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Abstract 
 

Introduction: It is recommended to use the fat free mass (FFM) based Cunningham equation to 

accurately estimate resting energy expenditure (REE) in athletic populations. However, it is 

unknown if FFM derived from dual-energy x-ray absorptiometry (DXA) can accurately estimate 

REE in collegiate athletes. Therefore, our aim is to determine REE accuracy of Cunningham 

equation using DXA-derived FFM compared to measured REE in Division I collegiate athletes. 

 

Methods: 15 (14F, 1M) NCAA Division I athletes from 7 collegiate sports completed the test 

protocol. Indirect calorimetry (Parvo Medics’ TrueOne® 2400 metabolic cart with canopy 

system) was used to measure REE. A DXA (GE Lunar iDXAÔ enCORE-based) measurement was 

completed within 14 days of measured REE to provide FFM. The DXA-derived FFM was inserted 

into Cunningham equation (REE [kcal/day] = 500 + 22 × FFM[kg]) to predict REE. A Wilcoxon 

signed-rank test and Bland-Altman analysis were used to determine respective difference 

and bias between measured and predicted REE. 

 

Results: Predicted REE by Cunningham equation using DXA-derived FFM was not statistically 

different from measured REE (Z = -1.306, p = 0.191). Average measured and predicted REE 

was 1448 kcal/day and 1587 kcal/day. Mean percent difference was ±20.09% with 47% of 

participants REE difference >±10%. Bland-Altman analysis suggested proportional bias, with 

overestimations among low measured REE values (~1200 kcal/day) and underestimations 

among high measured REE values (~1800 kcal/day). 

 

Conclusions: The Cunningham equation, using DXA-derived FFM to predict REE, was not 

significantly different from measured REE in Division 1 collegiate athletes. However, 

reported bias and possible clinical significance (i.e. % difference) warrant further 

investigation to validate our preliminary findings. 
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Chapter 1: Introduction 
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For athletic populations, the estimation of energy expenditure to determine appropriate 

energy requirements (i.e. energy balance) is often utilized by health practitioners to help 

optimize performance, enhance recovery, prevent injury, alter body composition, and support 

overall health. Estimating resting energy expenditure (REE) is a significant component of an 

athletes’ daily energy requirements with previous research reporting REE makes up 45–75% of 

total energy expenditure (1). Thus, an accurate estimation of REE appears to be a logical 

starting point for health practitioners in determining and managing an athlete’s energy balance. 

The gold standard for measuring and estimating REE is indirect calorimetry, in which 

respiratory gas exchange is assessed as an indicator of energy production (2). Unfortunately, 

measured resting energy expenditure (mREE) via indirect calorimetry on athlete populations 

has been prohibitive and not generally practiced. Thus, predicted resting energy expenditure 

(pREE) equations derived from indirect calorimetry mREE data are utilized. 

Referenced guidance on pREE equations use within athletic populations is provided 

by the Nutrition and Athletics Performance joint position paper by the Academy of Nutrition 

and Dietetics, Dietitians of Canada, and the American College of Sports Medicine (3). They 

recommend using the Cunningham or Harris-Benedict pREE equation (3) with an 

understanding that these referenced equations only provide a “reasonable estimate” and 

may not accurately estimate REE for all athletes (3). This “reasonable estimate” and 

potential inaccuracies are due to these respective pREE equations being derived from mREE 

of general populations which did not include athletes and athletic populations of varying 

body size, competition level, and sport (4, 5). 
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There is a key difference between the Cunningham and Harris-Benedict pREE 

equations that may be important, especially relative to athletes. The Cunningham pREE 

equation  includes fat-free mass (FFM) as a predictor variable. Inclusion of FFM improves 

the prediction of REE in both male and female athletes despite the equation’s mREE 

population not including athletes. This suggests FFM, instead of total body weight, is an 

important predictor of REE (6-8).  However, body composition methods used to determine 

FFM for the Cunningham pREE in athletes have primarily used techniques such as skinfolds (9, 

10), bioelectrical impedance analysis (BIA) (8), or air displacement plethysmography (ADP) i.e. 

BOD POD (6, 7). Despite the increased popularity of dual-energy x-ray absorptiometry (DXA) in 

athletic populations to assess body composition and FFM, to the author’s knowledge, little 

research has examined the accuracy of the Cunningham pREE in athletes using a DXA derived 

FFM value.   

Therefore, the purpose of this study was to determine if there was a difference in REE in 

Division I collegiate athletes between the Cunningham equation using FFM measured by DXA 

compared to indirect calorimetry.  In order to address this question, mREE by indirect 

calorimetry was compared to the Cunningham pREE equation using FFM from a total body DXA 

measurement.  
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Chapter 2: Review of Literature 
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2.1 Introduction 

REE is a key component for athletic populations in supporting appropriate energy 

balance and health because these respective energy requirements are needed to sustain 

essential bodily functions (1). Determining mREE is different from Basal Metabolic Rate 

(BMR) which involves stricter indirect calorimetry testing conditions and seeks to determine 

an individual’s true minimum (i.e. basal) energy requirement.  Despite easier testing 

conditions compared to BMR, mREE has been validated in athletic populations and can 

provide a practical approach in accurately determining fundamental energy requirements 

(1). However, when mREE is not convenient or feasible, pREE is utilized to estimate REE. 

Unfortunately, the most commonly used pREE equations recommended for athletic 

populations were developed within samples of the general population, which did not 

include individuals with athletic backgrounds; thus, resulting in greater reported pREE 

inaccuracies compared to mREE (4, 5).  

2.2 Athletes’ Need for Accurate Resting Energy Estimates 

Athletes require accurate estimates of energy needs in order to support 

performance, body composition, and general health goals. Inaccurate energy estimates, 

beginning with REE, can influence athletic performance and training adaptations due to 

undesired effects on physical work and exercise recovery. Energy intake provides the “fuel” 

to do work as well as the energy and building blocks to recover from physical training 

stressors. For example, when pREE underestimates energy requirements, athletes create a 

negative energy balance (EB) (6). A negative EB disrupts the energy needs for work and 

recovery and as a result, limits optimal athletic performance and prevents training 
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adaptations (11). Therefore, an accurate pREE is needed to promote optimal athletic 

performance gains.  

The importance of accurately assessing REE is further illustrated by chronic states of 

negative EB. Athletes who consume inadequate energy to meet their REE in addition to the 

cost of exercise are at a greater risk of numerous negative health effects. These negative 

effects are reported to occur within general metabolic and reproductive function, bone 

density, immune function, muscle protein turnover, cardiovascular health, exercise training 

acclimatization, and overall psychological well-being (12). More specifically, when altered 

reproductive function and decreased bone density were observed with negative EB, this 

was described as the Female Athlete Triad (FAT) (13). However, these risks are not limited 

to female athletes and only three health indicators. Therefore, a new term was coined in 

2014, Relative Energy Deficiency in Sport (RED-S), to describe this complex syndrome 

surrounding negative EB amongst all athletes (12). Enhancing our accuracy of REE 

estimations (pREE vs mREE) will improve awareness and prevention of RED-S. This is 

recognized by the governing bodies that recommended mREE by indirect calorimetry in 

their latest recommendations: The IOC Consensus Statement: Beyond the Female Athlete 

Triad–Relative Energy Deficiency in Sport (RED-S) (12). 

2.3 Measured Resting Energy Expenditure and Athletes 

An athlete’s total energy expenditure (TEE) includes the sum of all energy costs: REE, 

thermic effect of food, and thermic effect of activity. TEE is assessed in athletes using 

doubly labeled water (DLW) to find a weekly average. This method is costly and requires 

specialized materials and equipment for analysis. TEE varies greatly day-to-day and 
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throughout an athletic season (14). Therefore, using DLW for frequent TEE measurements is 

impractical. REE, however, stays relatively stable for athletes throughout a week or athletic 

season as long as energy balance is achieved (14). REE does not provide a complete picture 

of TEE and is a lower percentage of TEE in athletes than non-athletes (15), nonetheless, it is 

still the largest and most stable contributor to energy expenditure (14). Of the studies 

reviewed, REE was estimated to contribute 45% to 75% of TEE in athletes (1, 6, 8, 10, 15).  

Currently, the “gold standard” method for a mREE is indirect calorimetry (7, 15). 

While indirect calorimetry mREE is accepted and validated in athletes (6, 8, 11, 16), its 

integration is limited due to equipment costs, specialty training for operators, and time 

requirements for testing which includes a pre-test fast and exercise restriction that has 

further precluded testing feasibility in this population. Conversely, regression equations 

developed for pREE are well-established in health care and require no added expense or 

inconvenience to athletes. Thus, when mREE, using indirect calorimetry, is not available or 

practical, pREE equations are utilized to provide REE values similar to mREE. 

2.4 Predicted Resting Energy Expenditure Equations and Athletes 

Across various sample populations, two variables that can differ greatly between 

individuals – FFM and body weight – are reported to be the strongest predictors of REE (11).  

For example, FFM can account for up to 70% of mREE (11). Therefore, various pREE 

equations are generally divided into two categories: weight-based, and FFM-based. Weight-

based equations use easily-obtained anthropometric data – height, weight, and age – while 

FFM-based equations require body composition assessments to estimate or measure fat 

mass (FM) and FFM. Equations typically used within athletic populations include the Harris-
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Benedict, Mifflin, Owen, and DeLorenzo equations, which are weight-based, and the 

Cunningham and Nelson equations, which use FFM (7). 

2.4.1 Body Composition Methods to Assess FFM for pREE 

FFM is defined as the mass of muscle, bone, fluids, organs, and all other tissues 

when FM is subtracted from total body mass (17). When FFM is required for pREE 

equations, a variety of body composition techniques may be considered. FFM is more 

difficult to assess than other anthropometrics – requiring either costly equipment such as 

Dual-energy X-ray Absorptiometry (DXA), hydrodensitometry or underwater weighing 

(UWW), bioelectrical impedance analysis (BIA), and air-displacement plethysmography (ADP), 

or a skilled practitioner to perform skinfold thickness measurements.  

All the techniques previously stated assess the body in two components (2C): FM 

and FFM (17). A difference between DXA and the other models mentioned is that DXA can 

differentiate FFM into bone and none-bone lean tissue. DXA uses low-energy, filtered x-ray 

energy to quantify FM, bone, and non-bone lean tissue (17). 

In addition, DXA is considered more ideal than other body composition assessments to 

determine FFM because it is less burdensome than UWW and has a lower standard of error 

compared to other body composition assessment techniques that potentially utilized in an 

athletic setting – ADP, BIA, and skinfold measurements (3). Therefore, while DXA is a validated 

technique to assess body composition within athletic settings (18), differences between DXA 

and other FFM measurement methods can be significantly different. For example, when 

evaluating DXA compared to UWW the standard error of the estimate of DXA was 3.0%, 

indicating good accuracy of DXA vs. UWW (19). In a study comparing DXA to BIA measurements 
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of FFM in Division I collegiate football players, it was determined that BIA-derived FFM was 

significantly different from DXA with BIA overestimating FFM by 2.4±4.3 kg (18). In female 

Division 1 collegiate athletes, further comparisons between DXA and BIA FFM reported BIA 

values were significantly greater (i.e.2.1±3.7 kg) than DXA; thus, stating significant 

“discrepancies between the two devices” (20). In that same study, DXA and BIA agreed very 

well on lean tissue measurements, which implies that BIA may assess muscle well, but in using a 

fixed assumption for bone density, will not match DXAs measurements of that individual value 

(20). A study sample evaluating percent body fat (BF%) of underweight, normal weight, and 

overweight adults found “good agreement” in normal weight subjects, but variation in 

underweight and overweight groups (21). In underweight, ADP was 6.79% higher than DXA and 

in overweight, ADP was 1.68% lower than DXA.  to skinfold methods, DXA has been reported to 

have a low coefficient of variation for FFM of 0.8% (22) while skinfold FFM had up to a 5% 

coefficient of variation depending on practitioner skill (17).  

The variation between the 2C devices reveals the limitations of their assumptions of 

constant body water and bone tissue density. Improved accuracy would necessitate a multi-

component model of body composition which can have 1-2% accuracy and precision (17). The 

4-component (4C) model uses multiple techniques to assess mass, total body water (TBW), 

total body volume (TBV), and bone mineral content (BMC) in order to calculate FM and FFM 

(17, 23). However, while the 4C model would provide additional accuracy and is the reference 

method for body composition (17), it requires multiple methods. For the 4C model, the 

requirement of additional equipment, and time and cost make it not feasible to perform in 
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athletes (24, 25). So, while a 4C model would be ideal, a 2C single-technique measure such as 

DXA is likely to be more feasible in a clinical sports setting. 

DXA’s clinical use for estimating FFM, but potential significant differences in comparison 

to the other 2C techniques and lower accuracy than a multi-component model warrant further 

considerations regarding its potential influence on FFM-based pREE. Since body composition 

derived FFM values are used in various sports settings to estimate athletes’ energy needs, it is 

important to understand whether DXA-derived FFM will affect pREE equation accuracy. 

2.4.2 Recommended pREE Equations for Athletes 

Guidance on predictive equation use for athletes is provided by the joint position 

paper entitled Nutrition and Athletic Performance by the Academy of Nutrition and 

Dietetics (AND), Dietitians of Canada (DC), and the American College of Sports Medicine 

(ACSM) (3). The paper’s broad consensus on pREE equations is to use either the 

Cunningham (FFM-based) equation or, for a weight-based alternative, the Harris-Benedict 

equation. This recommendation is made with the caveat that either equation may only 

provide a “reasonable estimate” that would be improved with more specific equations 

tailored to each athlete sub-type population (3). Without pREE equations specifically 

developed for each sport, training level, gender, or age, studies have investigated how 

these general equations apply to varying athletic populations. This review will consider the 

Cunningham equation in particular. 
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2.4.3 Cunningham Equation Accuracy in Athletes 

The Cunningham equation (4), recommended by the AND/DC/ACSM position paper, 

(3) is an entirely FFM-based equation:  

REE (kcal/day) = 500 + 22 × FFM (kg) 

FFM is the largest contributor to REE changes (26, 27).  However, the FFM variable has 

not been assessed with a standardized body composition measure among the studies 

investigating the validity of the Cunningham equation in athletes (6-10). Furthermore, there is 

no FFM measurement standard for the Cunningham equation since it was developed from a 

regression equation estimate of FFM using the body weight and age data of 223 subjects 

from the 1918 Harris-Benedict study (4, 28).  

With multiple methods used to assess FFM, studies investigating pREE equation 

accuracy in athletes have varied. For example, in a study of elite (German National Team) 

rowers and canoeists, using skinfold calipers to assess FFM, the Cunningham equation 

underestimated REE by an average of 133-202 kcal/day (10). In another study also using 

skinfold-derived FFM amongst female athletes in a wide variety of Division II collegiate 

sports, the Cunningham equation differed significantly from mREE, with a standard error of 

128 kcal/day (9). However, a study of NCAA Division III collegiate athletes with FFM derived 

from ADP concluded that the Cunningham equation was the most accurate choice for females, 

but not for males (29).  Yet, ADP-derived FFM in recreational Dutch athletes reported good 

accuracy with the Cunningham equation overall, in both male and female athletes (7).  Using 

BIA-derived FFM, in Korean elite and recreational high school athletes, the Cunningham 

equation was found to only be reasonably accurate in males and not accurate in females (8). 
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Lastly, two recent studies have shown no significant difference between pREE and mREE 

when the Cunningham equation is used with female athletes, one using FFM from ADP (6), 

the other from DXA (15). 

In addition to considering body composition technique FFM value variations and 

Cunningham accuracy, overall FFM among athletes may also contribute to Cunningham 

pREE accuracy. The Cunningham equation was developed using data from a “normal 

weight” population and specifically excluded 16 trained athletes from its sample (4, 5). 

Thus, with an average FFM of 46 kg used to develop the equation, the Cunningham sample 

did not represent physiques with greater FFM (4, 10). For example, in athletic populations, a 

study that included skinfold measurements of elite rowers showed FFM to exceed 90 kg, 

with averages of 56 kg for females and 81 kg for males (10). Furthermore, in a study of 49 

Division III collegiate athletes from a diverse assortment of sports, the ADP assessed body 

fat values varied significantly from 9% to 26% (6). A study of 93 female athletes assessed by 

DXA had a FFM difference of up to 32 kg or 70 pounds between subjects (27). A companion 

study of 57 male athletes had upper and lower FFM values ranging 40 kg or 88 pounds (26). 

Therefore, these greater FFM values and wide variations highlight the diverse range of body 

types between and within sports as well as the likely difference from Cunningham sample 

population which may also influence Cunningham accuracy.  

2.5 Discussion 

With the variety of body composition methods used in athletic settings, differences 

in FFM-assessment values combined with the wide range of FFM in different athletes may 

significantly influence reported Cunningham pREE accuracies as described thus far. 
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DXA does have its own limitations, including the equipment cost and the radiation dose, 

but the scan is also simple to perform, fast, non-invasive, and less affected by hydration status 

than other methods, which can make it preferable for practical purposes (3, 22). While DXA use 

with athletes is increasing (17), there seems to be a paucity of literature evaluating this body 

composition method derived FFM validity in the Cunningham equation, particularly compared 

to mREE from indirect calorimetry for any population, particularly athletes. To the author’s 

knowledge, only the Loureiro study looked at mREE by indirect calorimetry and pREE (i.e. 

Cunningham) using DXA-derived FFM in athletes (15). However, this study was on an 

adolescent population and not in a collegiate athlete population (15). 

Based upon the wide variety of reported Cunningham pREE accuracy results 

described thus far using various body composition techniques, this review of literature 

indicates this equation’s accuracy in athletes may be influenced by FFM methodological 

assessment. Thus, when different body composition techniques are used across existing 

studies to assess this FFM, it is problematic to understand the accuracy in athletes when 

using different body composition techniques. The validity of the Cunningham equation 

when DXA is used for FFM has not been investigated for collegiate athletes despite DXA 

usage becoming increasingly popular (3). Therefore, in order to determine whether the 

Cunningham equation is valid for some or all collegiate athletes, it is important to first 

understand whether the equation is accurate when FFM is derived by DXA.  
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Chapter 3: Methods 
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3.1 Overview 

In order to determine whether the Cunningham equation using DXA-derived FFM can 

accurately predict mREE in a collegiate athlete population, Division 1 male and female student-

athletes, predominantly age 18-23 years, on athletic teams at the University of Kansas eligible 

for DXA testing between August, 2019 and March, 2020 (Golf, Tennis, Track & Field, Baseball, 

Swim & Dive, Basketball, Cross Country, Soccer, Volleyball, and Football) were recruited. Within 

14 days of their total body DXA measurement, an indirect calorimetry mREE was conducted to 

ensure DXA-derived FFM value was accurate for Cunningham pREE and mREE comparison.  

Athlete DXA testing was already well-established within the athletic department’s 

performance nutrition division, with the test offered 1-3 times per year to teams on a rotating 

schedule (Appendix A – DXA Schedule). All completed DXA measurements were part of an on-

going research study investigating the effects of sport and exercise on bone and body 

composition; thus, all DXA standard operating procedures for testing and data collection were 

approved by the University of Kansas Human Subjects Committee. When athletes were notified 

by email (from their team dietitian) of their upcoming DXA appointment window, they also 

received information on signing up for the indirect calorimetry mREE appointment on available 

dates within that two-week period. Once an athlete scheduled an appointment, they received 

an email with pre-testing instructions (lab location, fasting, apparel, etc.) and contact 

information for the technician in case of questions. The email procedures and templates are 

included in Appendix B – Athlete Scheduling Standard Operating Procedure (SOP).  
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3.2 Setting and Schedule 

DXA and indirect calorimetry measurements took place at separate appointment times 

and locations, with the DXA in a Performance Nutrition office at the Anderson Family Strength 

Center, and indirect calorimetry in a procedure room within the Anderson Family Football 

Complex athletic training room. The DXA room was climate-controlled, and the door was closed 

during tests per IRB approved protocol. Indirect calorimetry testing required specific operating 

conditions – temperature 14-30ºC (57-86ºF), relative humidity 10-80% non-condensing, and 

barometric pressure 400-780mmHg – verified with a weather station device 30 minutes before 

all appointments. Appointments for DXA were offered during the team dietitians’ office hours 

and indirect calorimetry appointments were offered on Tuesdays and Fridays, at 7:00AM, 

8:00AM, and 9:00AM in the fall semester. During the spring semester, an additional test day 

(Wednesday) was added. The first indirect calorimetry test took place on September 24, 2019, 

and data collection continued through February 11, 2020.  

3.3 Ethics 

This project was conducted within an existing protocol for Dr. Aaron Carbuhn’s Athlete’s 

Resting Energy Expenditure study, which was approved by the Human Subjects committee at 

the University of Kansas. This research does not qualify for exempt status; thus, the indirect 

calorimetry research technician explained study procedures, risks, and benefits, and required 

each athlete to complete a separate consent form for DXA and indirect calorimetry testing 

(Appendix C – Informed Consent Statement). Athletes were informed that they could end a test 

or withdraw from the study at any point. 
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3.4 Procedures 

Prior to mREE testing, athletes were instructed (by two separate emails) that they must 

have no alcohol 24 hours before test as well as no exercise or food 12 hours before test (30). 

The athletes were asked to confirm they had met these requirements prior to testing, and if 

they had not, their test would have been rescheduled. Also, if the athlete’s respiratory quotient 

(RQ) was 0.91–1.3 during the measurement, this result was considered outside of the fasting 

range, and so the test was to be rescheduled (30). On testing days, the technician arrived to 

power on the indirect calorimeter’s analyzer on one hour before the first appointment of the 

day. The procedures to then set up the equipment and perform the measurement are detailed 

in Appendix D-Technician SOP. There was a 10-minute supine rest before each test began, then 

the first 10 minutes of the measurement were discarded, to achieve the recommended 

minimum of 20 minutes rest before data collection (30). The technician reviewed the consent 

form with the athlete and obtained their signature prior to beginning the measurement 

(Appendix C-Informed Consent Statement). A participant history document was completed at 

this time, including verification that the athlete correctly restricted food, exercise, and alcohol 

per instructions (Appendix E – Participant History). The actual indirect calorimetry 

measurement took 30 minutes.  

At the end of every testing morning, an alcohol burn measurement was performed for 

quality assurance and REE measurement accuracy (Appendix F – Alcohol Burn SOP). Data from 

the day’s athlete REE testing and alcohol burn were exported to Excel for data correction 

(Appendix G – Alcohol Burn Analysis Template and Appendix H – Alcohol Burn Data Correction 

SOP). Data was then entered to REDCap (Appendix I – Data Transfer and Entry SOP).  
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DXA scans were completed with subjects wearing minimal clothing. Athletes were 

instructed to arrive for their appointment wearing compression spandex shorts and a t-shirt, 

with a sports bra (metal-free) for females, and all athletes were told to refrain from eating or 

exercise one hour before their appointment. Upon arrival, the trained technician had the 

athlete remove shoes, any clothing in other than the shorts and t-shirt specified, watches, and 

all jewelry and first assessed height and weight.  The technician explained the consent form and 

obtained signatures for new participants. The technician had the athlete lie supine on the DXA 

table and helped align the athlete in the correct position. The scan took 7-12 minutes and the 

athlete was then free to leave. Results were entered into an Excel spreadsheet and added to 

REDCap. 

3.5 Materials 

The primary equipment used for in study was a DXA (GE Lunar iDXAÔ enCORE-based X-

ray Bone Densitometer) and an indirect calorimeter (Parvo Medics’ TrueOne® 2400 metabolic 

cart with canopy system). Additional equipment included a DetectoÒ 6339 digital body weight 

scale with stadiometer for weight and height assessment in the DXA office and a digital body 

weight scale with stadiometer in the indirect calorimetry lab. For indirect calorimetry, the Davis 

Instruments® VantageVue® Weather Station confirmed environmental parameters, a 20” 3-

speed fan was used at all times during operation, and the alcohol burn validation required a 

Digital lab scale and Fisher Chemical Methanol, 500mL. 
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3.6 Data Collected  

Both indirect calorimetry and DXA testing had a Participant History Form which included 

first name, last name, middle initial, birth date, sport, position, academic classification, height 

(inches), and weight (pounds). All testing also required consent forms, with printed name, date, 

and signature. The technician recorded participant fat-free mass (pounds, from DXA), 

participant raw REE (kcal/day, from indirect calorimetry), and participant corrected REE 

(kcal/day, adjusted after alcohol burn) as well as Daily Alcohol Burn Analysis results. 

3.7 Analysis 

The DXA test provided the FFM value needed for the Cunningham predictive equation. 

The Cunningham pREE was calculated for all subjects using the DXA-derived total FFM value. In 

this sample size of 15, normal distribution could not be verified and non-parametric statistical 

analysis was required. To compare the pREE to the mREE values, a Wilcoxon signed-rank test 

was used to consider statistical differences between the two values at a significance of p < 0.05. 

Because the goal was to compare two different methods of estimating energy expenditure, a 

Bland-Altman analysis was appropriate to assess how much the results from the two methods 

agreed or differed within a 95% confidence interval (31). Statistical analysis was performed with 

SPSS (IBM SPSS Statistics Subscription for Mac OS, Version 26.0).  
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Chapter 4: Results 
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4.1 Athlete Characteristics 

The final study sample for analysis was comprised of 15 Division I collegiate athletes (14 

female, 1 male). Subject demographics are summarized in Table 1. With an average age of 20.7 

± 0.8 years, this sample of collegiate athletes represented a different developmental stage and 

competition level in comparison to one other study comparing pREE accuracy to mREE using 

DXA-derived FFM values in adolescent athletes with an average age of 15 ± 2 years (15). The 

average subject weight of 64.8 ± 6.9 kg and FFM of 49.5 ± 5.5 kg aligned closely with the female 

subjects of other collegiate and young adult athlete samples such as Division III collegiate 

athletes (6), Division II collegiate athletes (9), competitive recreational (7), and elite rowers 

(10), but this similarity was only seen when considering the all-female studies or female 

subgroups. Studies with more male subjects reported higher weights and FFM values (6, 7, 10, 

32), which is logical given this study’s 93% female composition.  

Seven different sports were represented as well as two different events within the sport 

of track & field. The represented sports are reported in Table 2. Nine athletes represented 

more endurance-focused events (Cross Country, Soccer, Swimming, and Track & Field-Middle 

Distance) and 6 represented skill-based events (Golf, Rowing-Coxswain, Track & Field-Pole 

Vault, and Volleyball). This is similar to the sport distribution of other collegiate studies that 

assess a variety of events to begin to evaluate overall equation accuracy (6, 9), but different 

from others that focus on specific sport types in order to investigate more tailored predictions 

(15). However, our studied collegiate sample group is unique given it is Division 1 which has yet 

to be investigated and will contribute further insight into pREE accuracies.  
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Table 1. Subject Demographics (n=15) 

Gender 14 Female, 1 Male 

Student Classification 11 Juniors, 4 Seniors 

Age (years) 20.67  ± 0.82 

Height (cm) 171.62  ± 9.14 

Weight (kg) 64.83 ± 6.89 

BMI (kg/m2) 22.29 ± 2.00 

Body Fat % 23.1% ± 6.8% 

FFM (kg) 49.42 ± 5.66 

BMI: Body Mass Index, FFM: Fat Free Mass 

 
 

Table 2. Sports Represented 

Cross Country 2 

Golf 2 

Rowing - Coxswain 1 

Soccer 3 

Swimming 2 

Track & Field – Pole Vault 2 
Track & Field – Middle Distance 2 

Volleyball 1 

 

4.2 Comparison of REE Methods 

The Wilcoxon signed-rank test showed that the difference between pREE and mREE was 

not statistically significant in this sample of athletes (Z = -1.306, p = 0.191). There were 9 

positive ranks, or a greater pREE than mREE, indicating the prediction overestimated the 

measured value; and 6 negative ranks with a lower pREE than mREE, or an underestimation. 

There were no ties of equal mREE and pREE. Seven of the 15 subjects had a difference between 
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pREE and mREE that was greater than ±10%, with the mean difference of 20.09% and a median 

difference of 6.71%. Individual athlete results of the signed-rank test are reported in Table 3. 

 

Table 3. Ranked Differences in Measured and Predicted REE 
(Wilcoxon Signed-Rank Test) 

Rank* Weight (kg) 
Body 
Fat % 

mREE 
(kcal/day) 

pREE 
(kcal/day) 

kcal Difference 
(pREE-mREE) 

Percent 
Difference  

1 67.8 20.3% 1696 1707 + 11 + 1%  
2 58.6 26.2% 1463 1446 – 17 – 1%  
3 66.4 39.4% 1406 1726 – 36 – 2%  
4 66.1 27.9% 1588 1551 – 37 – 2%  
5 79.4 28.3% 1690 1358 + 48 + 3%  
6 59.5 22.5% 1565 1496 – 69 – 4%  
7 61.3 17.7% 1494 1577 + 83 + 6%  
8 63.8 16.9% 1759 1641 – 118 – 7%  
9 61.1 16.4% 1444 1607 + 163 + 11% ** 

10 62.0 17.8% 1316 1609 + 293 + 22% ** 
11 62.2 31.0% 1048 1452 + 404 + 39% ** 
12 80.2 26.9% 2245 1815 – 430 – 19% ** 
13 56.4 19.1% 966 1486 + 520 + 54% ** 
14 67.0 18.3% 1114 1711 + 597 + 54% ** 
15 60.6 17.7% 923 1627 + 704 + 76% ** 

MEAN 64.83 23.1% 1448 1557  +139.45  20.1%  

Summary of Ranks n Mean Rank Sum of Ranks 
Negative (pREE < mREE) 6 6.17 37 
Positive (pREE > mREE) 9 9.22 83 
Ties (pREE = mREE) 0   

 

* = Ranked by absolute difference, ** = difference > ±10%. Z = -1.306, p = 0.191 
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The Bland-Altman assessment, plotting the agreement of the difference between each 

subject’s pREE and mREE with the mean of their pREE and mREE values, did not report a 

significant bias (p=0.070). Shown in Figure 2.  

 

 
 

Figure 1. Bland-Altman agreement assessment.  Solid line = mean of differences, Dotted lines = 
agreement lines at ±1.96 standard deviations from mean. r = 0.480, R2 = 0.23 (p = 0.070). 
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Chapter 5: Discussion  
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The purpose of this study was to determine whether DXA-derived FFM in the 

Cunningham equation was significantly different from mREE. In this sample of Division 1 

collegiate athletes, the pREE was not statistically different from mREE as well as no significant 

bias.   

5.1 Comparison of REE Methods 

Our primary finding is in accordance to a previous report examining a similar question 

by Loureiro et al. in a sample of 28 elite adolescent pentathletes (15). Despite other previous 

studies using different methods of assessing FFM, such as ADP in the work of Jagim et al.(6) and 

skinfolds by Watson et al.(9), they also found a similar agreement between mREE and the 

Cunningham pREE in collegiate female athletes (6, 9).  

However, from a clinical perspective, Haaf & Weijs et al. states accuracy of a pREE in an 

athletic setting must be less than ±10% kcal difference between mREE and pREE (7). Our study 

found only 53.3% were within ±10% clinical accuracy.  These findings differ from previous 

reports that found the Cunningham equation were clinical accurate in 78.4% of female and 

84.9% of male recreational athletes (7).  Therefore, despite no reported statistically significant 

difference within our sample mean, 7 study participants were >10% kcal difference and 

clinically inaccurate warranting possible REE inaccuracies of Cunningham pREE when using DXA-

derived FFM in Division 1 collegiate athletes. 

The Bland-Altman analysis illustrated that while the differences were within the limits of 

agreement of -452.8 to 731.9 kcal, those differences may not be clinically accurate as previously 

discussed. However, the bias was not statistically significant in this sample (p = 0.07). 

Nonetheless, it was observed subjects with lower REE values (under ~1200 kcal) appeared to 
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have greater overestimations and those with higher REEs (over ~1800 kcal) had likely 

underestimations. This aligns with a similar trend reported by Carlsohn et al. who looked at 

elite rowers with particularly high FFM and concluded that for those higher metabolic rates, the 

predictive equations were more likely to underestimate calorie needs (10).  Therefore, it is 

possible athletes with higher FFM (i.e. middle-distance runners, pole vaulters) would have pREE 

underestimated and smaller athletes or those with lower FFM (i.e. long-distance runners and 

swimmers) would have pREE overestimated.  However, further research is needed to validate 

these simple observations and trends.   

5.3 Limitations 

While the sample size of 15 was small and lacked strength to make general 

recommendations for larger groups or teams, no prior literature was identified that assessed 

DXA-derived FFM for prediction of REE in Division I athletes. However, the sample size was in 

line with previous athlete REE studies whose samples were under 20 (10, 11, 33, 34). 

Both male and female teams were recruited evenly, yet the sample was predominantly 

female. It is possible that this imbalance would not be seen with a larger sample size and a 

longer test period to include large men’s teams that were not available or eligible for DXA 

testing during study recruitment. It is possible that increasing male participation would increase 

the proportional bias due to the higher FFM seen in these male athletes. Therefore, future 

recruitment practices should either be further modified to achieve more even representation of 

genders or for sufficient sample size to perform separate analysis by gender. The single male 

subject in this sample was not analyzed separately however as he was not an outlier in any data 
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category – all of his individual values were within the minimum and maximum range of the 

other 14 subjects.  

A larger limitation of the DXA testing protocol was the short pre-test exercise and food 

restriction of one hour. Convenience for the athletes was an important consideration, as this 

test is performed under an existing protocol and takes place three times per year. In order to 

limit disruptions to training and fueling, a one-hour pre-test restriction was determined to be 

appropriate in this setting. However, other studies evaluating DXA in athletes typically use 

longer pre-test fasts and exercise restrictions of 8-12 hours (18, 19, 25). 

Another consideration made to minimize athlete schedule disruptions was allowing a 

maximum of 14 days between the DXA and indirect calorimetry tests. With the testing 

equipment in separate buildings and the indirect calorimetry test not centrally located for most 

athletes, this protocol was chosen to limit major body composition changes between tests. 

However, hydration and fueling could certainly have introduced differences in measurements in 

that two-week period. Ideally, possible variation between the tests would be minimized with 

same-day testing, which would also consolidate the need for pre-test fasting or exercise 

restrictions to one test session. 

5.4 Conclusions 

The importance of improving individual athlete predictions is clear and this study’s 

results highlight the need for accurate methods. The purpose was to determine whether the 

Cunningham equation using DXA-derived FFM would accurately predict mREE in a Division I 

collegiate athlete population. The agreement found between the indirect calorimetry mREE and 

the Cunningham pREE in this sample of athletes supports the use of DXA-derived FFM as a valid 
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body composition assessment for prediction of resting energy expenditure. However, while the 

analysis determined differences were not statistically significant, caution is indicated for health 

practitioners due to potential clinical inaccuracies using DXA-derived FFM in Cunningham pREE.  

Further research is warranted to validate these potential clinical inaccuracies. 

 
  



 
30  

Literature Cited 

1. Bone JL, Burke LM. No Difference in Young Adult Athletes' Resting Energy Expenditure 
When Measured Under Inpatient or Outpatient Conditions. Int J Sport Nutr Exerc Metab 
2018;28(5):464-7. doi: 10.1123/ijsnem.2016-0315. 

2. Haugen HA, Chan LN, Li F. Indirect calorimetry: a practical guide for clinicians. Nutr Clin 
Pract 2007;22(4):377-88. doi: 10.1177/0115426507022004377. 

3. Thomas DT, Erdman KA, Burke LM. Position of the Academy of Nutrition and Dietetics, 
Dietitians of Canada, and the American College of Sports Medicine: Nutrition and 
Athletic Performance. J Acad Nutr Diet 2016;116(3):501-28. doi: 
10.1016/j.jand.2015.12.006. 

4. Cunningham JJ. A reanalysis of the factors influencing basal metabolic rate in normal 
adults. Am J Clin Nutr 1980;33(11):2372-4. doi: 10.1093/ajcn/33.11.2372. 

5. Harris JA, Benedict FG. A Biometric Study of Human Basal Metabolism. Proc Natl Acad 
Sci U S A 1918;4(12):370-3. doi: 10.1073/pnas.4.12.370. 

6. Jagim AR, Camic CL, Kisiolek J, Luedke J, Erickson J, Jones MT, Oliver JM. Accuracy of 
Resting Metabolic Rate Prediction Equations in Athletes. J Strength Cond Res 
2018;32(7):1875-81. doi: 10.1519/JSC.0000000000002111. 

7. ten Haaf T, Weijs PJ. Resting energy expenditure prediction in recreational athletes of 
18-35 years: confirmation of Cunningham equation and an improved weight-based 
alternative. PLoS One 2014;9(9):e108460. doi: 10.1371/journal.pone.0108460. 

8. Kim JH, Kim MH, Kim GS, Park JS, Kim EK. Accuracy of predictive equations for resting 
metabolic rate in Korean athletic and non-athletic adolescents. Nutr Res Pract 
2015;9(4):370-8. doi: 10.4162/nrp.2015.9.4.370. 

9. Watson AD, Zabriskie HA, Witherbee KE, Sulavik A, Gieske BT, Kerksick CM. Determining 
a Resting Metabolic Rate Prediction Equation for Collegiate Female Athletes. J Strength 
Cond Res 2019. doi: 10.1519/JSC.0000000000002856. 

10. Carlsohn A, Scharhag-Rosenberger F, Cassel M, Mayer F. Resting metabolic rate in elite 
rowers and canoeists: difference between indirect calorimetry and prediction. Ann Nutr 
Metab 2011;58(3):239-44. doi: 10.1159/000330119. 

11. Woods AL, Garvican-Lewis LA, Lundy B, Rice AJ, Thompson KG. New approaches to 
determine fatigue in elite athletes during intensified training: Resting metabolic rate and 
pacing profile. PLoS One 2017;12(3):e0173807. doi: 10.1371/journal.pone.0173807. 

12. Mountjoy M, Sundgot-Borgen J, Burke L, Carter S, Constantini N, Lebrun C, Meyer N, 
Sherman R, Steffen K, Budgett R, et al. The IOC consensus statement: beyond the 
Female Athlete Triad--Relative Energy Deficiency in Sport (RED-S). Br J Sports Med 
2014;48(7):491-7. doi: 10.1136/bjsports-2014-093502. 

13. Melin A, Tornberg AB, Skouby S, Moller SS, Sundgot-Borgen J, Faber J, Sidelmann JJ, Aziz 
M, Sjodin A. Energy availability and the female athlete triad in elite endurance athletes. 
Scand J Med Sci Sports 2015;25(5):610-22. doi: 10.1111/sms.12261. 

14. Silva AM, Matias CN, Santos DA, Thomas D, Bosy-Westphal A, Muller MJ, Heymsfield SB, 
Sardinha LB. Energy Balance over One Athletic Season. Med Sci Sports Exerc 
2017;49(8):1724-33. doi: 10.1249/MSS.0000000000001280. 



 
31  

15. Loureiro LL, Fonseca S, Jr., Castro NG, Dos Passos RB, Porto CP, Pierucci AP. Basal 
Metabolic Rate of Adolescent Modern Pentathlon Athletes: Agreement between 
Indirect Calorimetry and Predictive Equations and the Correlation with Body 
Parameters. PLoS One 2015;10(11):e0142859. doi: 10.1371/journal.pone.0142859. 

16. Woods AL, Garvican-Lewis LA, Rice AJ, Thompson KG. The Ventilation-Corrected 
ParvoMedics TrueOne 2400 Provides a Valid and Reliable Assessment of Resting 
Metabolic Rate (RMR) in Athletes Compared With the Douglas Bag Method. Int J Sport 
Nutr Exerc Metab 2016;26(5):454-63. doi: 10.1123/ijsnem.2015-0315. 

17. Ackland TR, Lohman TG, Sundgot-Borgen J, Maughan RJ, Meyer NL, Stewart AD, Muller 
W. Current status of body composition assessment in sport: review and position 
statement on behalf of the ad hoc research working group on body composition health 
and performance, under the auspices of the I.O.C. Medical Commission. Sports Med 
2012;42(3):227-49. doi: 10.2165/11597140-000000000-00000. 

18. Raymond CJ, Dengel DR, Bosch TA. Total and Segmental Body Composition Examination 
in Collegiate Football Players Using Multifrequency Bioelectrical Impedance Analysis and 
Dual X-ray Absorptiometry. J Strength Cond Res 2018;32(3):772-82. doi: 
10.1519/JSC.0000000000002320. 

19. Prior BM, Cureton KJ, Modlesky CM, Evans EM, Sloniger MA, Saunders M, Lewis RD. In 
vivo validation of whole body composition estimates from dual-energy X-ray 
absorptiometry. J Appl Physiol (1985) 1997;83(2):623-30. doi: 
10.1152/jappl.1997.83.2.623. 

20. Esco MR, Snarr RL, Leatherwood MD, Chamberlain NA, Redding ML, Flatt AA, Moon JR, 
Williford HN. Comparison of total and segmental body composition using DXA and 
multifrequency bioimpedance in collegiate female athletes. J Strength Cond Res 
2015;29(4):918-25. doi: 10.1519/JSC.0000000000000732. 

21. Lowry DW, Tomiyama AJ. Air displacement plethysmography versus dual-energy x-ray 
absorptiometry in underweight, normal-weight, and overweight/obese individuals. PLoS 
One 2015;10(1):e0115086. doi: 10.1371/journal.pone.0115086. 

22. Santos DA, Dawson JA, Matias CN, Rocha PM, Minderico CS, Allison DB, Sardinha LB, 
Silva AM. Reference values for body composition and anthropometric measurements in 
athletes. PLoS One 2014;9(5):e97846. doi: 10.1371/journal.pone.0097846. 

23. Lohman TG, Going SB. Multicomponent models in body composition research: 
opportunities and pitfalls. Basic Life Sci 1993;60:53-8. doi: 10.1007/978-1-4899-1268-
8_10. 

24. Wilson JP, Mulligan K, Fan B, Sherman JL, Murphy EJ, Tai VW, Powers CL, Marquez L, 
Ruiz-Barros V, Shepherd JA. Dual-energy X-ray absorptiometry-based body volume 
measurement for 4-compartment body composition. Am J Clin Nutr 2012;95(1):25-31. 
doi: 10.3945/ajcn.111.019273. 

25. Smith-Ryan AE, Mock MG, Ryan ED, Gerstner GR, Trexler ET, Hirsch KR. Validity and 
reliability of a 4-compartment body composition model using dual energy x-ray 
absorptiometry-derived body volume. Clin Nutr 2017;36(3):825-30. doi: 
10.1016/j.clnu.2016.05.006. 



 
32  

26. Oshima S, Miyauchi S, Kawano H, Ishijima T, Asaka M, Taguchi M, Torii S, Higuchi M. Fat-
free mass can be utilized to assess resting energy expenditure for male athletes of 
different body size. J Nutr Sci Vitaminol (Tokyo) 2011;57(6):394-400. 

27. Taguchi M, Ishikawa-Takata K, Tatsuta W, Katsuragi C, Usui C, Sakamoto S, Higuchi M. 
Resting energy expenditure can be assessed by fat-free mass in female athletes 
regardless of body size. J Nutr Sci Vitaminol (Tokyo) 2011;57(1):22-9. 

28. Thompson J, Manore MM. Predicted and measured resting metabolic rate of male and 
female endurance athletes. J Am Diet Assoc 1996;96(1):30-4. doi: 10.1016/S0002-
8223(96)00010-7. 

29. Jagim AR, Camic CL, Askow A, Luedke J, Erickson J, Kerksick CM, Jones MT, Oliver JM. Sex 
Differences in Resting Metabolic Rate Among Athletes. J Strength Cond Res 2018. doi: 
10.1519/JSC.0000000000002813. 

30. Fullmer S, Benson-Davies S, Earthman CP, Frankenfield DC, Gradwell E, Lee PS, Piemonte 
T, Trabulsi J. Evidence analysis library review of best practices for performing indirect 
calorimetry in healthy and non-critically ill individuals. J Acad Nutr Diet 
2015;115(9):1417-46 e2. doi: 10.1016/j.jand.2015.04.003. 

31. Bland JM, Altman DG. Measuring agreement in method comparison studies. Stat 
Methods Med Res 1999;8(2):135-60. doi: 10.1177/096228029900800204. 

32. Silva AM, Matias CN, Santos DA, Thomas D, Bosy-Westphal A, Mu LM, Heymsfield SB, 
Sardinha LB. Compensatory Changes in Energy Balance Regulation over One Athletic 
Season. Med Sci Sports Exerc 2017;49(6):1229-35. doi: 
10.1249/MSS.0000000000001216. 

33. Trexler ET, Hirsch KR, Campbell BI, Smith-Ryan AE. Physiological Changes Following 
Competition in Male and Female Physique Athletes: A Pilot Study. Int J Sport Nutr Exerc 
Metab 2017;27(5):458-66. doi: 10.1123/ijsnem.2017-0038. 

34. Wilson G, Hill J, Sale C, Morton JP, Close GL. Elite male Flat jockeys display lower bone 
density and lower resting metabolic rate than their female counterparts: implications 
for athlete welfare. Appl Physiol Nutr Metab 2015;40(12):1318-20. doi: 10.1139/apnm-
2015-0354. 

 

  



 
33  

Appendix A – DXA Schedule 
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Appendix B – Athlete Scheduling SOP 
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Appendix B – Athlete Scheduling SOP, continued 
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Appendix B – Athlete Scheduling SOP, continued 
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Appendix B – Athlete Scheduling SOP, continued 
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Appendix C – Informed Consent Statement 
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Appendix C – Informed Consent Statement, continued 
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Appendix C – Informed Consent Statement, continued 
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Appendix D – Technician SOP  
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Appendix D – Technician SOP, continued 
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Appendix D – Technician SOP, continued 
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Appendix D – Technician SOP, continued 
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Appendix D – Technician SOP, continued 
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Appendix E – Participant History 
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Appendix F – Alcohol Burn SOP 
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Appendix F – Alcohol Burn SOP, continued 
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Appendix G – Alcohol Burn Analysis Template 

 

 
 
 



 
50  

Appendix H – Data Correction SOP 
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Appendix H – Data Correction SOP, continued 
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Appendix I – Data Transfer SOP 

 


