING MUSCLE 

When the muscle is at rest, the cytoplasmic ATP gets attached to its 

specific binding site in the head of the myosin molecule and the globular head 

is not attached to actin. The intrinsic ATPase activity of the myosin head 

breaks down ATP to ADP and Pi. This results in rotation of the myosin 

head around the hinge in such a way that the globular head is positioned at 

90° angle in relation to the thick filament, pointing toward, but not attached to 

the thin filament. This rotation moves the myosin head about 10 nm along 

the thin filament, so that, the head is positioned against a new actin molecule. 

This resting conformation is known as the energized state or the ‘cocked 

position of the myosin head’ in which, energy is stored in the form of Pi, 

similar to the potential energy stored in a coiled spring. When most of the 

cross-bridges in a muscle are in this energized state, it keeps the muscle in a 

relaxed state. ATP hydrolysis in the resting muscle keeps the muscle 

prepared for future contraction.(12) 

 

EVENTS IN THE STIMULATED MUSCLE 

When action potential arrives at the T-tubules, calcium is released from 

the SR and the myosin-binding sites on actin are exposed. 1. The myosin-

ADP-Pi complex has higher affinity for actin, which is called as the charged 

or energized myosin head. The charged myosin head binds to actin forming 

the actomyosin complex, also called crossbridge formation. The binding of 
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myosin head to actin has two effects: First, Pi is released from myosin head 

producing the power stroke, i.e. a conformational change in which the 

myosin head bends on the hinge at an angle of about 45 degrees pulling the 

actin filament about 11 nm toward the center of the sarcomere. Second, the 

binding causes the dissociation of ADP from the myosin head leaving the 

actomyosin complex in a rigid state. That means the myosin head stay 

attached to the actin molecule in the same position and at a 45° angle with 

respect to the thick and thin filaments. For detachment to occur, a new 

molecule of ATP must bind to the myosin head and initiate next cycle. 

Usually, the sarcoplasmic ATP concentration in normal physiological 

conditions is always adequate to produce the necessary detachment of cross-

bridges. So, the ADP-free actomyosin complex (attached state) quickly binds 

to ATP. This decreases the affinity of myosin for actin resulting in detachment 

of cross-bridges from the thin filaments, called as detached state. Soon after, 

ATP hydrolysis occurs and the myosin head attains the energized state. If the 

stimulus for contraction persists, i.e. the sarcoplasmic Ca2+ remains elevated, 

then myosin-binding sites on actin get exposed and the next cross, bridge 

cycle ensues. The cycle can go on as long as the sarcoplasmic Ca2+ remains 

high, ATP is available, and the physiological limit to shortening has not been 

reached.(12) 

 

  



27 
 

EFFECTS OF CROSS-BRIDGE FORMATION 

During contraction, being attached to an actin molecule, each myosin 

cross-bridge pivots around its hinge. Each thick filament has 500–600 myosin 

heads, and each one can pivot about five times per second during a rapid 

contraction. One stroke of a cross-bridge produces 11 nm displacement of 

the thin filament over the thick filament. As long as the muscle is stimulated, 

these swivelling motions of many cross-bridges with each cross-bridge 

repeating its cycle many times, drag the thin filaments attached to successive 

Z lines toward the center of the sarcomere, producing large displacements of 

the thin filaments. This leads to decrease in the sarcomeric length and 

ultimately muscle shortening. When shortening does not occur as in 

isometric contraction, the repetitive binding and pull on the actin generate 

tension.(20) 

ROLE OF ATP IN CROSS-BRIDGE FORMATION 

ATP is required for the detachment of myosin head from the thin 

filaments. If most of the cross-bridges in a muscle remain in the detached 

state, it would produce relaxation in the muscle. Not all the cross bridges 

remain in the detached state even in a completely relaxed muscle; some of 

them bind to actin and generate tension that contributes to the tone of the 

muscle. If cellular ATP stores are depleted, as happens after death, the cross-

bridges cannot detach and it is called a rigor cross bridge, the cycle stops 

there and the filaments remain in the attached state. This produces stiffening 

in the muscle, known as rigor mortis. 
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The process of cross-bridge cycle can be summarized in four steps: 

1. ATP hydrolysis in the myosin head leading to energized state of the 

myosin. 

2. Cross-bridge formation in the presence of increased calcium. 

3. Release of Pi and ADP from myosin head producing power stroke. 

 4. Binding of ATP to myosin head causing detachment of myosin from actin. 

During muscle contraction, Z lines move toward M line that 

decreases sarcomeric length (muscle shortening), and during muscle 

relaxation, Z lines remain wide apart .In this process of contraction and 

relaxation, A band remains constant and changes occur in I band and H 

zone. In extreme contracted state, I band and H zone almost obliterate.(20) 

 

MECHANISM OF MUSCLE RELAXATION 

Like muscle contraction, relaxation is also an active process. The Ca++ 

ATPase present on the membrane of Sarcoplasmic Reticulum (SR) pumps 

Ca2+ from the sarcoplasm into the Sarcoplasmic Reticulum (SR). If no further 

action potential arrives at the myoneural junction, the activity of Ca2+ATPase 

decreases calcium concentration in the vicinity of the myofilaments to a very 

low level. Consequently, very few calcium ions are available to bind with 

troponin. This leads to cessation of interaction between actin and myosin. 

The contractile activity stops and relaxation process begins. Thus, contraction 

as well as relaxation in skeletal muscle requires energy in the form of 

ATP.(12) 
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ACTION POTENTIAL 

The resting membrane potential of skeletal muscle is –90 mV. The 

action potential is generated at the end plate region and spreads at a speed of 5 

m/sec along the sarcolemma and down the T tubules activating the 

myofilaments. The duration of the action potential is 2–4 ms and absolute 

refractory period is 1–3 ms. The depolarization phase of the action 

potential is due to sodium influx and repolarization is a manifestation of 

potassium efflux. The action potential does not directly activate the 

contractile proteins but instead produces a state of increased cytosolic calcium 

concentration, which activates the contractile apparatus long after the 

electrical activity in the membrane has ceased.(12) 

 

CONTRACTILE RESPONSE 

In response to the motor nerve discharge, the thick and thin filaments 

slide past each other producing shortening of the activated fibers. This 

contractile response (twitch contraction) can be recorded in a graphical form. 

A twitch is defined as the mechanical response of single muscle fiber to an 

action potential consisting of a phase of contraction followed by a relaxation 

phase. When the action potential and the twitch contraction are plotted on the 

same time scale, the contractile response begins about 2 ms after the onset of 

the action potential. This delay is known as the latent period, during which 

the excitation-contraction coupling takes place.  
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In nerve-muscle preparation, where a motor nerve is stimulated to 

obtain a contraction, the latent period occurs due to the time taken for: 

1. Conduction of impulse along the axon from the point of stimulus. 

2. Secretion of Ach, its diffusion through the synaptic cleft and generation of 

end plate potential. 

3. Origin and spread of action potential along the sarcolemma and T tubules. 

4. Activation of the contractile mechanism. 

5. Overcoming the viscous resistance of the muscle. 

6. Overcoming the inertia of the writing lever (if the twitch is being recorded). 

Calcium released during a twitch can fully activate the contractile machinery, 

but the relaxation process starts soon after. So, the magnitude of peak tension 

developed is relatively low. The duration from the start of the contractile 

response to the attainment of peak tension is the contraction time and from 

the point of peak tension to the end of contractile response is the relaxation 

time. The duration of the twitch is about 7.5 ms in the fast muscle fiber and 

may be up to 100 ms in slow muscle fiber. Normally, twitches occur 

occasionally in a healthy person. In the clinics, twitches are usually elicited 

while testing the tendon jerks (myotatic reflexes). In lower motor neuron 

diseases, presence of twitches that occur spontaneously helps to establish the 

diagnosis.(20) 

TYPES OF CONTRACTION 

 Tension is the force of the contracting muscle acting on an object. 

Load is the force exerted on the muscle by an object, i.e. weight of the object 
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against which muscle tension acts. Thus, muscle tension and load act against 

each other. When an object is to be lifted, muscle tension has to be more than 

the opposing load. Contractions are of two types: 

1. Isometric contraction. 

2. Isotonic contraction. 

ISOMETRIC CONTRACTION 

When muscle contraction is associated with no apparent change in 

muscle length, the phenomenon is called isometric contraction (Figure 9). 

The muscle develops tension but does not shorten or lengthen; for example, 

when somebody is trying to lift a heavy object. 

During this type of contraction, the cross bridges bind with the actin 

molecules and attempt to pull them but cannot drag the thin filaments because 

the load is greater than the tension exerted by the muscle fiber. This exerts a 

force on the thin filament, the isometric tension. If isometric contraction is 

continued, cycling cross bridges again and again bind to the same actin 

molecule. According to the law of physics, if displacement is zero (position of 

the object does not change), the work done (force × displacement) is also nil, 

though force is generated and energy is spent. Thus, in isometric contraction 

no external work is done. 

Isometric tension can be recorded with the help of an isometric lever 

when the muscle is stimulated to contract with its two ends held at fixed 

points.(20) 
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ISOTONIC CONTRACTION 

When muscle contraction is associated with no apparent change in 

muscle tone, the phenomenon is called isotonic contraction (Figure 10). The 

shortening of the muscle fiber occurs due to sliding of thin over thick 

filaments. Examples of such muscle contractions are walking, running, lifting 

an object, etc. Isotonic contraction is also known as concentric 

contraction.(20) 

POSITIVE AND NEGATIVE WORKS 

The muscle does positive work when an object is lifted from the 

ground. Negative work is done when a heavy object is lowered onto the 

ground. 

In negative work, the muscle actively opposes the descent of the object 

by contracting, but, as the load exerted on the muscle is greater than the 

tension generated due to actomyosin interaction, the load pulls the muscle to a 

longer length. Such lengthening of the muscle is called lengthening 

contraction or eccentric contraction, for example, the extensors of the knee 

lengthen when somebody sits on the ground. This is not an active process 

produced by cross bridge activation, rather a passive phenomenon, where 

external load stretches the muscle. When stimulated, a muscle fiber always 

tends to shorten, unless an external lengthening force is present. While 

recording for isotonic contraction, one end of the muscle is fixed and the other 

kept free, so that on stimulation, the muscle shortens by contraction producing 

a constant force.(12) 



 

Figure 9: Isometric contraction 

 

 

 

Figure 10:  Isotonic contraction 
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PROCESSES IN ISOMETRIC AND ISOTONIC CONTRACTIONS 

When an object is to be lifted, initially tension increases in the muscle 

till it becomes equal to the downward pulling force (due to the weight of the 

object) without any change in muscle length, i.e. the fibers undergo isometric 

contraction. Once the tension in the muscle is greater than the opposing load, 

shortening contraction of the muscle lifts the object and brings it to the new 

position; here the fibers undergo isotonic contraction. 

If the object is to be held in space in the new position, the fibers 

undergo isometric contraction; the tension generated being just equal and 

opposite to the load of the object. Pushing against a wall is an example of 

isometric contraction if the elbow does not bend during the act, i.e. the 

distance between shoulder and hand remains unchanged.(12) 

 

PROPERTIES OF SKELETAL MUSCLE 

In addition to the properties, like contractility, excitability, fatigability, etc, 

important properties of skeletal muscles are 

1. Summation of contraction 

2. Staircase phenomenon 

3. Tetanization 

4. Post-tetanic potentiation 

5. Length-tension relationship 

6. Load-velocity relationship 
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SUMMATION OF CONTRACTION 

It states that isometric tension developed in a single fiber or a muscle 

depends on the frequency of the stimulus applied to it. The action potential of 

the skeletal muscle is brief (1–4 ms) compared to its contraction time. The 

absolute refractory period (which includes the depolarization phase and part of 

the repolarization phase) of the action potential is over by the time contraction 

starts. Thus, during the contraction period, if the motor neuron is stimulated 

repeatedly, it will generate several action potentials in the muscle fiber. The 

contractile elements have no refractory period; they do not follow all or 

none law and contraction can continue till Ca++ and ATP are available. If a 

second twitch is produced when the contraction phase of the first twitch is still 

continuing, the phase of contraction of the second twitch is added to the phase 

of contraction of the first twitch, resulting in a summated contractile 

response.  The Ca2+ released due to the second action potential is added to the 

Ca2+ released due to the first action potential, producing a higher sarcoplasmic 

Ca2+ concentration that results in a bigger contractile response. Therefore, the 

tension generated during summated response is greater than that of a single 

twitch. The tension increases further as the stimulus interval shortens. Thus, 

repeated stimulation of the muscle before relaxation has occurred produces a 

phenomenon known as summation of contraction.(20) 

STAIRCASE PHENOMENON 

If a skeletal muscle is stimulated rapidly (but below the tetanizing 

frequency) with a maximal stimulus, there is a progressive increase in the 
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force of contraction for the first few contractions, until a maximum uniform 

tension per contraction is reached. This is the staircase phenomenon or treppe 

(Figure 11). Treppe is also seen in cardiac muscle. In 1871, Bowditch first 

described Treppe in the frog’s heart. 

 During repeated and rapid stimulation, if a second contraction occurs 

during the relaxation phase of the first one, the amplitude of the second twitch 

happens to be higher than the first one. This is because when the muscle has 

not completely relaxed, the cytoplasmic calcium concentration remains 

elevated as all the calcium released due to the first stimulus has not been 

pumped back into the sarcoplasmic reticulum. This leftover calcium is added 

to the calcium released during the second contraction and results in greater 

amplitude. Also, the heat produced during preceding contraction decreases 

sarcoplasmic viscosity and facilitates the enzymatic activity that increases the 

height of succeeding contractions. In this manner, if subsequent contractions 

occur before the relaxation phase of the previous one is over, first few 

twitches gradually increase in amplitude. This is known as staircase 

phenomenon as the graph is in an ascending order, like a staircase. The 

amplitude does not increase after a few contractions as the calcium level 

becomes saturated.(20) 

TETANIZATION 

If the muscle is stimulated repeatedly at a very high frequency, 

continuous activation of the contractile mechanism occurs without any 
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relaxation, resulting in a sustained contraction known as tetanus or tetanic 

contraction. Frequency summation and tetanization as shown in Figure 12. 

In complete/fused tetanus, there is no relaxation between the 

contraction phases. In Clonus or incomplete or unfused tetanus, there are 

periods of incomplete relaxation between the maintained contractions. While 

the frequency of the action potentials progressively increases to tetanizing 

frequency, the tension generated in the muscle gradually rises and summated 

until a maximal tetanic tension is reached. Beyond this, tension does not 

increase further with increase in frequency of the action potentials. 

The critical frequency (CF) at which summation of contractions occur 

differs from muscle to muscle since it depends on the twitch duration of a 

fiber. 

                                                                                 1 

                   Critical Frequency    =   ------------------------------------ 

                                                               Twitch duration (in sec) 

For example, a fiber has twitch duration of 10 ms or 0.01s. The CF for this 

fiber will be 1/0.01s = 100/s. When a muscle is stimulated with a frequency 

more than CF, summation of contractions occurs. Stimulation of the muscle 

with less than CF produces distinct contractions with intermittent relaxations. 

A fast muscle needs a larger CF and a slow muscle needs a smaller CF to 

summate the contractions. The tension generated during a complete tetanus is 

usually about four times that of a single twitch. Following a single action 

potential, enough Ca2+ is released to expose all the myosin binding sites on 

actin molecules. But, the attachment of activated myosin heads to these sites 

takes time. Also, the Ca2+concentration starts decreasing as the pumping back 



 

Figure 11: staircase phenomenon 

 

 

Figure 12: Frequency summation and tetanization
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of Ca2+into the sarcoplasmic reticulum commences immediately. Therefore, 

all the cross-bridges are not engaged and the tension generating mechanism is 

not saturated. In a tetanic contraction, more and more Ca2+ is released with 

each successive action potential, exhausting the pumping-back mechanism. 

Thus, the cytosolic calcium remains at a constantly high level so that all the 

myosin-binding sites on the thin filaments are available. Therefore, the tension 

generated during tetanic contraction is very high. Such contraction occurs in a 

disease called tetanus caused by the clostridium tetani(12) 

POST-TETANIC POTENTIATION 

When a single stimulus is applied to a muscle immediately after the 

tetanic contraction is over, the amplitude of contraction is higher than that of a 

single twitch. This phenomenon is known as post-tetanic potentiation. 

Following tetanic contraction, the released Ca2+ takes some time to be 

pumped back into the sarcoplasmic reticulum. This left‑over Ca2+ is added to 

the Ca2+ released by the next stimulus resulting in a higher cytosolic Ca2+  

level and, therefore, a bigger contraction.(12) 

LENGTH-TENSION RELATIONSHIP 

Isometric tension developed in a muscle depends on the initial length of 

the muscle. For the isometric tension to be recorded in an experimental 

set‑up, the ends of the muscle are attached to two fixing points so that 

changing the distance between the fixing points can alter the length of the 

muscle.  
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When the muscle fiber is stretched, the tension registered by it is 

known as the passive tension, which is due to the elongation of the elastic 

titin filaments, not due to activation of the contractile elements. If this 

stretched muscle is stimulated, the tension developed by it is known as the 

total tension. At any length, the amount of tension actually generated by the 

cross‑bridge movements is known as the active tension, which is the 

difference between the two values, which is the total tension minus passive 

tension. 

The length-tension relationship graph shows (Figure 13) that within 

physiological limit, the tension in the muscle increases, as the length is 

gradually increased. The length of the muscle prior to contraction is called the 

initial length. The length of the muscle at which it develops maximal 

isometric active tension is known as the optimal length or resting length, 

beyond which the tension generated on stimulation decreases until the muscle 

fibers are torn by the stretch. It has been found that when the skeletal muscles 

in the body are relaxed, if the tendon is cut from its bony attachment, the 

muscle shortens about 20%. This indicates that the skeletal muscles are under 

certain degree of stretch in the resting state. Experiments have shown that this 

degree of stretch of resting muscles generates maximum tension on 

stimulation. Therefore, the term ‘resting’ length is used to describe the muscle 

length at which maximum response is produced when it is stimulated.(20) 
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LENGTH-TENSION RELATIONSHIP IN A SARCOMERE 

The length-tension relationship in skeletal muscle has been explained 

by the sliding filament mechanism of muscle contraction described earlier. 

According to this mechanism, during contraction, the amount of tension 

generated depends on the total number of cross-linkages formed due to 

interaction between actin and myosin molecules. 

At resting length, there is utmost overlap between actin and myosin filaments 

that can lead to maximum tension development. As the muscle is stretched 

beyond this length, overlap between thick and thin filaments decreases 

progressively and the active tension developed declines proportionately, such 

that, when there is no overlap, the tension generated becomes nil. On the 

contrary, when the length becomes less than the resting length, overlap 

decreases and the tension declines. With extreme reduction in length, the thin 

filaments overlap each other in the center of the sarcomere so that the binding 

sites on actin are in the bare area of the thick filaments, producing minimal 

tension. The optimal sarcomeric length in frog muscle is 2.0–2.2 μm. 

LOAD-VELOCITY RELATIONSHIP 

When a muscle contracts against a load (isotonic contraction), the 

velocity of fiber shortening is inversely proportional to the degree of load. 

When there is no load, the muscle contracts with maximum velocity and the 

velocity decreases with increasing load on the muscle. When the load 

becomes equal to the maximal isometric tension the muscle can develop, the 

shortening velocity is zero. If the load increases further, the muscle lengthens. 
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This load-velocity relationship is a common experience in our day-to-day life. 

As we know, light objects can be lifted faster than heavy objects. Figure 14 

shows relation of load to velocity of contraction in a skeletal muscle. 

The rate of cross‑bridge cycling in a muscle, which depends on its 

ATPase activity, determines the shortening velocity of that muscle. In general, 

a light load offers less resistance to the sliding of the filaments so that thin 

filaments move quickly over thick filaments allowing few cross‑bridges to 

form at a time, producing less tension and faster contraction. On the contrary, 

increasing the load on a cross-bridge slows its forward movement during a 

power stroke and reduces the ATP hydrolysis; the slower contraction allows 

more time for actomyosin interaction and greater tension development. Now, 

if we correlate both the length-tension and load velocity relationships in a 

skeletal muscle, we can derive that for any given load, the shortening velocity 

is maximal when the muscle is at its resting length. When a muscle is 

stretched by a load prior to start of contraction, the condition is known as free-

loaded (pre-loaded); and when the load is applied to the muscle after it starts 

contracting, the condition is called after-loaded.(20) 

ENERGY SOURCES IN SKELETAL MUSCLE 

Adenosine Tri-phosphate 

Adenosine Tri-phosphate (ATP) is the immediate source of energy for 

contraction in skeletal muscles. During ATP hydrolysis, the terminal high-

energy phosphate bond of ATP splits to form ADP and Pi, with release of 7.3 

kcal for each mole of ATP hydrolyzed. The functions of ATP are as follows: 



 

Figure 13: Relation of muscle length to tension in the muscle bothbefore 

and during muscle contraction 

 

 

Figure 14: Relation of load to velocity of contraction in a skeletal muscle 
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1. It supplies the energy required for cross-bridge movement during 

muscle contraction. 

2. ATP binding to myosin breaks the actin-myosin interaction and allows 

the cross-bridge cycle to continue. 

3. It provides energy to the Ca2+-Mg+ ATPase pump that transports Ca2+ 

back into the SR and initiates relaxation. 

4. The Na+-K+ pump in the sarcolemma utilizes the energy derived from 

ATP hydrolysis to maintain the membrane excitability (RMP). 

In resting muscle, less ATP molecules are present in the sarcoplasm. 

Once contraction is initiated, ATP store can sustain contraction for fraction of 

a second. For contractions to continue, muscle requires an enormous supply of 

ATP, which has to be generated immediately. ATP is regenerated by the 

addition of one phosphate group to ADP by three pathways: 

1. Phosphorylation of ADP by creatine phosphate 

2. Oxidative phosphorylation of ADP in the mitochondria 

3. Phosphorylation of ADP by the breakdown of glucose to CO2 and 

H2O.(20) 

Creatine Phosphate 

Creatine phosphate (CP) is also called phosphorylcreatine. 

Phosphorylation of ADP by creatine phosphate is a very rapid, non-oxidative 

process, which provides ATP by transfer of a phosphate group from CP to 

ADP, catalyzed by the enzyme creatine kinase (CK). The concentration of CP 

is about five times that of ATP in the resting muscle. The above reaction is 
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stimulated by a fall in ATP and a rise in ADP concentration. The amount of 

ATP that can be formed is limited by the initial concentration of CP in the 

sarcoplasm. The ATP supplied by this mechanism sustains contractions for a 

few seconds. During recovery period, the concentration of CP is restored back 

to the normal level by addition of ATP formed by glycolysis to creatine. Also 

some mitochondrial ATP transfers its phosphate group to creatine. As the 

levels of ATP and CP fall, other mechanisms are activated to provide ATP to 

the contracting muscle. At rest and during light exercise, muscle utilizes free 

fatty acids as its energy source. During moderate to heavy exercise 

metabolism of glucose and glycogen has the primary role to generate ATP. In 

the presence of O2, aerobic glycolysis takes place, the end products being 

CO2, H2O and 38 molecules of ATP. If the O2 supply is inadequate, anaerobic 

glycolysis delivers lactic acid and 2 ATP per molecule of glucose.(20) 

Oxygen Debt 

During rapid strenuous activity, even with the high respiratory rate and 

maximum possible dilation of the blood vessels, ATP generated by aerobic 

glycolysis is not rapid to meet with body’s energy need. In that case, 

anaerobic glycolysis occurs to fulfill the ATP demand. For example, when a 

person runs for an hour, around 95% of the energy spent comes from aerobic 

glycolysis and only 5% from anaerobic glycolysis whereas in a 100 meter 

dash completed in 10 seconds, 85% of the energy is derived from anaerobic 

glycolysis. After the exercise is over, body has to accomplish the following 
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functions: Convert the surplus lactate into pyruvate, Replenish the ATP and 

CP stores in the muscle, and to replaced the O2 that came from myoglobin. 

For all the above functions, O2 is required. Therefore, even after the 

termination of the exercise, the respiratory rate remains high for some time 

according to the severity of the exercise. The amount of extra oxygen taken 

up by the body above the basal O2 consumption following exercise is 

known as oxygen debt.(20) 
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CLASSIFICATION OF FIBER TYPES IN SKELETAL MUSCLES(21) 

 Type 1 Type IIA Type IIB 

Other names 
Slow, Oxidative 

(SO) 

Fast, Oxidative, 

Glycolytic 

(FOG) 

Fast, Glycolytic 

(FG) 

Colour Red Red White 

Myosin ATPase 

activity 
Slow Fast Fast 

Ca2+-pumping 

capacity of 

sarcoplasmic 

reticulum 

Moderate High High 

Diameter Small Large Large 

Glycolytic capacity Moderate High High 

Oxidative capacity High Moderate Low 

Associated Motor 

Unit Type 
Slow (S) 

Fast Resistant to 

Fatigue (FR) 

Fast Fatigable 

(FF) 

Membrane potential = –90 mV 
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MOTOR UNITS 

A motor unit consists of a single motor neuron, its axonal branches and 

all the muscle fibers supplied by them (Figure 15). The cell bodies of motor 

neurons are present in the anterior horn of the spinal cord. A single motor 

neuron branches out and innervates many muscle fibers. When a motor neuron 

discharges, contraction is produced in all the muscle fibers supplied by it. The 

size of a motor unit can be large or small depending on the number of muscle 

fibers innervated by it. In the intrinsic muscles of the hand, one motor neuron 

innervates less than ten muscle fibers so, stimulation of a motor unit produces 

a small rise in tension. The back muscles have hundreds or even thousands of 

muscle fibers per motor unit, where activation of a single motor unit causes a 

large increase in tension. 

At the resting state of the muscle, hardly any motor unit is activated. 

When a single motor neuron discharges, there is some rise in tension in the 

muscles of the concerned limb. If a greater total tension has to be attained, 

additional motor neurons fire and there is increase in the number of active 

motor units. The process of activating more number of motor units is called 

recruitment of motor units. In hand muscles, gradual activation of motor units 

produces a stepwise increase in muscle tension because, with activation of 

each new unit, a small amount of tension is added. As the tension goes up in a 

graded manner, it can precisely be regulated. Therefore, the muscles carrying 

out skilled movements have smaller motor units, for which finer regulation of 

muscle tension is of primary importance. In contrast, in back muscles, with 



 

 

Figure 15: MOTOR UNIT 
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recruitment of additional motor units, each time a huge amount of tension is 

added. Therefore, the back muscles are useful in maintenance of posture, as 

there is need to develop a greater tension to resist the downward pull of the 

gravity. 

All the muscle fibers in a motor unit are of the same type, i.e. the 

muscle fibers innervated by a spinal motor neuron are either oxidative or 

glycolytic in nature. Based on this, the motor units can be designated as 

oxidative or slow and glycolytic or fast motor units. Usually the large 

diameter, fast conducting motor neurons innervate the muscle fibers of the fast 

motor units and the small diameter, slow conducting motor neurons innervate 

muscle fibers of the slow motor units. This is called the size principle. As the 

strength of contraction gradually increases, the small motor units are recruited 

initially, followed by the recruitment of large motor units. Thus, during the 

activity of mild to moderate intensity, the less fatigable, oxidative fibers 

mostly take 

part in the contractile activity, whereas the glycolytic fibers are recruited 

during more intense contraction. In general, a muscle has both types of motor 

unit.(20) 

 

HEAT PRODUCTION IN MUSCLE 

Thermodynamically, the energy supplied to a muscle must equal its energy 

output. The energy output appears in work done by the muscle, in energy-rich 

phosphate bonds formed for later use, and in heat. The overall mechanical 
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efficiency of skeletal muscle (work done/total energy expenditure) ranges up 

to 50% while lifting a weight during isotonic contraction and is essentially 0% 

during isometric contraction. Energy storage in phosphate bonds is a small 

factor. Consequently, heat production is considerable. The heat produced in 

muscle can be measured accurately with suitable thermocouples. 

Resting heat, the heat given off at rest, is the external manifestation of 

basal metabolic processes. The heat produced in excess of resting heat during 

contraction is called the initial heat. This is made up of activation heat, the 

heat that muscle produces whenever it is contracting, and shortening heat, 

which is proportional in amount to the distance the muscle, shortens. 

Shortening heat is apparently due to some change in the structure of the 

muscle during shortening. 

Following contraction, heat production in excess of resting heat continues 

for as long as 30 min. This recovery heat is the heat liberated by the 

metabolic processes that restore the muscle to its precontraction state. The 

recovery heat of muscle is approximately equal to the initial heat; that is, the 

heat produced during recovery is equal to the heat produced during 

contraction. 

If a muscle that has contracted isotonically is restored to its previous 

length, extra heat in addition to recovery heat is produced (relaxation heat). 

External work must be done on the muscle to return it to its previous length, 

and relaxation heat is mainly a manifestation of this work.(21) 
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MUSCLE FATIGUE 

When a skeletal muscle is repeatedly stimulated, the tension developed 

by the muscle gradually decreases, even though the stimulation continues. The 

decrease in muscle tension as a result of previous contractile activity is known 

as muscle fatigue. There is decline in the amplitude of contraction as well as 

the shortening velocity, and the relaxation period is prolonged. Fatigue can be 

of early or late onset and the rate of its progress can be fast or slow..(20) 

FACTORS THAT AFFECT ONSET OF FATIGUE  

The degree, duration and type of work done are the important factors that in 

general affect the onset of fatigue.  

1. The weight to be lifted.  

2. Frequency of contractions.  

3. Motivation.  

4. Blood supply to contracting muscles.  

5. Training.  

6. Obesity. 

7. Environmental factors such as temperature, humidity and pollution 

affect the onset of fatigue. 

Phenomenon of human fatigue can be studied by using Mosso’s Ergograph 

and Hand grip dynamometer. The erg is the unit of work and ergograph is 

the apparatus used for recording voluntary contractions of skeletal muscle in 

humans. The Mosso’s ergograph is employed not only to assess the 
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performance of hand and forearm muscles but also to study the phenomenon 

of fatigue and the factors that affect fatigue. 

MOSSO’S ERGOGRAPH 

Mosso's ergograph consists of a flat wooden board with 2 pairs of 

clamps and curved plates to fix, hold, and steady the forearm of the subject 

(Figure 16-A). There is a pair of metal tubes into which index and ring fingers 

are inserted. The middle finger remains free to be connected to a thick cord 

and hook. A sliding plate that can move to and fro carries a lever system to 

record muscle exertions on a kymograph cylinder. A sling fits over the middle 

finger, and a strong cord bearing a hook on which different weights can be 

hung. In some cases, the sliding plate can carry a chart paper on which a 

pencil or ballpoint pen can record the contractions. Work done can be 

calculated from the ergogram.(22) (Figure 19) 

HAND-GRIP DYNAMOMETER  

The hand-grip dynamometer is used for isometric exercise. It consists of 

two hollow metal tubes called handles which are connected together through a 

flexible springy metal strip. The whole apparatus can be held in the palm of 

the hand and when compressed squeezed, the metallic strip offers great 

resistance to compression (Figure 16-B).  A graduated pressure scale is 

provided between the two handles for directly recording the compressing 

force. Maximum voluntary contraction and endurance time can be calculated 

using hand grip dynamometer.(22) 

  



 

 

 

Figure 16: A.) MOSSO’S ERGOGRAPH & B.) DYNAMOMETER 
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NUTRITION 

The intake of food in relation to the body’s needs is defined as 

Nutrition. An adequate well balanced diet and the regular physical activity is 

said to be good nutrition. The consequences of the poor nutrition were reduced 

immunity, increased vulnerability to infections & diseases, impairment of 

physical and mental development and decreased productivity.(23) 

MALNUTRITION 

Deficiencies, excesses, or an imbalance in a person’s intake of energy 

and/or nutrients was referred to Malnutrition. The term malnutrition 

classified into 3 broad groups: undernutrition, micronutrient-related 

malnutrition, and overweight, obesity and diet-related noncommunicable 

diseases. Undernutrition includes wasting, stunting and underweight. Wasting 

means low weight-for-height, stunting means low height-for-age and 

underweight means low weight-for-age. Micronutrient-related malnutrition 

includes micronutrient deficiencies or micronutrient excess .i.e. lack of 

important minerals and vitamins. Diet-related noncommunicable diseases 

includes heart disease, stroke, diabetes and some cancers.(1)  

According to WHO 462 million adults were underweight and 1.9 billion 

were overweight or obese. In children with less than 5 years of age – wasting 

was noted in 52 million, severe wasting in 17 million, 155 million were 

stunted and 41 million were overweight or obese. Undernutrition accounts for 

45% of deaths among the children under 5 years of age. It occurs in low- and 

middle-income countries where the rates of childhood overweight and obesity 
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were rising. The social, economical, developmental and medical impacts of the 

global burden of malnutrition are serious. In this world, every country is 

affected with one or more forms of malnutrition. One of the greatest global 

health challenges is to combat malnutrition. Women, infants, children and 

adolescents are at particular risk of malnutrition. Optimizing nutrition early in 

life ensures the best possible start in life, with long-term benefits. Poverty 

amplifies malnutrition. Malnutrition reduces productivity, increases  health 

care costs, and slows economic growth.(1)  

On 1 April 2016, the United Nations (UN) General Assembly 

proclaimed 2016–2025 the United Nations Decade of Action on Nutrition. The 

Decade is an unprecedented opportunity for addressing all forms of 

malnutrition. It sets a concrete timeline for implementation of the 

commitments made at the Second International Conference on Nutrition 

(ICN2) to meet a set of global nutrition targets and diet-related NCD targets by 

2025, as well as relevant targets in the Agenda for Sustainable Development by 

2030.(1)  

WHO aims for a world free of all forms of malnutrition, where all 

people achieve health and wellbeing. According to the 2016–2025 nutrition 

strategy, WHO works with Member States and partners towards universal 

access to effective nutrition interventions and to healthy diets from sustainable 

and resilient food systems.(1)  
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Overweight and obesity are defined as abnormal or excessive fat 

accumulation that may impair health. Body mass index (BMI) is a simple 

index of weight-for-height that is commonly used to classify overweight and 

obesity in adults. It is defined as a person's weight in kilograms divided by the 

square of his height in meters (kg/m2).(24) 

 According to WHO and Asia pacific guidelines for obesity, BMI of 23 

– 24.9 is underweight  and BMI of greater than or equal to 25 is obesity.(25) 

Raised BMI is a major risk factor for noncommunicable diseases such as 

cardiovascular diseases mainly heart disease and stroke, which were the 

leading cause of death in 2012;diabetes;musculoskeletal disorders especially 

osteoarthritis – a highly disabling degenerative disease of the joints; some 

cancers including endometrial, breast, ovarian, prostate, liver, gallbladder, 

kidney, and colon.(24) 

The risk for these noncommunicable diseases increases, with increases 

in BMI.Childhood obesity is associated with a higher chance of obesity, 

premature death and disability in adulthood. But in addition to increased future 

risks, obese children experience breathing difficulties, increased risk of 

fractures, hypertension, and early markers of cardiovascular disease, insulin 

resistance and psychological effects.(24) 

Many low- and middle-income countries are now facing a "double 

burden" of disease. While these countries continue to deal with the problems 

of infectious diseases and undernutrition, they are also experiencing a rapid 

upsurge in noncommunicable disease risk factors such as obesity and 
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overweight, particularly in urban settings. It is not uncommon to find 

undernutrition and obesity co-existing within the same country, the same 

community and the same household.(24) 

Children in low- and middle-income countries are more vulnerable to 

inadequate pre-natal, infant, and young child nutrition. At the same time, these 

children are exposed to high-fat, high-sugar, high-salt, energy-dense, and 

micronutrient-poor foods, which tend to be lower in cost but also, lower in 

nutrient quality. These dietary patterns, in conjunction with lower levels of 

physical activity, result in sharp increases in childhood obesity while 

undernutrition issues remain unsolved.(24) 

The double burden of malnutrition is characterised by the coexistence 

of undernutrition along with overweight and obesity, or diet-related 

noncommunicable diseases, within individuals, households and populations, 

and across the life course.(26) 

Skeletal muscle function indices have been advocated for the 

assessment of nutritional status.(7) Changes in the muscle function such as 

contractility, relaxation rate and endurance may precede body composition 

changes and may help detect functional impairment at subclinical levels.(8) 

This study therefore, was initiated to test the hypothesis that altered nutritional 

status is associated with poor functional ability as a first step towards 

understanding the role of nutrition in the muscle functions of young adult 

population. 
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MATERIALS & METHODS 

MATERIALS 

STUDY DESIGN:  

This is a Cross Sectional study. 

STUDY PLACE: 

 This study was performed in the research laboratory of the Department of 

Physiology, Coimbatore Medical College, Coimbatore. 

STUDY PERIOD: 

 Study period was for one year. The study period extended from January 

2018 to December 2018. 

STUDY POPULATION: 

About 200 male Persons belonging to the age group of 18-25yrs were 

recruited after obtaining informed written consent to participate in the 

study.  

The ethical committee of the Coimbatore Medical college approval was prior 

to the commencement of the study. 

INCLUSION CRITERIA: 

1. Healthy males 

2. Age: 18-25 years. 
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EXCLUSION CRITERIA: 

1. Women. 

2. Smokers & Alcoholics. 

3. History of Neuromuscular disorders. 

4. Presence of Neurological problems & systemic illness. 

5. Presence of diabetes mellitus, hypertension & Thyroid disorders. 

6. Those who refused to consent for the study. 

 

SELECTION OF SUBJECTS: 

 The subjects were 200 healthy male students from the Coimbatore Institute 

of Technology (CIT), Coimbatore were recruited to the study. The subjects 

were explained in detail about the study and informed written consent was 

obtained. 

 

MATERIALS USED FOR THE STUDY 

1. Proforma – To obtain detailed history and to record the clinical 

examination findings.  

2. Portable standard weighing machine – to record the body weight in 

kilograms. 
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3. Stadiometer – was used to measure the standard height of the subject in 

centimetres. 

4. Mosso’s ergograph – was used to calculate the Work done in Kg.m2.s-2 

5. Hand grip dynamometer – was used to measure the Maximum 

Voluntary Contraction in Kilograms (MVC) and Endurance Time in 

seconds (ET). 

 

METHODOLOGY 

 The institutional ethical committee approval was obtained prior to the 

commencement of the study and the subjects were selected and grouped. The 

subjects in this study included healthy males aged 18-25 years. The procedure 

was explained in detail to the subjects. Informed written consent form was 

obtained from the subjects who were willing to participate in the study and the 

study was carried out. 

 

PRE-REQUISTES: 

1. Subjects are requested not to take any nutritional supplements or 

ergogenic aids atleast for two weeks prior to the study. 

2. Subjects are also advised not to consume any of the supplements during 

the course of the study. 
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STUDY PROTOCOL: 

1. Detailed history was elicited from the subjects. 

2. MEASUREMENT OF WEIGHT  

Weight of the subject was measured using a portable standard weighing 

machine. Weight in kilograms was recorded. The weight of the subjects 

was recorded on the same platform beam balance, with barefoot and 

with minimum clothing on the body. The subject was made to stand 

erect on the centre of the platform without touching anything. Weight 

of the subjects was recorded in kilograms upto an accuracy of 

100grams. 

 

3. MEASUREMENT OF HEIGHT  

 Height of the subject was measured using stadiometer. Height in 

centimetres was measured. The subject was made to stand on a flat 

floor without wearing shoes with feet parallel and with heels, buttocks, 

shoulders and back of the head touching the rod. The head was held 

perfectly erect with lower border of the orbit placed in the same 

horizontal plane as the external auditory meatus and arms hanging by 

the sides in normal manner. By using this vertical measuring rod, 

height was measured. A wooden block was gently lowered to make 

contact with pressure just to crush the hair and the reading was taken. 
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4. BODY MASS INDEX 

Body mass index was calculated using the Quetelet's index. 

                                                       Weight in kg 

                        BMI = 

                                                 Height in meter square 

According to WHO and Asia pacific guidelines for obesity, the subjects 

were classified into underweight (<18.5 kg/m2), normal (18.5–22.9 

kg/m2), overweight (23–24.9 kg/m2), and obese (≥25 kg/m2).  

 

5. MUSCLE STRENGTH AND ENDURANCE TIME 

 Muscle strength and endurance time were measured using Hand 

grip dynamometer. Handgrip dynamometer consists of two parallel 

metallic hollow bars called the handles. These are connected together 

through a flexible elliptical metallic strip. The whole apparatus can 

conveniently be held within the palm and when compressed, metallic 

strip offers a great deal of resistance to compression. A graduated 

pressure scale is also provided between the bars for direct estimation of 

compression force. 

 The subjects were allowed to study the instrument for a short 

time. The subjects were asked to hold the dynamometer in right hand 

so as to have a full grip of it (Figure 17B & 18B). Then they were 

instructed to close their eyes and to compress the handles with 

maximum effort. The tension developed was measured. The whole 

procedure was repeated with a one minute interval and second reading 



59 
 

was measured. Maximum voluntary contraction (MVC) or skeletal 

muscle strength in kilograms were measured using the mean of the two 

readings. 

 Endurance time was measured by 60-80% of the MVC. It is 

the time of onset of fatigue while performing isometric exercise on 

handgrip dynamometer.(22) 

 

6. WORK DONE 

 Work done was measured using Mosso's ergograph. It consists 

of, wooden board fitted with two pairs of clamps for fixing the forearm 

of the subject and a pair of finger holders for fixing the index and ring 

fingers in position. A hook attached to cord, is made to hang over the 

pulley. The other end of the cord is attached to a sliding plate which 

moves to and fro. The sliding plate is fitted with a chart holder to 

record the movements. The other end of the plate is connected through 

a sling to the middle finger of the hand. A ballpoint pen was fitted 

vertically over the chart paper so as to record the movements of the 

chart holder when it moves. Spring loaded writing device or ball point 

pen was arranged in the Mosso’s ergograph and paper on the platform 

underneath. 

 The forearm of the subjects was fixed on the ergograph by the 

means of clamps. The middle finger was put in the loop to be pulled, 

and the index and ring finger was inserted into the fixed metal tubes 
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provided in the ergograph. The subject position and various adjustable 

points in the ergograph were adjusted in such a way that the forearm is 

properly fixed, and at the same time the subject is comfortable. With 

the middle finger extended a weight of 3Kg is suspended. The weight 

should be such that the subject must exert a real effort to lift it up. The 

metronome was set at one beat per two seconds i.e. to a frequency of 

30/min. The subjects were asked to make a series of maximal 

contractions without moving the shoulder at regular intervals following 

the beat of the metronome (Figure 17A & 18A). Continue the 

contractions until the fatigue is so great that weight can no longer be 

moved.(22) 

 The work done (W) is calculated from the force i.e. weight lifted 

(F) and the total distance (D) moved as revealed by the lines on the 

paper, (Figure 20) 

W = F x D, 

Where W: Work done (in kg.m2.s-2) 

F: weight lifted (in kg) x Acceleration due to gravity (9.8 m.s-2) 

D: Total distance moved (in meters) 

To get the total distance (D) moved, 

D (m) = No.of.Contractions X Average height of contraction (A 

in m), where       

                         Area of triangle (1/2 base x altitude) + Area of rectangle (side × side) 

        A  =     

                                    Total length of the base 

 



FIGURE 17A: RECORDING OF WORK DONE USING MOSSO’S 

ERGOGRAPH 

 

FIGURE 17B: RECORDING OF MAXIMUM VOLUNTARY 

CONTRACTION AND ENDURANCE TIME USING HAND GRIP 

DYNAMOMETER 

 



FIGURE 18A: RECORDING OF WORK DONE USING MOSSO’S 

ERGOGRAPH 

 

 

 

FIGURE 18B: RECORDING OF MAXIMUM VOLUNTARY 

CONTRACTION AND ENDURANCE TIME USING HAND GRIP 

DYNAMOMETER

 



Figure 19: Ergogram 

 

 

 

Figure 20: Calculation Of Work Done 
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RESULTS 

 

STUDY POPULATION 

A total of 200 males were included in the study. Based on their BMI, 

subjects were classified into 4 groups:  underweight, normal, overweight and 

obese. Among them 50 were underweight, 50 were normal, 50 were 

overweight and 50 were obese. 

The mean age among the study population was 20.65. The mean weight and 

height was 70.79 and 172.77 respectively. The mean BMI was 23.63. 

Table 1: Data showing mean values of different parameters among study 

population 

Variables Subjects 

Participants N=200 

Mean Age (years) 20.65 

Mean Height (cm) 70.79 

Mean Weight (kg) 172.77 

Mean BMI 23.3 

 

Table 2: Data showing mean Age of the study participants 

Age-wise 

distribution 

of the study 

participants 

Minimum Maximum Mean 
Std. 

Deviation 

18 25 20.65 1.430 

 

Of the total 200 subjects who had participated in the study, the mean age was 

20.65.  
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Table 3: Age-wise frequency and percentage distribution of the study 

participants 

Age Frequency Percentage 

18 10 5.0 

19 35 17.5 

20 53 26.5 

21 44 22.0 

22 37 18.5 

23 17 8.5 

24 3 1.5 

25 1 .5 
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Table 4: Data showing mean values of different parameters among study 

population 

Variable Minimum Maximum Mean 
Std. 

Deviation 

Height 
164 179 172.77 3.49 

Weight 
49.00 94.00 70.79 12.3 

BMI 
17.10 31.20 23.63 3.90 
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Table 5: Data showing Height-wise distribution of the study participants 

Height (cms) Frequency Percentage 

165-170 59 29.5 

171-175 93 46.5 

176-180 48 24.0 

Total 200 100.0 
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Table 6: Group of subjects based on BMI 

 

BMI Category Frequency Percentage (%) 

Underweight 50 25.0 

Normal 50 25.5 

Overweight 50 25.0 

Obese 50 25.0 

Total 200 100.0 

 

Of the total 200 subjects, 50 were in the underweight group, 50 were in the 

normal BMI group, 50 were in the overweight group and 50 were in the obese 

group. 

 

25%

25%25%

25%

Distribution of the participants based on BMI

Underweight Normal Overweight Obese
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Table 7: Data showing Mean BMI of the study participants according to 

BMI category 

 

BMI Minimum Maximum Mean 
Std. 

Deviation 

Underweight 
17.10 18.50 18.26 .21 

Normal 
22.02 22.86 22.62 .19 

Overweight 
23.95 24.97 24.69 .21 

Obese 
26.12 31.20 28.93 1.26 
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Table 8: Data showing Maximum Voluntary Contraction (MVC) based 

on BMI category 

 

Maximum 

Voluntary 

Contraction 

(MVC) 

Minimum Maximum Mean 
Std. 

Deviation 

Underweight 7.00 12.00 8.88 1.37 

Normal 18.00 24.00 21.26 1.72 

Overweight 14.00 19.00 16.80 1.38 

Obese 10.00 16.00 12.70 1.43 
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Table 9: Data showing Endurance time based on BMI category 

 

Endurance 

Time 
Minimum Maximum Mean 

Std. 

Deviation 

Underweight 9.00 28.00 11.38 2.68 

Normal 2.00 42.00 31.16 5.31 

Overweight 25.00 32.00 28.16 1.41 

Obese 20.00 27.00 24.96 1.67 
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Table 10:  Data showing work done based on BMI category 

Work Done Minimum Maximum Mean 

Std. 

Deviation 

Underweight 22.00 35.00 25.80 2.25 

Normal 50.00 60.00 55.18 2.85 

Overweight 42.00 52.00 47.46 2.45 

Obese 26.00 40.00 34.84 3.67 
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Table 11:  Data showing Maximum Voluntary Contraction according to 

height Category 

 

Height 

Maximum Voluntary Contraction 

Minimum Maximum Mean 
Std. 

Deviation 

165-170  

cms 
7.00 24.00 12.71 4.98 

171-175 

cms 
7.00 24.00 14.88 4.51 

176-180 

cms 
8.00 24.00 17.66 3.92 
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Table 12:  Data showing Endurance time according to height Category 

 

Height 

(Cms) 

Endurance Time 

Minimum Maximum Mean 
Std. 

Deviation 

165-170 2.00 34.00 19.69 8.72 

171-175 cms 9.00 42.00 24.24 7.70 

176-180 cms 12.00 42.00 28.45 5.63 
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Table 13:  Data showing Work done according to height Category 

 

Height 

Work Done 

Minimum Maximum Mean Std. Deviation 

165-170  cms 22.00 52.00 33.00 10.42 

171-175 cms 25.00 57.00 40.69 9.93 

176-180 cms 30.00 60.00 50.66 8.67 
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Table 14:  Data showing association of BMI with MVC using ANOVA 

 

 

  

 
Sum of 

Squares 
Df 

Mean 

Square 
F statistics P value 

Between 

Groups 
4256.980 3 1418.993 

641.723 .000 
Within 

Groups 
433.400 196 2.211 

Total 4690.380 199  
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Table 15: ANOVA shows statistical difference within the groups. Further 

posthoc analysis by Bonferroni correction was done to identify the 

individual group’s difference 

Maximum 

Voluntary 

Contraction 

Mean 
Std. 

Deviation 

Mean 

difference 

from Normal 

with 95% CI 

P value 

Underweight 8.88 1.37 
12.38 

(11.75-12.96) 
<0.001 

Normal 21.26 1.72 -  

Overweight 16.80 1.38 
4.46 

(3.87-7.97) 
<0.001 

Obese 12.70 1.43 8.56(7.9-9.14) <0.001 

 

Maximum voluntary contraction is reduced in underweight, overweight and 

obese individuals when compared to normal individuals. The difference was 

statistically significant with the P value of <0.001. 
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Table 16: Data showing association of BMI with Endurance time using 

ANOVA 

 

Sum of 

Squares 

Df 

Mean 

Square 

F statistics P value 

Between 

Groups 

11436.415 3 3812.138 

378.292 

 

.000 

 Within 

Groups 

1975.140 196 10.077 

Total 13411.555 199  
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Table 17: ANOVA shows statistical difference within the groups. Further 

posthoc analysis by Bonferroni correction was done to identify the 

individual group’s difference 

 

Endurance Time Mean 
Std. 

Deviation 

Mean 

difference 

from Normal 

with 95% CI 

P value 

Underweight 11.38 2.68 
19.78(18.52-

21.03) 
<0.001 

Normal 31.16 5.31 -  

Overweight 28.16 1.41 3(1.74-4.25) <0.001 

Obese 24.96 1.67 6.2(14.94-7.45) <0.001 

 

Endurance time is reduced in underweight, overweight and obese individuals 

when compared to normal individuals. The difference was statistically 

significant with the P value of <0.001. 
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Table 18:  Data showing association of BMI with Workdone using 

ANOVA 

 

 
Sum of 

Squares 
Df 

Mean 

Square 
F statistics P value 

Between 

Groups 
25583.000 3 8527.667 

1040.400 

 

.000 

 
Within 

Groups 
1606.520 196 8.197 

Total 27189.520 199  
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Table 19: ANOVA shows statistical difference within the groups. Further 

posthoc analysis by Bonferroni correction was done to identify the 

individual group’s difference 

 

Work Done Mean 
Std. 

Deviation 

Mean 

difference 

from Normal 

with 95% CI 

P value 

Underweight 25.80 2.25 
29.38(28.25-

30.5) 
<0.001 

Normal 55.18 2.85   

Overweight 47.46 2.45 7.72(6.59-8.84) <0.001 

Obese 34.84 3.67 
20.34(19.21-

21.46) 
<0.001 

 

Work done is reduced in underweight, overweight and obese 

individuals when compared to normal individuals. The difference was 

statistically significant with the P value of <0.001. 
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DISCUSSION 

Major determinant of nutritional and health status of adult life depends 

upon nutritional status in adolescent life. Globally, including India, health 

hazards associated with undernutriton and micro-nutrient deficiencies remain  a 

major public health problem. The past three decades have witnessed the 

emergence of overnutrition as a problem in adolescent children in developed 

countries and in affluent urban segments in developing countries. Also 

overweight adolescent children are at higher risk of becoming obese adults and 

thereby incurring a higher risk of developing non-communicable diseases. 

Studies also suggest that during nutrition transition, under nutrition in childhood 

and adolescence may increase the risk of diabetes and hypertension in adult life, 

thereby resulting in “dual nutrition burden”. This study has evaluated the 

nutritional status of adolescent young individuals and the effect of nutritional 

status on muscle functions.  

Because of increased muscle mass and less body fat, males are found to 

be  physically stronger than females.(27)(28)(29) Regular physical activity was 

not performed by large group of population despite of knowing their benefits. 

Due to lack of physical activity, diabetes and cardiovascular disease are 

prevailing in the community. Both in men and women, the muscle performance 

was determined by one of the important factor called muscle strength.(30) 

Muscle performance was determined by many factors which include age, sex, 

height, and physical build. Because of multiple variables, men were able to 

perform better than women. According to national strength and conditioning 
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association, though the women were physically built as men, they had only two-

thirds of muscle mass..(31) 

Based on the cross-sectional area of the muscle and body size, there is 

difference in strength of the muscles in males. According to many studies it has 

been stated that the strength of the muscles of lower limb is almost equal to 

strength of the muscles of upper limb. Many studies on physical education have 

explained differences in gender in the area of competence of beliefs and the 

influence of gender based bias in self-perceptions of competence. Women were 

able to  easily perform the activities like lunges and squats when compared to 

pull-ups and push-ups. Muscular endurance is defined as the ability of group of 

muscles to contract for long periods of time.  Though men have more muscle 

mass than women, the  muscular endurance is not always more in men.(32) 

Variables like hormones, genetics and training may influence gender 

difference of muscular endurance.(33) In males testosterone helps in building 

lean body mass or muscle mass. When compared to female, males have more 

levels of testosterone and body mass or muscle. In both males and females, the 

muscle tissue are same but the difference in fibers depends on genetic characters 

and their regular physical activities.(33) 

The important factor which increases muscle strength, muscular 

endurance and performance of the individual is training. However, physical 

activity is commonly seen among both sexes, in the modern world. The strength 

of the muscles decreases because of physical inactivity. As a result there is 
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increased risk of impaired glucose tolerance, hip fractures and decreased bone 

mineral density. These changes result in many disorders and diseases such as 

atherosclerosis, osteoporosis and diabetes mellitus which in turn lead to 

complications that will impair the activities of daily living.(34) 

 This study has generated preliminary function data of selected sample 

of young adult male population who have been categorized into normal, 

underweight, overweight and obese based on their BMI according to Asia-

Pacific guidelines.(25) The body mass index (BMI) is not a direct measure of 

body fat but is the most useful indicator and most widely investigated, to date, of 

health risk associated with altered body composition, both underweight and 

overweight. 

In our study population the muscle functions like work done, handgrip 

strength, and endurance time of normal subjects was higher than the 

underweight, overweight and obese.  

The mean value of Workdone in normal subjects was 55.18 Kg.m2.s-2 

which was higher than underweight, overweight and obese with the mean value 

of 25.80 Kg.m2.s-2, 47.46 Kg.m2.s-2, and 34.84 Kg.m2.s-2 respectively. 

The mean value of Maximum Voluntary Contraction in normal subjects 

was 21.26 Kgs which was higher than underweight, overweight and obese with 

the mean value of 8.88Kgs, 16.80Kgs, and 12.70Kgs respectively. 
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The mean value of Endurance Time (ET) in normal subjects was 31.16 

Seconds which was higher than underweight, overweight and obese with the 

mean value of 11.38 Seconds, 28.16 Seconds, and 24.96 Seconds respectively. 

Our study results was similar with study conducted by V.Abirami et al 

which concluded that the muscle functions like work done, handgrip strength, 

and endurance time of normal subjects was higher than the underweight and 

obese.(35) 

Studies have also shown that handgrip strength is both a highly 

sexually dimorphic and lateralized anthropometric measurement.(36)(37) 

Differences in muscle mass ,muscle metabolism and gender specific muscle fibre 

characteristics and higher levels of androgenic hormones are the primary 

explanations for the differences in performance between males and 

females.(38)(39) Oestrogen tends to produce deposition of fat in females. As 

boys and girls mature, boys tend to have higher measures of fat-free mass than 

girls. 

According to the study Smisha Mohan et al concludes that higher muscle 

strength was seen among males in both extremities compared to females. This 

could be mainly to genetic factors and hormonal differences between both sexes. 

Higher muscle function could be achieved by training of the muscles.(40)  

Ruth E. Farmer et al study analysis does not support the healthy obese 

concept, with no evidence that the adverse effect of obesity on outcomes was 

reduced by improved muscle quality. Lower Hand Grip Strength was associated 
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with increased risks of mortality in both observational and MR analysis, 

suggesting reverse causality may not be the sole explanation.(41) 

According to Kim Y, et al study, Lower grip strength and excess adiposity are 

both independent predictors of higher mortality risk. The higher mortality risk 

associated with excess adiposity is attenuated, although not completely 

attenuated, by greater Grip Strength. Interventions and policies should focus on 

improving the muscular strength of the population regardless of their degree of 

adiposity.(42) 

According to Y Kim et al study, linear regression revealed strong inverse 

associations for Body Mass Index and Waist Circumference, and positive 

associations for Grip Strength with follow-up Physical Activity. More 

pronounced obesity and poor strength at baseline independently predict lower 

activity levels at follow-up.(43) 

According to Youngwon Kim et al study Individuals with higher Cardio 

Respiratory Fitness (CRF) showed lower risks of all cause, Cardiovascular 

disease and cancer mortality; those with higher Grip strength had lower all-cause 

mortality. All-cause and Cardiovascular disease mortality risk was lowest in 

adults with both higher CRF and higher. Improving both Cardiorespiratory 

Fitness and muscle strength, as opposed to either of the two alone, may be the 

most effective behavioural strategy to reduce all-cause and cardiovascular 

mortality risk.(44) 



84 
 

In our study, normal group was characterized by enhanced muscle 

strength and greater endurance and increased work output when compared to 

underweight group. There have been studies reporting that objective functional 

changes in muscle contraction are more sensitive than changes in the 

composition of the body in detecting undernutrition and monitoring 

repletion.(8)(45) The exact mechanisms of muscle dysfunction in relation to 

nutritional state remain unclear, although various hypothesis and inferences have 

been made regarding changes in ultrastructure and intracellular composition.(46) 

Underweight group were characterized by greater fatigability. The 

greater fatigability in underweight could be also due to low substrate level and 

poor mobilization of free fatty acids which is the important for muscular energy 

metabolism and alteration in muscle fibre pattern from type II to type I 

fibres.(47) 

The muscle strength, work done and endurance time in normal subjects 

were significantly greater than overweight and obese group. There are several 

possible reasons for the decreased muscle function in obesity such as lowered 

mitochondrial transport, disturbances in skeletal muscle lipolysis, etc. In obese 

patients, skeletal muscle has been observed to have reduced oxidative capacity, 

increased glycolytic capacity and a decreased percentage of type I fibres.(48)(49) 

An increase in IMAT (Inter Muscular Adipose Tissue) may be an 

important indicator of dysfunctional substrate metabolism in people with obesity 

and diabetes. Decreases in lean tissue and excessive IMAT infiltration explain 



85 
 

the mechanism of decreased muscle strength, power and function in individuals 

with obesity.(50) 

This study demonstrated that the muscle functions namely maximal 

voluntary contraction, endurance time and work done of normal subjects whose 

BMI was between 18.5 to 22.9 was higher than the underweight subjects with 

BMI less than 18.5 and with BMI more than 22.9.Skeletal muscle functions 

decreased in the order of underweight, Obese and overweight. 
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SUMMARY 

This study was designed to compare the muscle functions in normal, 

underweight, overweight and obese student population. This cross sectional 

study was conducted among 200 male subjects in the age group of 18 to 25 

years. 

Muscle function parameters namely Maximum Voluntary Contraction 

in Kgs (MVC), Endurance Time in seconds (ET) were measured using Hand grip 

dynamometer. Work done was calculated using Mosso’s ergograph. 

The mean value of Workdone in normal subjects was 55.18 Kg.m2.s-2 

which was higher than underweight, overweight and obese with the mean value 

of 25.80 Kg.m2.s-2, 47.46 Kg.m2.s-2, and 34.84 Kg.m2.s-2 respectively. 

The mean value of Maximum Voluntary Contraction (MVC) in normal 

subjects was 21.26 Kgs which was higher than underweight, overweight and 

obese with the mean value of 8.88Kgs, 16.80Kgs, and 12.70Kgs respectively. 

The mean value of Endurance Time (ET) in normal subjects was 31.16 

Seconds which was higher than underweight, overweight and obese with the 

mean value of 11.38 Seconds, 28.16 Seconds, and 24.96 Seconds respectively. 

In our study population the muscle functions like work done, handgrip 

strength, and endurance time of normal subjects was higher than the 

underweight, overweight and obese. 
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CONCLUSION 

 

 Malnutrition is an imbalance between the nutrients the body needs and 

the nutrients body gets. Malnutrition includes both undernutrition and 

obesity. 

 Altered nutritional status is known to impact several physiological 

functions of the body. Poor nutritional status is an important 

determinant of health status. Early malnutrition would affect physical 

work capacity through an adverse effect on height, body mass and, 

more specifically muscle mass. 

 Skeletal muscle function indices have been advocated for the 

assessment of nutritional status. 

 Changes in the muscle function such as contractility, relaxation rate 

and endurance may precede body composition changes and may help 

detect the functional impairment at subclinical levels. 

 In our present study results showed that muscle function parameters is 

higher in normal group than underweight, overweight and obese 

individuals. We conclude that the normal subjects had greater muscle 

strength, work output and longer endurance than obese, overweight and 

underweight subjects.   

 One's nutritional status would lead to specific levels of body mass, 

which in turn has been found to correlate directly to muscle strength 

and endurance.  
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FUTURE SCOPE OF THE STUDY 

 

 Our study concluded that the normal subjects had greater muscle 

strength, work output and longer endurance than obese, overweight and 

underweight subjects. 

 This study is useful in assessing the role of nutrition and its impact on 

the muscle function in young adults. 

 This simple method of non-invasive measurement may provide 

nutritionists and medical professionals with valuable screening data, 

prior to further more invasive testing. 

 Higher muscle function could be achieved by training of the muscles. 

Hence, encouragement should be done to increase the physical activity 

in the modern world to lead a quality life. 

 We can extend the study to look for gender variation in muscle function 

among young adults. 
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ANNEXURES 



CONSENT FORM/ஒப்புதல்படிவம் 

 I_________________________, do hereby volunteer and consent to 

participate in this study “A Cross-sectional study of skeletal muscle strength, 

Work done and Endurance time in underweight, normal, overweight and 

obese population” being conducted by Dr.SANDEEP.S.  I have read and 

understood the consent form or it has been read and explained to me 

thoroughly. I am fully aware of the study details as well as aware that I may 

ask questions to her or withdraw from the study at any time. 

 

ரு.ச.சந்தீப், உடலிங்கில்துறம, க ோறை ருத்துைக்  ல்லூரி, அைர் ள், 

“இரம்பருைத்தினரின் எறடறயும் ற்றும் அைர் ளுறட தறசயின் 

சசல்போட்றடப்பற்றி  ஒரு ஒப்பீடு  ஆய்வு” 

என்ம தறயப்பில் கசோதறன சசய்ைதற்கு சம்தம் அளிக்கிகமன். இந்த ஆய்வில் 

சசய்முறம ற்றும் இது சதோடர்போன அறனத்து விரக் ங் றரயும் க ட்டுக்ச ோ

ண்டு எனது சந்கத ங் றரயும் சதளிவுபடுத்திச ோண்கடன்என்பறத  சதரிவித்துக்

ச ோள்கிகமன். இந்த ஆய்வில் என் விைங் ள் போது ோக் ப்படுைதுடன் இதன் 

முடிவு ள் ஆய்விதழில் சைளியிடப்படுைதில் ஆட்கசபறன இல்றய என்பறத 

சதரிவித்துக்கிகமன். 

 

Signature/Left thumb impression of the subject: 

Station: 

Date: 

 

Signature/Left thumb impression of the witness: 

Station: 

Date: 

  



PROFORMA 

 

Name   :   

Age      :                                                            

Sex      : 

Occupation     : 

Address           : 

H/O Present illness  : 

Past History              : 

Family History         : 

 

GENERAL EXAMINATION: 

Built &Nourishment : 

Pallor: 

Icterus: 

Clubbing: 

Cyanosis: 

Lymphadenopathy: 

Pedal edema: 

 

Height (m) Weight (kg) Body Mass Index 

   

 

VITALS: 

Temperature               : 

Pulse Rate                   : 

Blood Pressure            : 

Respiratory rate           :  



SYSTEMIC EXAMINATION: 

Cardiovascular system  : 

Respiratory system       :                                                                 

Abdomen                      : 

Central Nervous System : 

 

MUSCLE FUNCTION PARAMETERS: 

 

Maximal Voluntary 

Contraction (MVC) 

(in Kgs) 

Endurance Time 

(ET) 

(Sec) 

Work Done 

(Kg.m
2
.s

-2
) 

 
  

 

  



 

 
 
 

  

 

 

 

 

 

 

 

 

 

 

MASTER CHART 



Comparison of Muscle Function parameters like Maximum Voluntary 

Contraction, Endurance Time, Work done with Underweight, Normal, 

overweight and Obese Subjects. 

 

S.NO Age Sex 
Ht 

 (Cm)  

Wt 

 (Kg) 
BMI STATUS 

Maximum 

Voluntary 

Contraction 

(MVC) (Kgs) 

Endurance 

Time (ET)                        

(Sec) 

Work 

Done 

(Kg.m
2
.s

-2
) 

1 18 M 171 50 17.099 Underweight 7 10 26 

2 19 M 165 50 18.365 Underweight 8 11 24 

3 18 M 169 52 18.207 Underweight 7 11 24 

4 19 M 164 49 18.218 Underweight 8 10 22 

5 20 M 170 53 18.339 Underweight 9 10 25 

6 19 M 166 50 18.145 Underweight 7 11 23 

7 18 M 171 53 18.125 Underweight 7 11 26 

8 19 M 172 54.5 18.422 Underweight 9 10 26 

9 20 M 167 51 18.287 Underweight 8 12 27 

10 21 M 173 55 18.377 Underweight 9 11 25 

11 18 M 177 57 18.194 Underweight 8 12 30 

12 21 M 168 52 18.424 Underweight 8 12 26 

13 19 M 171 54 18.467 Underweight 10 11 26 

14 18 M 172 54.5 18.422 Underweight 11 11 27 

15 20 M 169 52 18.207 Underweight 8 10 25 

16 19 M 173 55 18.377 Underweight 10 12 26 

17 22 M 168 51.5 18.247 Underweight 8 9 26 

18 24 M 170 53 18.339 Underweight 11 11 25 

19 25 M 169 52 18.207 Underweight 9 13 25 

20 18 M 167 51 18.287 Underweight 8 12 24 

21 19 M 171 54 18.467 Underweight 12 11 26 

22 23 M 165 50 18.365 Underweight 7 11 22 

23 20 M 167 51 18.287 Underweight 8 10 27 

24 21 M 172 54 18.253 Underweight 8 10 28 

25 22 M 172 53 17.915 Underweight 7 13 27 

26 18 M 169 52 18.207 Underweight 12 11 25 

27 19 M 175 56 18.286 Underweight 11 12 26 

28 20 M 168 52 18.424 Underweight 11 13 24 

29 22 M 167 51 18.287 Underweight 8 13 24 

30 19 M 173 55 18.377 Underweight 9 13 27 

31 23 M 166 50 18.145 Underweight 8 13 24 



32 23 M 167 51 18.287 Underweight 8 9 24 

33 23 M 168 52 18.424 Underweight 8 9 24 

34 19 M 175 56 18.286 Underweight 11 9 28 

35 20 M 170 53 18.339 Underweight 8 9 27 

36 20 M 174 56 18.496 Underweight 11 10 26 

37 20 M 169 52 18.207 Underweight 8 11 24 

38 20 M 169 51 17.857 Underweight 8 11 24 

39 20 M 165 50 18.365 Underweight 8 11 22 

40 20 M 170 53 18.339 Underweight 9 13 26 

41 19 M 171 54 18.467 Underweight 9 12 28 

42 20 M 172 54 18.253 Underweight 9 12 26 

43 21 M 173 55 18.377 Underweight 10 11 26 

44 22 M 169 52 18.207 Underweight 8 10 25 

45 19 M 171 54 18.467 Underweight 9 9 25 

46 23 M 172 54 18.253 Underweight 9 11 26 

47 21 M 172 53 17.915 Underweight 9 10 26 

48 22 M 178 58 18.306 Underweight 10 12 30 

49 19 M 177 57 18.194 Underweight 10 12 30 

50 23 M 169 65 22.758 Normal 22 25 51 

51 20 M 172 66 22.309 Normal 20 28 53 

52 19 M 170 65 22.491 Normal 21 2 52 

53 19 M 171 66 22.571 Normal 21 28 52 

54 20 M 173 68 22.72 Normal 22 28 54 

55 18 M 169 65 22.758 Normal 22 26 51 

56 20 M 170 66 22.837 Normal 24 30 51 

57 20 M 172 67 22.647 Normal 23 32 54 

58 20 M 175 69 22.531 Normal 21 32 57 

59 20 M 176 70 22.598 Normal 21 31 56 

60 20 M 177 71 22.663 Normal 23 30 57 

61 19 M 179 72 22.471 Normal 20 32 60 

62 21 M 172 67 22.647 Normal 22 30 54 

63 19 M 178 70 22.093 Normal 19 25 59 

64 19 M 177 71 22.663 Normal 22 30 57 

65 19 M 176 70 22.598 Normal 20 32 58 

66 19 M 175 70 22.857 Normal 24 42 56 

67 21 M 179 73 22.783 Normal 22 32 60 

68 21 M 178 72 22.724 Normal 23 32 59 

69 22 M 177 71 22.663 Normal 22 32 56 

70 23 M 175 70 22.857 Normal 24 32 56 

71 19 M 174 69 22.79 Normal 22 34 54 



72 22 M 176 70 22.598 Normal 20 34 56 

73 21 M 177 71 22.663 Normal 20 34 57 

74 22 M 178 72 22.724 Normal 22 32 58 

75 23 M 170 65 22.491 Normal 20 32 50 

76 24 M 169 65 22.758 Normal 24 34 52 

77 23 M 168 64 22.676 Normal 20 30 50 

78 22 M 175 70 22.857 Normal 24 30 54 

79 21 M 176 69 22.275 Normal 18 30 56 

80 22 M 177 70 22.344 Normal 19 35 56 

81 21 M 178 71 22.409 Normal 19 34 59 

82 19 M 179 72 22.471 Normal 20 33 60 

83 20 M 174 69 22.79 Normal 22 32 54 

84 21 M 176 69 22.275 Normal 18 30 56 

85 22 M 177 69 22.024 Normal 18 30 56 

86 23 M 174 68 22.46 Normal 20 35 55 

87 19 M 178 72 22.724 Normal 22 33 59 

88 18 M 176 70 22.598 Normal 21 42 57 

89 22 M 175 70 22.857 Normal 23 30 54 

90 23 M 169 65 22.758 Normal 22 33 51 

91 24 M 170 66 22.837 Normal 22 30 51 

92 22 M 171 66 22.571 Normal 20 35 52 

93 21 M 172 67 22.647 Normal 20 35 54 

94 22 M 173 68 22.72 Normal 22 30 56 

95 23 M 174 69 22.79 Normal 19 30 52 

96 23 M 175 70 22.857 Normal 24 35 54 

97 23 M 176 70 22.598 Normal 20 30 56 

98 22 M 177 71 22.663 Normal 20 30 58 

99 21 M 178 72 22.724 Normal 24 35 59 

100 20 M 179 80 24.968 Overweight 18 27 52 

101 21 M 169 71 24.859 Overweight 18 28 48 

102 20 M 177 77 24.578 Overweight 17 30 50 

103 22 M 169 69 24.159 Overweight 14 28 48 

104 23 M 172 72 24.337 Overweight 14 27 48 

105 20 M 177 77 24.578 Overweight 15 28 50 

106 20 M 175 75 24.49 Overweight 14 29 49 

107 20 M 166 66 23.951 Overweight 18 29 45 

108 20 M 169 69 24.159 Overweight 14 28 46 

109 20 M 171 72 24.623 Overweight 15 27 48 

110 20 M 173 74 24.725 Overweight 17 28 44 

111 20 M 175 76 24.816 Overweight 18 29 48 



112 20 M 176 77 24.858 Overweight 17 27 50 

113 20 M 175 76 24.816 Overweight 18 28 46 

114 21 M 174 75 24.772 Overweight 17 27 46 

115 22 M 174 75 24.772 Overweight 17 28 44 

116 21 M 173 74 24.725 Overweight 17 27 42 

117 19 M 169 70 24.509 Overweight 15 29 46 

118 21 M 169 70 24.509 Overweight 15 27 46 

119 22 M 172 72 24.337 Overweight 15 28 46 

120 21 M 175 76 24.816 Overweight 18 29 49 

121 21 M 176 77 24.858 Overweight 18 28 50 

122 19 M 173 74 24.725 Overweight 17 28 51 

123 20 M 174 75 24.772 Overweight 17 27 50 

124 22 M 175 76 24.816 Overweight 18 27 46 

125 21 M 176 77 24.858 Overweight 18 27 44 

126 21 M 177 78 24.897 Overweight 18 27 50 

127 20 M 174 75 24.772 Overweight 17 28 46 

128 20 M 178 79 24.934 Overweight 19 32 51 

129 20 M 179 80 24.968 Overweight 19 30 52 

130 20 M 176 77 24.858 Overweight 18 28 48 

131 20 M 175 75 24.49 Overweight 15 31 48 

132 20 M 177 77 24.578 Overweight 16 28 50 

133 19 M 179 79 24.656 Overweight 16 25 52 

134 22 M 174 75 24.772 Overweight 16 28 45 

135 21 M 175 76 24.816 Overweight 18 30 49 

136 21 M 176 77 24.858 Overweight 18 27 47 

137 21 M 172 73 24.676 Overweight 17 28 45 

138 20 M 174 75 24.772 Overweight 18 27 46 

139 20 M 175 76 24.816 Overweight 18 28 46 

140 20 M 173 74 24.725 Overweight 16 28 47 

141 20 M 174 75 24.772 Overweight 16 32 45 

142 19 M 171 72 24.623 Overweight 16 26 44 

143 19 M 175 76 24.816 Overweight 18 27 48 

144 18 M 177 78 24.897 Overweight 18 27 50 

145 22 M 174 75 24.772 Overweight 16 28 45 

146 21 M 171 72 24.623 Overweight 16 28 45 

147 19 M 169 71 24.859 Overweight 18 31 45 

148 21 M 173 74 24.725 Overweight 16 30 47 

149 22 M 177 78 24.897 Overweight 18 29 50 

150 23 M 167 87 31.195 Obese 14 26 28 

151 22 M 168 85 30.116 Obese 14 25 29 



152 22 M 169 85 29.761 Obese 14 25 28 

153 22 M 170 88 30.45 Obese 14 25 26 

154 22 M 170 78 26.99 Obese 12 26 30 

155 22 M 172 79 26.704 Obese 12 25 32 

156 22 M 170 90 31.142 Obese 15 25 32 

157 22 M 170 85 29.412 Obese 14 26 34 

158 22 M 167 84 30.119 Obese 14 26 28 

159 22 M 171 85 29.069 Obese 13 27 34 

160 22 M 170 82 28.374 Obese 12 27 30 

161 22 M 169 79 27.66 Obese 10 27 28 

162 21 M 173 83 27.732 Obese 10 26 34 

163 21 M 176 86 27.763 Obese 10 26 35 

164 20 M 174 85 28.075 Obese 11 28 35 

165 20 M 169 79 27.66 Obese 10 26 28 

166 20 M 179 90 28.089 Obese 11 25 40 

167 20 M 176 91 29.378 Obese 14 25 38 

168 20 M 174 85 28.075 Obese 11 25 36 

169 21 M 170 85 29.412 Obese 13 25 34 

170 21 M 177 90 28.727 Obese 12 26 38 

171 21 M 172 92 31.098 Obese 14 24 36 

172 21 M 173 84 28.066 Obese 11 24 36 

173 19 M 175 87 28.408 Obese 12 24 36 

174 20 M 175 80 26.122 Obese 10 22 38 

175 20 M 177 90 28.727 Obese 11 21 40 

176 20 M 169 89 31.161 Obese 14 21 34 

177 20 M 175 92 30.041 Obese 14 21 38 

178 20 M 173 88 29.403 Obese 13 20 36 

179 22 M 173 91 30.405 Obese 14 22 36 

180 21 M 176 94 30.346 Obese 14 24 40 

181 21 M 174 89 29.396 Obese 13 27 39 

182 21 M 174 88 29.066 Obese 13 26 38 

183 22 M 172 89 30.084 Obese 14 26 35 

184 22 M 173 90 30.071 Obese 14 25 35 

185 23 M 175 92 30.041 Obese 14 25 37 

186 22 M 178 89 28.09 Obese 12 25 40 

187 21 M 169 82 28.71 Obese 12 25 35 

188 21 M 171 85 29.069 Obese 13 27 36 

189 21 M 170 85 29.412 Obese 13 27 35 

190 21 M 172 84 28.394 Obese 12 27 37 

191 19 M 169 85 29.761 Obese 16 26 35 



192 19 M 175 80 26.122 Obese 14 25 38 

193 19 M 174 81 26.754 Obese 14 25 37 

194 19 M 174 86 28.405 Obese 12 25 35 

195 19 M 173 85 28.401 Obese 12 24 36 

196 20 M 174 89 29.396 Obese 13 25 38 

197 21 M 175 85 27.755 Obese 12 26 38 

198 21 M 173 86 28.735 Obese 12 25 36 

199 21 M 174 87 28.736 Obese 12 24 38 

200 21 M 166 79 28.669 Obese 12 26 32 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


