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ABSTRACT 

Background: Rhabdomyolysis is a potentially life-threatening syndrome characterized 

by the breakdown of skeletal muscle fibers resulting in the release of proteins into general 

circulation. Common practice for diagnosing exertional rhabdomyolysis (ER) is using 

biochemical markers for muscle damage; creatine kinase (CK) and myoglobin (Mb) are proteins 

detected in the bloodstream after muscle injury or trauma. Serum creatinine is the best 

biochemical marker for calculating renal function. Measuring GFR is not common when 

assessing ER. 

Purpose: The aim of this study is to help predict ER.  

Methods: Ninety-three athletes volunteered for the research study. Participants were 

asked to give blood three times throughout a competitive season.  

Results: Overall, Mb and GFR were lower than normal value and creatinine and CK 

were higher than normal value.  In addition, neither CK nor Mb can predict GFR. 

Conclusions: The major finding of the current study is that the predicting GFR and ER is 

a difficult task.  In addition, baseline levels of CK and Mb could be higher than normal values in 

college athletes. 
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PREFACE 

  This thesis was written in partial fulfillment of the requirements of the degree of 

Masters of Science. The thesis contains work done from July to November 2014.  The supervisor 

of the research study has been Dr. Alvaro N. Gurovich, Applied Medicine and Rehabilitation 

faculty. This thesis was made solely by the authors of this study; most of the text, however, is 

based on research of others and the research has done its best to reference these sources.    

 Rhabdomyolysis was introduced to me during Fall 2013.  Intrigued by the physiological 

process of rhabdomyolysis, I approached Dr. Alvaro Gurovich for guidance in a research study.  

After being presented with a research design by Dr. Alvaro Gurovich and Dr. Leamor Kahanov, I 

accepted the opportunity to work hand in hand with Dr. Alvaro Gurovich on this research study.   

 Writing this thesis has been difficult but through the writing process I have learned a lot.  

In working with research subjects and other healthcare professionals, I have a greater 

appreciation for the research process.   
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CHAPTER 1 

 

INTRODUCTION 

Rhabdomyolysis is a potentially life-threatening syndrome characterized by the 

breakdown of skeletal muscle fibers resulting in the release of intracellular contents into 

the circulatory system.
1-6

  Rhabdomyolysis was first characterized in the Holy Bible in 

the Book of Numbers where the Jews suffered a ‘plague’ during their exodus from 

Egypt.
7
  The biblical phenomenon was assumed to be caused by intoxication with 

hemlock herbs that quails consume during spring migration.
7
  Hemlock poisoning has 

been linked to non-neurological outcomes such as rhabdomyolysis and acute renal 

failure.
8
  However, rhabdomyolysis gained clinical notoriety in the 20

th
 century during 

the Second World War.  Bywaters et al. first reported an illness called “crush syndrome” 

from air raids in London, UK and Paris, France.  Renal complications, which could be 

fatal, as result of rhabdomyolysis came to the forefront of medical literature.
9
  Since then, 

a multitude of case reports has given insight to causes and characteristics of 

rhabdomyolysis.
2-4,6,10-12

  Rhabdomyolysis can be divided into two categories; traumatic 

or non-traumatic. In traumatic rhabdomyolysis, the muscles are compressed and ischemic 

perfusion of the damaged muscle leads to leakage of the intracellular fluid in the 

circulatory system.  Non-traumatic rhabdomyolysis can be caused by, but not limited to, 
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drugs and toxins, infections, or electrolyte abnormalities.
13

  Exertional rhabdomyolysis is 

considered traumatic rhabdomyolysis, especially when skeletal muscle accounts for at 

least 40% of the total body mass and when eccentric exercise or collisions are 

involved.
4,14

 

Many tools exist for diagnosing exertional rhabdomyolysis (ER); however, no 

single test can accurately diagnose rhabdomyolysis.  Myoglobin and Creatine Kinase 

(CK) have been used as the gold standard as biochemical markers for diagnosing ER.
15,16

  

In combination with acute renal failure, myoglobin and CK are the best indicators that 

rhabdomyolysis is present.
12,15,17-21

   Unfortunately, there is not a clear accepted CK 

threshold for ER.
22

  For example, Clarkson et al. observed CK levels greater than ten 

times the 2,000 U/L as the criteria for diagnosis of ER without clinical complication.
15

  

Another study done by Clarkson et al. confirmed their previous report by reporting CK 

exceeding 20,000 U/L should be the threshold to begin treatment for ER.
23

  On the other 

hand, myoglobin released as a result of muscle damage is filtered through the kidney, and 

then eliminated from the body through urine.
1,12

  Once myoglobin reaches 100 mg /dl, 

urine appears reddish-brown (“tea”) color.
17

  In summary, myoglobin and CK alone 

cannot solely predict rhabdomyolysis.  

The major clinical problem associated with ER is not muscle injury, per say, but 

acute renal failure which could be fatal.
24

  Hence, assessing renal function should be 

included when diagnosing ER.  Serum creatinine is one of the best biochemical markers 

for predicting renal function, estimating glomerular filtration rate (GFR).
25

  GFR is the 
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rate blood is filtered through the glomerulus of the kidney.
26

  Measuring GFR has only 

become relevant in recent years when assessing ER.
27

 

While GFR is an important predictor of severe ER outcomes, hydration status is 

also an important factor to predict GFR.  Dehydration is a frequent problem with 

physically active individuals exercising at high volumes in hot environments.
28

  A loss of 

6% to 8% of total body mass post exercise is not uncommon for athletes participating in 

physical activity in ambient hot temperatures.
29

  Such losses put a strain on the 

cardiovascular system, increase core body temperature, and reduce exercise capacity.
28

  

Dehydration levels as low as 2% body mass loss can impede physical performance and 

disrupt fluid homeostasis leading to impaired kidney function.
5
  Plasma 

osmolality/volume is the gold standard for assessing hydration status.
28

  Hydration status 

is a key biochemical maker closely associated with renal function.   

Rhabdomyolysis’ perfect storm refers to a cascade of physiological events that 

take place during ER, which could lead to fatal rhabdomyolysis.  During exercise-

induced muscle damage, CK and myoglobin leak into general circulation while 

dehydration causes increased blood viscosity.  Increased blood viscosity leads to 

impaired kidney function, which can lead to acute renal failure and ultimately death.  The 

perfect storm cannot be predicted solely by individual biochemical makers.  Myoglobin, 

CK, serum creatinine, and plasma osmolality clustered together give great insight of the 

human body to medical professionals.  Tracking the biochemical markers throughout a 

competitive season will paint a better picture of the human body’s response to high-

imposed demands.  Based on our knowledge, this study would be the first to look at 
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biochemical markers before a clinical diagnosis of rhabdomyolysis.  This data will be 

used in future research to predict the perfect storm.   

The aim of this study is to help predict ER, monitoring risk factors, such as 

muscle injury and renal function, or preventing the perfect storm, so healthcare 

professionals can recognize the onset of ER, provide proper management and referral, 

and prevent fatal rhabdomyolysis.  

 

Research Questions 

1) Are GFR and plasma osmolality associated with CK and myoglobin in 

Division I collegiate athletes participating in fall sports? 

Hypothesis 1: GFR and plasma osmolality will be highly correlated with CK 

and myoglobin 

Rationale 1: CK and myoglobin have been used historically to diagnose ER.  

ER can’t accurately be diagnosed only with CK and myoglobin.  Hydration 

status and renal function are hypothesized to play a vital role in the onset of 

ER.  This study expects to find an association between GFR and plasma 

osmolality and CK and myoglobin.  

2) How plasma osmolality, CK, and myoglobin are associated with renal 

function in Division I collegiate athletes participating in fall sports? 

Hypothesis 2: Plasma Osmolality, CK, and myoglobin will be closely 

associated with GFR.   



13 

Rationale 2: Impaired renal function could elicit fatal ER. Plasma osmolality 

associated with hydration status plays a crucial role in renal function.  CK and 

myoglobin are primarily filtered in the kidney.  When dehydration is present 

with exercised-derived muscle damage, renal function is impaired.  This study 

expects to find an association between CK, myoglobin, and plasma osmolality 

and renal function.  
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CHAPTER 2 

 

REVIEW OF LITERATURE 

Rhabdomyolysis was first characterized in the Holy Bible in the Book of 

Numbers where the Jews suffered a ‘plague’ during their exodus from Egypt.
7
  The 

biblical phenomenon was assumed to be caused by intoxication with hemlock herbs that 

quails consume during spring migration, which has been shown to cause acute renal 

failure from myoglobin obstruction in the tubule.
30

  Interestingly, the first reported cases 

of rhabdomyolysis occurred during the German blitz on London, UK during World War 

II.
9
  Bywater et al. characterized soldiers as having “crush syndrome”.  Crush syndrome 

presented with swelling of the limb, pallor, coldness, decrease blood pressure, and 

sweating.
9
  For the next 40 years, many rhabdomyolysis related etiology and clinical 

findings were recorded.
1-4,6,13,31,32

   Recently exertional rhabdomyolysis (ER) gained 

increased attention in 2011 when the University of Iowa football team had 13 players 

diagnosed with ER.
14

  

Clinical Relevance 

Rhabdomyolysis is a potentially life-threatening syndrome characterized by the 

breakdown of skeletal muscle fibers resulting in the release of intracellular contents into 

the circulatory system.
1-6

  If we consider that skeletal muscle accounts at least 40% of 



15 

total body mass, 50% in highly trained and fit individuals, ER could significantly impact 

subject health.
4
  Rhabdomyolysis can be divided into two categories; traumatic or non-

traumatic. In traumatic rhabdomyolysis, the muscles are compressed and ischemic 

perfusion of the damaged muscle leads to leakage of the intracellular fluid in the 

circulatory system. Non-traumatic rhabdomyolysis can be caused by, but not limited to, 

drugs and toxins, infections, or electrolyte abnormalities.
13

  Leakage of intracellular 

muscle contents into general circulation is the main problem. Muscle intracellular 

contents, which are released during rhabdomyolysis, have a toxic effect on the renal 

system and can lead to renal complications related to rhabdomyolysis.
33

  Regardless 

whether the cause is related to trauma or non-trauma, rhabdomyolysis is a medical 

emergency.
17

  

Athletes have great physical demands placed on their bodies with activities such 

as practices, weight training, and competitions. Athletes are at an increased risk of 

developing rhabdomyolysis; especially endurance and contact sports (i.e. cross country, 

soccer, and football).  ER presents with severe muscle pain during active and passive 

muscle action, muscle swelling, and muscular weakness within 24-72 hours after exercise 

bout.
34

  For endurance athletes, ER occurs from extreme, strenuous, unaccustomed, 

prolonged, and repetitive exercise combined with other risk factors such as heat, sickle 

cell trait, and diet.
14

  ER can occur during crushing or traumatic sports such as football 

and soccer.
12

  Muscles are compressed, releasing intracellular contents of the muscle into 

general circulation.  Extreme muscle swelling, soreness, and decreased range of motion 

accompany rhabdomyolysis in crush or traumatic injury.
13

   However, if a workout 
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session is far more extreme and intense than the individual is regularly exposed to, then 

an athlete is at an increased risk of experiencing ER 

Any individual can develop ER; however, a recent epidemiological study in the 

military has shown some interesting trends.
6
  ER has a greater chance of development in 

men than women, African-Americans than Caucasians, less fit individuals verse more fit, 

and individuals with previous heat-related illness, such as hypohydration. 
6
  Women have 

been found to have significantly smaller increases in CK after marathon races compared 

to men. But in eccentric exercise, both men and women produce similar amounts of CK 

increases after exercise.
35

  The African-American race is not solely a risk factor for ER.  

African-Americans have a higher incident of sickle cell trait than Caucasians; therefore, 

higher prevalence of rhabdomyolysis in African-American’s has been observed.
6,36

  Unfit 

individuals are at a greater risk of developing rhabdomyolysis than fit individuals. For 

example, one individual performing an at-home exercise program was admitted to the 

hospital with CK levels over 1,000,000 U/L.
8
  

 Healthcare professionals such as certified athletic trainers (ATCs) are the first 

medical responders to athletes.  ATCs should be aware of the signs and symptoms of 

rhabdomyolysis; as well as, the risk factors associated with rhabdomyolysis.  When 

rhabdomyolysis is diagnosed in an early state, the outcome is very good with athletes 

returning to activity within a few weeks.
14

  However many times the diagnosis is too late 

and rhabdomyolysis can be fatal.  

Rhabdomyolysis is still a life threatening musculoskeletal disorder that affects 

26,000 people a year with 47% meeting the criteria of exertional rhabdomyolysis.
5
  ER is 
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diagnosed at a rate of two cases per 10,000 people a year.
6
  Proper education and 

prevention can help save peoples’ lives.  Lack of awareness may lead to inappropriate 

management with potentially life-threatening consequences.   

Pathophysiology 

Muscular trauma, via direct trauma or eccentric exercise, is the most common 

cause of rhabdomyolysis.
37

  Rhabdomyolysis occurs in up to 85% of patients with 

traumatic injuries.
2
  Rhabdomyolysis can occur in many ways:  temperature extremes, 

drugs and toxins, direct muscle injury, muscle ischemia, genetics, infection, autoimmune, 

and physical exertion.
3
  ER is the most common form of rhabdomyolysis in the 

physically active population.
14

  ER can occur in highly trained individuals as well.
5
  ER is 

characterized by the leakage of muscle-cell contents including electrolytes, CK, 

myoglobin, and sarcoplasm proteins during or after exercise.
17

  The type of exercise may 

also be indicative to the onset of ER.  Eccentric exercise has been shown to cause more 

muscle damage when compared to concentric exercise.
28,38,13

  Subsequently the more 

damage the muscle experiences, the more intracellular contents are released into general 

circulation by the muscle.  ER may manifest with tired, sore, painful muscles 1-5 days 

after exercise.  These signs and symptoms can be closely associated with delayed on-set 

muscle soreness (DOMS).
37,39

  DOMS is defined as muscle tissue damage closely 

associated with practice, weight training, and competitions. DOMS becomes more 

prevalent with eccentric exercise such as downhill running.
39

 Additional factors such as 

muscle stiffness, contraction velocity, fatigue, and angle of contraction have also been 

shown to induce DOMS.
40

  During eccentric exercise the muscle is lengthened and the 



18 

amount of overlap between the actin and myosin puts greater stretch on the sarcomeres.  

The sarcomeres undergo greater levels of force producing more disruption to normal 

muscle function.
41

  The cytoskeletal proteins crucial to maintaining the structures of the 

sarcomere are damaged which in turn triggers an inflammatory response.  The 

inflammatory response subsequently produces increased oxidative stress and pain.
41

  

High intensity exercise or individuals that are not prepared for the physical demands of 

activity are at greater risk for developing DOMS.  However, heat stress and dehydration 

are two risk factors that differentiate ER and DOMS .
5
  

ER is a condition in which the breakdown of muscular tissue is secondary to 

damage or over exertion of the muscle which can lead to renal failure.
12

  Direct or 

indirect trauma, such as collisions and eccentric exercises, respectively will produce 

direct muscle damage.  However, over exertion can produce indirect damages via a 

metabolic pathway.
42

  In normal myocytes, the sarcolemma, a thin membrane that 

encloses striated muscle fibers, contains numerous pumps that regulate cellular 

electrochemical concentration gradients.
1
  The outside of the cells are more negatively 

charged than the interior because positive charges are transported across the cell 

membrane through active and passive transports.  The charged gradient pulls sodium to 

the interior of the cells in exchange for calcium.
1
  Calcium levels are maintained within 

the calcium exchanger; subsequently promotes calcium entry into the cell’s mitochondria 

to help with energy production of the cell.  When there is a disruption or depletion of 

adenosine triphosphate, as observed during over exertion, sodium increases inside the 

cytoplasm which leads to an increase in intracellular calcium.
1
  The increased 
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concentration of sodium and calcium causes the cell to release plasma proteins to help 

rebuild or grow a new cell membrane.
43

  The myocyte beings to degenerate, releasing 

large amounts of myoglobin, CK, potassium, calcium, sodium, lactate dehydrogenase, 

aspartate transaminase and urate into circulation.
1
  The proper function of the skeletal 

muscle cell is compromised and damaged.  

ER has been linked to increased muscle activity, temperature extremes, and  

muscle ischemia.
12

 Also ER typically presents with elevated levels in CK, myoglobin, 

and electrolytes.  Other risk factors for ER include exercising in extremes of heat and 

humidity, under hypoxic conditions (high altitude), or illnesses such as viral or 

bacterial.
37

  More factors that can increase the chances for experiencing  ER are sickle 

cell trait and use of dietary supplements.
44

  Although athletes typically do not experience 

other causes of rhabdomyolysis such as disease or drug toxicity,
12

 some individuals are 

genetically predisposed to rhabdomyolysis.  Individuals possessing rare alleles,  MLCK 

C49T and MLCK C3788A, may be at a higher risk for rhabdomyolysis and renal failure, 

especially in the presence of heat stress and dehydration.
45

   

Biochemical Markers 

Myoglobin and CK serve as the biochemical markers for clinically diagnosing 

rhabdomyolysis. CK and myoglobin are the best indicators that rhabdomyolysis is 

present.
12,15,17-21

  

Creatine Kinase 

CK is present as 3 isozymes: the skeletal muscle, cardiac muscle, and brain tissue. 

Increased level of CK  may present an  index of cellular necrosis and tissue damage 
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following acute and chronic muscle injury.
20

  In cases of rhabdomyolysis, there is no 

common accepted CK threshold for determining when to hospitalize and treat those 

presenting with elevated CK.  CK  exceeding 20,000 U/L is considered the threshold to 

begin treatment for prevention of renal failure with rhabdomyolysis.
23

  However, 

strenuous exercise can cause a spike in CK.  Post exercise CK  as high as 80,000 U/L has 

been reported with no clinical consequence.
15

   

Lindena et al. suggested that because CK first travels through the lymphatic 

system, muscular activity plays a big role in the magnitude of the CK response.  This 

justification may serve as an explanation for the wide variability in CK levels between 

individuals who exercise.
46

 The lymphatic system is a slow moving system compared to 

the circulatory system.  The lymphatic system relies on external forces, such as muscular 

activity, to facilitate drainage.
46

  When a period of disuse is imposed after muscles 

undergo damaging exercise, smaller amounts of CK are drained into the blood from the 

lymphatic system affecting blood CK levels as well.
16,47,48

  Finally, CK is emptied back 

into the blood stream via the thoracic duct.
16

  

Total CK levels depend on gender, race, muscle mass, physical activity, and 

climate. Females have lower CK levels than men, African-American males have higher 

CK levels than Caucasian males, athletes have higher levels of CK than sedentary 

individuals, and colder weather induces higher CK levels following the same exercise 

bout at warmer temperatures.
20

   The half-life of CK is far longer than myoglobin.
12,16

  

CK half-life ranges from 36 to 72 hours.
2,12

  Normal resting levels of CK for men is 

between 55-177 U/L and for women 30-135 U/L.
19

  Changes in CK serum levels are 
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normal in athletes after strenuous exercise.
12,15,20,21

  For example, endurance athletes after 

the London Marathon reported increased CK levels averaging 707.8 U/L immediately 

post-race; however, CK levels returned to normal within 96 hours.
49

  On the other hand, 

high-force eccentric contractions produce a large strain on muscle fibers resulting in 

considerably greater muscle damage compared to endurance type activities.
50

  High-force 

eccentric contractions of isolated muscle groups have shown a greater CK spike, often 

greater than 5000 U/L, and more delayed peak, usually between 4-5 days post exercise, 

than compared to endurance related activities.
23

 CK levels can remain high and falsely 

indicate the presence of exertional rhabdomyolysis as a sole basis of diagnosis.
12

 

Myoglobin 

Myoglobin is another biochemical marker to test for the presence of ER.  

Myoglobin released during the process of rhabdomyolysis is thought to cause renal 

dysfunction by producing renal tubular obstruction, lipid peroxidation within the tubular 

cells and renal vasoconstriction.
12,18,23

  Sinert et al.
51

 suggest that both dehydration and 

aciduria, which decreases myoglobin’s solubility, increases the risk of renal impairment.  

Myoglobin is a smaller protein compared to CK.
17

  Consequently, myoglobin has 

a more direct route into the microvascular endothelium thus appearing in the blood faster 

than CK.
52

  This is confirmed by a study done by Sayer et al.
16

 found no difference 

between groups in relation to myoglobin response between the immobilization and non-

immobilization groups.  Myoglobin has a half –life of 2 – 3 hours and myoglobin has a 

much faster elimination rate than CK.
2,12

  Unlike CK, myoglobin is not fully filtrated 
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through the kidney.  It  has been hypothesized that myoglobin is also filtered through the 

liver and spleen.
53

   

With the onset of muscle damage, myoglobin circulating in the blood exceeds the 

protein-binding capacity and is filtered primarily through the kidney then eliminated from 

the body through urine.
1,12

  Rhabdomyolysis commonly presents myoglobinuria which is 

the most serious complication of rhabdomyolysis.
2,31

  When plasma myoglobin exceeds 

0.5 to 1.5 mg/dl threshold, urine appears as a reddish color.
17

  Once plasma myoglobin 

reaches 100 mg/dl, urine appears reddish-brown (“tea”) color.
17

  Myoglobin can be 

measured through urinalysis or blood plasma. Myoglobin measured by urinalysis has a 

sensitivity of 80% detection of rhabdomyolysis.
54

  On the other hand, plasma myoglobin 

measured through blood plasma has a better sensitivity and specificity when compared to 

CK in assessing rhabdomyolysis.
55

  However since myoglobin has such a short half-life, 

clinically the measuring of myoglobin may be too late.  Measuring myoglobin in 

advance, several times within a season, could offer a baseline for proper diagnosis.  

Although CK and myoglobin are the gold standard to diagnose rhabdomyolysis, 

there is not enough evidence to support CK and myoglobin as sole diagnosis tools for ER. 

First, several studies have shown elevated CK and myoglobin in athletes without renal 

complication.
5,12

  In addition, normal values for CK and myoglobin do not guarantee a 

safe return to play.
44

  Therefore, other biochemical markers should be associated with the 

assessment of other important risk factors, such as hypohydration and renal function.  
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Renal Function 

Glomerular filtration rate (GFR) is considered the best index of kidney function in 

health and disease.
26,56,57

  Normal values, related to age, sex, and body size, are 130 ml 

per minute per 1.73 m
2
 in young men and 120 ml per minute per 1.73 m

2
 in young 

women.
56,57

  GFR is difficult to measure in clinical practice; therefore, clinicians 

commonly use serum creatinine concentration to estimate GFR.
26

  Serum creatinine is 

affected by muscle mass, diet, nutritional status and some drugs.
26

  Creatinine is an amino 

acid freely filtered by the glomerulus; however, creatinine is secreted by proximal tubular 

cells.
57

 Equations based on serum creatinine concentration are limited in value in patients 

who are not in a steady state of creatinine balance.  For example, patients with acute renal 

failure or taking drugs can interfere with creatinine secretion.
26

 Multiple GFR estimation 

equations are used; however, the Chronic Kidney Disease Epidemiology Collaboration 

(CKD-EPI) is the most widely used and validated..
26,56,57

  The CKD-EPI equation should 

improve clinical decision making in patients with decreased kidney function.
56

  CKD-EPI 

equation factors in race, sex, serum creatinine, and age (see Table 1).  

Hypohydration 

Dehydration is the process of losing total body water.  Hypohydration is the 

physiological status of decreased total body water. Dehydration is a frequent problem in 

physically active individuals exercising at high volumes in hot ambient environments.
28

  

Physically active individuals can lose 6-8% of pre-exercise body mass in hot 

environments.
29

  As little as 1% to 2% body mass loss in heat can tax the cardiovascular 

system and reduce exercise capacity.
28

  Dehydration can lead to heat related illnesses 
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such as heat exhaustion, heat cramping, and heat stroke.  Subsequently an increase in 

oxidative stress to the body causes electrolyte imbalances especially serum sodium.
29

  

Dehydration can lead to intestinal hypoperfusion, renal vasoconstriction, enhancement of 

tubular water reabsorption, and tubular ischemia; all factors associated with acute renal 

failure.
13

  During dehydration, plasma hyper-osmolarity is exacerbated as water is 

redistributed from the intracellular membrane to the extracellular compartments of 

skeletal muscle in the body’s attempt to maintain normal blood osmolarity.
28

  Lack of 

hydration causes reductions in cardiac output and blood pressure.
5
  Dehydration leads to 

decreased plasma osmolality which reduces cardiac output and blood pressure.
5
  

Interestingly, plasma osmolality varies among individuals due to adaptations to physical 

training and acclimatization to hot environments.
58

 Blood flow to exercising muscles is 

significantly reduced with dehydration due to reductions in blood pressure and perfusion 

pressure. The decreased blood flow can produce metabolic stress producing metabolic 

rhabdomyolysis.  In addition, blood viscosity increases, decreasing GFR which is likely 

to produce acute renal failure.
42

  The initial treatment for many cases of rhabdomyolysis 

begins with rapid rehydration using intravenous fluids.
1,3,12,14,34,37,44

  

Water in the human body is essential for metabolism, temperature regulation, and 

numerous other physical processes.  Hydration assessment techniques vary from clinician 

to clinician.  Plasma osmolality, assessed via plasma volume (PV),  is the most widely 

used hematological index of hydration status.
58

  PV is the liquid portion of the blood, 

which makes up 5% of body mass.
58

  PV varies among individuals due to adaptations to 

physical training,  or acclimatization to hot or high altitude environments.
59
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Hypohydrated individuals will present with lower PV than euhydrated individuals.  

Measurement of PV is more stable than urinalysis.
60

   

Testing hydration status of active individuals happens in multiple ways. 

Hydration assessment techniques are the most effective in laboratory setting.
60

  In the 

laboratory setting when body fluids are stable and at equilibrium, total body water (TBW) 

and plasma osmolality provide the “gold standard” for hydration assessment.
60

  Total 

body water (TBW) is defined as fluid that occupies intracellular and extracellular spaces; 

approximately 63.3% of total body mass.
60

  TBW is an expensive radio-isotopic assay 

that requires a highly controlled exercise, diet, and environmental factors to be accurate.
60

 

Plasma osmolality, measured via PV, provides an accurate measurement of the kidney’s 

concentrating ability.
58

  TBW and plasma osmolality are both level B evidence. Clustered 

together in a controlled, laboratory setting provide the “gold standard”.
60

  Testing 

hydration status through urinalysis is appropriate for non-laboratory settings; however, 

urinalysis is not as reliable as plasma osmolality.
60

  

The Perfect Storm 

The perfect storm is a cascade of physiological events occurring simultaneously 

leading to the phenomenon called fatal ER.  First, muscle is damaged and proteins enter 

into the cardiovascular system.  CK and myoglobin are filtered in the kidney; however, 

dehydration should be present to produce myoglobin precipitation to affect renal 

function.  When ER is combined with heat illnesses or dehydration, there is an 

exponential chance to produce acute renal failure; which if not taken care of in a timely 

manner then death is imminent. Determining exclusively CK and myoglobin will not 
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prevent or diagnose fatal ER.  In fact, GFR and plasma osmolality should be added to CK 

and myoglobin plasma levels to have a better understanding of this perfect storm.  

  ER is an equal opportunity condition that affects a wide range of individuals 

from sedentary individuals to elite, highly trained athletes.  Individuals who endure the 

perfect storm experience many, if not all, the risk factors and elevated biochemical 

markers.  Regardless of the onset, rhabdomyolysis is a medical emergency. Lack of 

awareness and inappropriate intervention can lead to death.  With the proper recognition, 

the rate and onset of rhabdomyolysis can be greatly decreased.  Our study aims to 

decrease, if not eliminate, the guess work of predicting the onset of rhabdomyolysis.  

Blood serum levels, hydration status, and GFR will be used to target the timing and onset 

of rhabdomyolysis; ultimately giving healthcare professionals a powerful tool to save 

lives. 
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CHAPTER 3 

 

METHODS 

Participants 

Subjects selected for this study were Division I athletes from Indiana State 

University. Athletes participated in an outside fall sport; football, men and women’s cross 

country, and women’s soccer. The study was approved by the ISU’s IRB and all 

participants signed an informed consent before being recruited. The identity of each 

participant remained confidential.  Research was conducted in the research lab located in 

the basement of the Applied Medicine Research Center located in Terre Haute, IN on 

Indiana State University’s campus. The only inclusion criterion was participation in an 

outside fall sport. 

Study Design 

Participants were asked to give three blood samples. The first sample was taken at 

the beginning of each involved sport fall camp. The second sample was taken at the in the 

middle of the each competitive season.  The final sample was taken at the end of the 

competitive season (Figure 1).  
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Measurement and Instrumentation 

 Blood samples were collected from an antecubital vein via venipuncture.  Blood 

was collected in tubes containing ethylenediaminetetraacetic acid (EDTA).  Blood 

samples were placed the counter for at least 15 minutes and then centrifuged at 3,000 rpm 

for 15 minutes at 4°C. All samples were aliquoted into 1.5 ml eppendorf tubes and 

immediately stored at -80°C until batch analysis using a multiplate spectrophotometer 

reader (iMark, Bio-Rad Laboratories, Inc. Hercules, CA).  

Prognostic variables, CK, myoglobin, serum creatinine, and plasma osmolality, 

were assessed. Aliquoted samples were analyzed via Enzyme Linked Immunosorbent 

Assay (ELISA) spectrophotometry.  ELISA commercial available kits were used (for CK, 

Bio-Vision, Milpitas, CA; for Cr and myoglobin, Cayman Chemical Company, Ann 

Arbor, MI).  Plasma osmolality was obtained via Advanced Instruments Model 3320 – 

Micro Osmometer (Norwood, MA).  Serum creatinine was used to calculate GFR using 

the CKD-EPI equation, which is the estimation for renal function (Table 1).  

 Data provided longitudinal information within specific sports seasons and 

determined interactions between exercise-derived muscle damage: hydration status, renal 

function, CK and myoglobin.  Hydration status was assessed using plasma osmolality, via 

PV.   

Statistical Analysis 

SPSS version 20.0 (IBM, Chicago, IL) was used to conduct the statistical analysis 

of the data collected.  
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To test the hypothesis 1, a linear regression model was performed between all 4 

variables (CK, myoglobin, GFR, and plasma osmolality) to create a correlation matrix. 

To test hypothesis 2, a multiple regression model was performed to determine the 

best regression equation for GFR based on CK, myoglobin, and plasma osmolality.  Also 

a multiple regression analysis to determine the best regression equation for plasma 

osmolality, or hydration status, based on CK, myoglobin, and GFR. 
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Figure 1 Study Design 

 

 

Table 1 Chronic Kidney Disease Epidemiology Collaboration Equation for Estimating 

Glomerular Filtration Rate. 

 

Race and 
Sex     Equation 

Black       

  Female ≤62(≤0.7)  GFR = 166 x (Scr*/0.7)-0.329 x (0.993)Age 

    >62(>0.7) GFR = 166 x (Scr*/0.7)-1.209 x (0.993)Age 

  Male ≤80(≤0.9) GFR = 166 x (Scr*/0.9)-0.411 x (0.993)Age 

White   >80(>0.9) GFR = 166 x (Scr*/0.9)-1.209 x (0.993)Age 

  Female ≤62(≤0.7)  GFR = 144 x (Scr*/0.7)-0.329 x (0.993)Age 

    >62(>0.7) GFR = 144 x (Scr*/0.7)-1.209 x (0.993)Age 

  Male ≤80(≤0.9) GFR = 141 x (Scr*/0.9)-0.411 x (0.993)Age 

    >80(>0.9) GFR = 141 x (Scr*/0.9)-1.209 x (0.993)Age 

   
* Serum Creatinine (Scr) 

 

• 3rd Blood 
Draw 

End of the 
Season 

• 2nd Blood 
Draw 

Middle of 
the Season 

• 1st Blood 
Draw 

Before 
Preseason 
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CHAPTER 4 

 

RESULTS 

Ninety three participants volunteered for the research study; 40 football players, 

21 soccer players, 16 men’s cross country runners and 16 women’s cross country runners 

participated in the study.  Table 2 and 3 describe the demographics of the participants by 

sports and sex, respectively.  56 males and 37 females were included in the study. 

Football, soccer, and men’s cross-country had the same mean age (20±1 years).  

Women’s cross-country had the highest mean age (21±2 years) among participants, 

although no significant differences were observed.  Soccer had the highest percentage of 

Caucasians (100%) compared to the other sports.  On the other hand, women’s cross-

country had the highest Non-Hispanic Latino ethnicity (100%) while football had the 

highest percentage of Hispanic-Latino (7%).   

Each sport had three blood draws throughout the competitive season.  Table 5 

shows the total samples by sport.  A total of 181 samples were collected and analyzed, 83 

of them from Football, 40 from Soccer, 32 from men’s Cross-Country, and 26 from 

women’s Cross-Country.  The first blood draw had 102 total samples collected.  The 

second blood draw had 34 total samples collected. The third blood draw had 45 total 

samples collected.  The reasons for attrition were two-fold: 1) end-season injuries (in 
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football and soccer) and 2) lack of commitment with the study (in football and cross-

country). 

Creatine Kinase (CK), Creatinine (Cr), Myoglobin (Mb), Glomerular Filtration 

Rate (GFR) and Plasma Osmolality (PV) were analyzed in the Applied Medicine 

Research Lab upon completion of each blood draw.  Outliners were identified for each 

biochemical marker using exploratory analysis.  The outliers were then removed and 

Kolmogorov-Smirnov tests for normality were performed for all variables. Table 5 

describes the biochemical makers by blood draw.  Total number of samples analyzed for 

each biochemical marker; CK = 158, Cr = 161, Mb = 143, GFR = 152, plasma osmolality 

= 140. Average and 95% confidence interval (CI) were computed for all four variables.  

Figures 2-6 show average and 95% CI for all variables for each blood draw with the 

normal reference values.  In general, CK was higher than normal value on all three blood 

draws (Figure 2); Cr was higher than normal value on all three blood draws (Figure 4); 

and GFR was lower than normal value on all three blood draws (Figure 5).   

  The Pearson’s correlation matrix is shown on Table 6.  CK and plasma 

osmolality were correlated with an R = 0.31 (P < 0.001), Cr and GFR were correlated 

with an R = 0.88 (P < 0.001), and GFR and plasma osmolality were correlated with an R 

= 0.21 (P < 0.05).   

 To predict renal function from the biochemical markers, a multiple regression 

model was performed. GFR was the dependent variable with CK, Mb, and plasma 

osmolality as the independent variables.  The analysis did not find a significant model to 

predict renal function. A second multiple regression model was performed to predict 
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hypohydration. Plasma osmolality was used as the dependent variable with CK, Mb, and 

GFR as the independent variables (Table 7).  The stepwise regression in model 1 

explored the relationship between plasma osmolality and CK. The analysis proved to be 

significant (P <0.01) with an R
2 

= 0.10. The stepwise regression in model 2 explored the 

relationship between plasma osmolality and predictors GFR and CK. The analysis proved 

to be significant (P<0.001) with an R
2
= 0.14 (Table 7).   

Table 2 Demographics by Sex 

Sex N 
Age 

(years) 

Race 

% (n) 

Ethnicity 

% (n) 

   W AA NH/L H/L 

Male 56 20 ± 1 61% (34) 39% (22) 93% (52) 7% (4) 

Female 37 20 ± 2 97% (36) 3% (1) 97% (36) 3% (1) 

Total 93 
 

75% (70) 25% (23) 95% (88) 5% (5) 

W = White/Caucasian; AA = African American; NH/L = Non-Hispanic Latino; 

H/L=Hispanic Latino  

 

Table 3 Demographics by Sport 

Sport N 
Age 

(years) 

Race 

%(n) 

Ethnicity 

%(n) 

   W AA NH/L H/L 

Football 40 20 ± 1 48%(19) 52%(21) 93%(37) 7% (1) 

Soccer 21 20 ± 1 100% (21) 0% (0) 95%(20) 5%(1) 

MXC 16 20 ± 1 94% (15) 6% (1) 94% (15) 6% (1) 

WXC 16 21 ± 2 94% (15) 6% (1) 100% (16) 0% (0) 

Total 93 
 

75% (70) 25% (23) 96% (89) 4% (4) 

MXC = Men’s Cross-Country; WXC = Women’s Cross Country; W = White/Caucasian; 

AA = African American; NH/L = Non-Hispanic Latino; H/L=Hispanic Latino  
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Table 4 Blood Samples by Sport 

Sport Draw 1 Draw 2 Draw 3 Total 

Football 52 10 21 83 

Soccer 18 16 6 40 

MXC 16 4 12 32 

WXC 16 4 6 26 

Total 102 34 45 181 

MXC = Men’s Cross-Country; WXC = Women’s Cross-Country 
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Table 5 Biochemical Makers by Blood Draw.  Average and 95% CI 

 

 N Draw 1 Draw 2 Draw 3 Mean Normal Value 

Creatine Kinase 

(IU/L) 

158 

450.32 

[417 – 483] 

449.85 

[415 – 483] 

598.92 

[530 – 667] 

484.07  

[457.69 – 510.44] 

M =  55 – 170  

F = 35 – 135  

Creatinine 

(ug/dL) 

161 

1.75 

[1.65 – 1.85] 

1.52 

[1.30 – 1.73] 

1.95 

[1.34 – 1.72] 

1.66 

[1.57 – 1.74] 

0.5 – 1.4  

Myoglobin 

(ng/mL) 

143 

31.01 

[24.86 – 37.16] 

22.03 

[14.73 – 29.32] 

29.41 

[20.20 – 38.63] 

28.68 

[28.13 – 61.69] 

< 85  

GFR 

(ml/min/1.73m
2
) 

152 

55.55 

[50.39 – 60.70] 

57.65 

[47.42 – 67.88] 

64.52 

[54.39 – 74.64] 

58.09 

[53.88 – 62.29] 

90  

Plasma Osmolality 

(mosm/kg) 

140 

291.21 

[290.07 – 292.35] 

293.5 

[289.88 – 297.12] 

301.78 

[298.93 – 304.62] 

294.79 

[293.31 – 296.27] 

275 – 295  
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Table 6 Pearson Correlation Matrix 

  CK Cr Mb GFR PV 

CK 

R
 

1 0.031 -0.044 0.014 .314 

P-value   0.712 0.622 0.871 0.00 

N 158 147 130 138 124 

Cr 

R
 

 
1 0.043 -.875 -0.062 

P-value 
 

  0.625 0.00 0.497 

N 
 

161 132 150 122 

Mb 

R
 

  
1 0.006 -0.023 

P-value 
  

  0.942 0.814 

N 
  

143 127 109 

GFR 

R
 

   
1 .205 

P-value 
   

  0.026 

N 
   

152 117 

PV 

R
 

    
1 

P-value 
    

  

N 
    

140 

CK = Creatine Kinase Cr = Creatinine Mb = Myoglobin GFR = Glomerular Filtration 

Rate PV = Plasma Osmolality  

 

Table 7 Regression Model 

 

Model Summary 

 Model R R Square Significance  

1 0.31 0.10 < 0.01 

2 0.37 0.14 < 0.001 

Model 1: PV=CK*0.017 + 286.771 

Model 2: PV= CK*0.016 + GFR*0.068 + 282.906 
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Figure 2: Creatine Kinase by Blood Draw, Average ,95%CI, and Normal Value 

 

 
 

 

Figure 3: Myoglobin by Blood Draw, Average, 95% CI, and Normal Value 
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Figure 4: Creatinine by Blood Draw, Average, 95% CI, and Normal Value   

 

 

Figure 5: GFR by Blood Draw, Average, 95% CI, and Normal Value
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Figure 6: Plasma Osmolality by Blood Draw, Average, 95% CI, and Normal Value 
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CHAPTER 5 

 

DISCUSSION 

The findings of this research study are twofold.  First, CK was associated with 

plasma osmolality, Cr was associated with GFR, and plasma osmolality was also 

associated with GFR.  Secondly, renal function cannot be predicted using biochemical 

markers for muscle damage breakdown. However, hypohydration could be predicted by 

CK and GFR.  

Rhabdomyolysis is a potentially life-threatening syndrome characterized by the 

breakdown of skeletal muscle fibers resulting in the release of intracellular contents into 

the circulatory system.
1-6

  During sports activity, skeletal muscle breakdown can be due 

to physical stresses, such as conditioning, weight lighting, and organized practice; 

however, exertional rhabdomyolysis (ER) is normally considered being traumatic.  The 

major clinical problem associated with ER is not muscle injury, but acute renal failure, 

which could be fatal.  Many tools exist for diagnosing muscle breakdown; however, no 

single test can accurately diagnose or predict ER.  Although, CK and myoglobin have 

been highly associated with ER, assessing renal function should be included when 

diagnosing ER due to the clinically relevant association with renal failure. 
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When skeletal muscle breaks down due to exercise-induced traumatic stress, the 

muscle releases biochemical markers such as CK and myoglobin into general circulation.  

CK and myoglobin serve as the biochemical markers for clinically diagnosing 

rhabdomyolysis to date.  If the body has too much trauma, CK and myoglobin can 

overwhelm the body.  Interestingly, the results of the present study did not show a clear 

correlation between CK and myoglobin (Table 6).  Moreover, CK was only correlated 

with plasma osmolality (Table 6).  These findings are somehow in contradiction with 

previous studies.  For example, Clarkson et al.
23,15

 observed a significant correlation 

between CK and myoglobin (r = 0.80, p <0.01).  These differences could be attributed to 

different study designs.  Clarkson et al.
15

 analyzed CK and myoglobin after a controlled 

acute bout of eccentic exercise-induced muscle damage.  In addition, the blood samples 

were obtained 4 days after exercise, where CK is expected to be the highest.
15

 

Furthermore, the correlation between CK and myoglobin was high ly variable among 

subjects. Many subjects had a baseline of 3 times the normal accepted value of 

myoglobin.
15

  The current study analyzed CK and myoglobin passively over time, with 

any specific or controlled exercise-induced muscle damage.  Moverover, the blood 

samples were normally obtained 48 hours after the athletes’ practice or game.  In 

addition, no baseline blood draw was taken  as a point of reference.  As myoglobin’s half-

life is 2-3 hours
2,12

 and CK’s half life is 48-72 hours, observing high leves of CK than 

myoglobin 48 hours after pratice or game would not be completely unexpected (Figure 2 

and 3).  A non-significant correlation between CK and myoglobin could be expected.   



42 

Interestingly, the present study showed a baseline CK levels greater than normal 

values (Figure 2).  In fact, the baseline 95% CI’s lower bound was 417 IU/L (Table 5), 

more than four-fold higher than normal values.  Similar findings have been reported in 

recent studies.
61,62

  For example, Colombini et al. found baseline CK levels to be higher 

than normal values in professional cyclists.
62

  In addition, Machado et al found an  

increased serum CK in trained women after circuit training.
61

  Moreover, Colombini et al. 

found a negative or weak correlation between CK and GFR, similarly to our results.
27

 

Renal function is a vital physiological process in the body.  The most common 

practice for assessing renal function is GFR.
63

 The leakage of intracellular contents in to 

the blood stream due to, for example, muscle damage is filtered through the kidneys.
1-6

  

The increase in contents into the blood stream can impose more stress to the kidneys, 

ultimately leading to kidney failure.  When renal function is impaired, the onset could be 

fatal if ignored.  However, impaired renal function has been described on almost all case 

studies reported in the literature.
15,23,64

  Normal GFR is 90 mL/min/1.73 m
2
; however, 

GFR of less than 60 mL/min/1.73 m
2
 for three or more months is considered as a marker 

for chronic kidney disease (CKD).
63

 The results of the present study showed a lower than 

accepted normal values for GFR before, during, and after the competitive season (Figure 

5).  Moreover, GFR of 60 mL/min/1.73 m
2
 fall within all 95% CIs, before, during, and 

after season (Figure 5).  These athletes could be considered as CKD patients, especially 

by the end of the season, which is over three months long.  In fact, recent studies have 

shown that monitoring GFR could be beneficial when supervising professional 

cyclists.
27,62

  Even though the findings may have significant clinical relevance, changes in 
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GFR may be due to abnormal kidney function or muscle loss.
26

  The research team did 

not measure any biochemical marker of protein metabolism to account for muscle loss in 

these athletes.  Furthermore, the research team cannot exclude the hypothesis that the 

observed changes in GFR are not due to renal failure but chronic muscle loss during a 

competitive season.  Further studies should consider protein metabolism markers or 

muscle mass measurements to determine if there is any muscle loss. 

As previously describe both muscle damage and hydration status play a role in 

renal function.  Hydration is essential for metabolism, temperature regulation, and 

especially renal function.  Dehydration is a frequent problem with physically active 

individuals exercising at high volumes.
28

  Plasma osmolality was higher than normal 

values before, during, and after the competitive season (Figure 6), which indicates 

hydration status was below normal limits throughout the length of the study.  The 

findings suggest student-athletes were hypohydrated and below normal renal function.  

The results of the present study suggest that athletes should be drinking more fluids.  To 

combat hypohydration, athletes should be over-hydrating to increase GFR and maintain 

normal bodily functions.  Athletes should have fluids readily available to consume such 

as water or electrolyte sport drink  Interestingly, no complications occurred to any 

participants or any athlete diagnosed with ER throughout a competitive season in the 

present study,   

The multiple regression models to predict renal function based on CK, 

myoglobin, and plasma osmolality did not show any significant correlation.  Similar 

results were obtained by Colombini et al.
27,62

  However, a better model was constructed 
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using plasma osmolality as a dependent variable with GFR and CK as independent 

variables.  Unfortunately, the predictive value of this model is low (Table 7). 

In summary, the present study, based on our best knowledge, is the first study that 

has prospectively looked for the associations between muscle damage, hydration status, 

and renal function in college athletes.  Our findings suggest that college athletes have 

higher than normal CK levels throughout the competitive season, chronically 

hypohydrated, and chronically impaired renal function.  However, not a single case of ER 

was reported during the competitive season in conjunction with the research study.  In 

addition, the increased baseline levels for CK and plasma osmolality could be helpful to 

orient clinical decision for return to practice after ER.  Although no clear return to play 

have been set for ER.
34,65

 

Our research team suggested the perfect storm was a cascade of events leading to 

ER.  Although CK and Mb have long been accepted as the biochemical markers to test 

for ER, the research team included plasma osmolality and GFR into consideration.  Given 

the results of the current study, the theory of perfect storm has been put into question; 

low Mb, higher than normal CK, hypohydration and low GFR over time.  All factored 

together suggest ER should have been present, yet none of the athletes had ER.  The 

question, is the perfect storm predictable or an anomaly? According to the results, the 

perfect storm is not predictable.  
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