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 INTRODUCTION 

 With the rapid rise in obesity worldwide, the focus has shifted to treatment of 

obesity which magnifies the necessity to assess changes in body composition 

accurately.  Solely using body weight to evaluate weight loss outcomes could be 

misleading.  It is imperative that methods to assess changes during weight loss have the 

ability to quantify changes in body composition, namely alterations in fat mass and fat-

free mass. The general aim of this thesis was to address this important issue within the 

scope of weight loss interventions in overweight and obese women. 

 The thesis begins with a general introduction (Chapter 1) reviewing the human 

body composition research state of the art. First will be presented the new era of body 

composition organization, proposed by Wang et al., 1992 (1), which is the most 

advanced model based on sound biological description according to different levels of 

human composition Then, rules and methods, methodology and alterations are 

reviewed.  Methods to assess body composition in the atomic, molecular and whole 

body levels such as dual-energy X-ray absorptiometry (DXA), multi-compartment 

models, air displacement plesthysmography (ADP), bioelectrical impedance analysis 

(BIA), and anthropometry  were also reviewed in the methodology area, including their 

theoretical principles, accuracy, and reliability. The main methodological issues related 

to tracking body composition changes through different methods were also reviewed. 

This Chapter 1 finishes with the aims of the original research in this thesis. 

Chapter 2 includes a detailed description of the methodology used in the present 

thesis. 

Chapters 3, 4, and 5 present the original research contributions. In Chapter 3 it 

was adddressed the utility of several methods to precisely measure body composition 

changes that occur after a large range of body weight changes. In Chapter 4 it was 
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analyzed the effect of potential confounders (e.g. waist circumference) on the measured 

VTG in overweight and obese and women after comparing changes between the 

measured thoracic gas volume (VTG) with ADP and predicted VTG following a 16-

month weight loss intervention program. The accuracy of ADP in tracking changes in 

body composition after a 16-month weight loss intervention in overweight and obese 

women was analyzed in Chapter 5. 

Based on this original scientific research, Chapter 6 discusses these findings 

within the scope of the areas of body composition rules, methodology, alterations and 

the interrelations between these three areas. Finally, in Chapter 7 it is presented a 

summary of the main findings of this thesis. 

 

 HUMAN BODY COMPOSITION  

 The study of human body composition focuses on the in vivo quantification of 

body components, the quantitative relationships between components, and the 

quantitative changes in these components related to various influencing factors (1). 

 Conjecture on human body composition can be traced back to Greeks antiquity 

(2). Around 400 BC, Hippocrates, recognized as the father of medicine, proposed the 

idea that as a whole organism the human body is composed of four ‘‘constituents’’, 

blood, phlegm, black bile, and yellow bile. Accordingly, the Greeks believed humans 

were made of the same basic elements that make up the cosmos: water, fire, air and 

earth. A similar hypothesis was also proposed by ancient Chinese scholars, who 

suggested that there were five ‘‘elements’’ in the human body, including metal, wood, 

water, fire and earth. Good health was achieved through a balance of the five elements, 

and any imbalance resulted in disease. However, these ancient ideas were not based on 

experiments. Since that time, human beings have come a long way toward 
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understanding the composition of their own bodies. Avicenna (980–1037 AD) in the 

Arabic world authored Canon Medicinae, which provided knowledge of organ size (3). 

Five hundred years later, Andreas Vesalius (1514–1564) also reported information on 

organ size and mass in his classic treatise De Humani Corporis Fabrica (3).  

 As a branch of modern science, the study of human body composition has a 

history of about 150 years, and continues to be an active area of basic science and 

clinical research. Nearly every aspect of clinical nutrition, selected areas within many 

medical specialties and components of exercise science are touched on by the study of 

body composition (4). 

 The enlightenment of human body composition research depended on the 

development of other branches of science, such as chemistry, anatomy, and nutrition. It 

was a great German chemist, Justus von Liebig (1803–1873), who first found that many 

substances in food were also present in the human body. He also found that body fluids 

contained more sodium and less potassium than tissues. Liebig’s work, based on 

chemical analysis, marked the beginning of the modern study of human body 

composition (5). 

Early investigators had practical considerations in mind, for example, finding a 

means by which to non-destructively establish the oil content of fish (6). A novel 

method was devised by which the fish specific gravity was established and oil 

quantified using a ‘two-component’ model. The two-compartment model qualitatively 

assumed that one component was oil with a low specific gravity and the second 

component was the remaining tissue with a higher specific gravity. Accordingly, 

specific gravity became a measure of fish oil content. During the mid 1940s the fish oil 

technique was refined and extended by Albert Behnke et al. (7). Behnke developed an 

underwater weighing system that included adjustment of specific gravity for residual air  
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trapped in the lungs. Behnke and his colleagues also advanced a quantitative two-

compartment human model consisting of fat and fat-free mass (often referred to as lean 

body mass), each with assumed stable densities (7). Siri (8) and other later investigators 

refined these density estimates. The two-compartment model was later extended to three 

(water, fat, and residual mass) and four-compartment (water, fat, mineral, and residual 

mass) models with the addition of measures such as total body water and bone mineral 

(9). Thus, when combined with other introduced methods such as in-vivo neutron 

activation analysis, all components at the ‘molecular level’ of body composition became 

measurable by the 1980s. This specific methodology evolution and other similar parallel 

developments (10) is striking as over the past several decades the entire body 

composition compartment ‘map’, in addition to molecular level components, has been 

filled in Figure 1.1 (1).  

From that approach result a comprehensive model of human body composition (1)  

consisting of five distinct levels of increasing complexity in which each level has 

clearly defined components that comprise total body weight. The five levels are atomic, 

molecular, cellular, tissue-organ and, whole body.  All of the compartments can now be 

measured in clinical and research settings with varying levels of accuracy and precision. 

This organization proposed by Wang and colleagues (1)  is the climax model of body 

composition study and research in ours days. 
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Figure 1.1. The five-levels of human body composition. Adapted from (1). 

  

 Body Composition Rules and Models 

 The body composition rule area organizes the more than 30 main body 

components into five distinct levels of increasing complexity: atomic, molecular, 

cellular, tissue system, and whole body (1). Within this research area, investigators 

establish the various characteristics of body components and their quantitative 

relationships to one another, the “rules.” Several commonly applied rules are that 16% 

of protein is nitrogen (11), 77% of fat is carbon (12), and approximately two thirds of 

excess body weight in adults is fat (13). 

 An important concept when considering the five-level model is that components at 

successively higher body composition levels are composed of lower level components. 

A classic example is that adipose tissue, a tissue-system level component, includes 

components such as adipocytes at the cellular level, lipids at the molecular level, and 

carbon at the atomic level. Loss or gain of adipose tissue with a new intervention 
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reflects changes in corresponding components at the cellular, molecular, and atomic 

levels. 

 The sum of all components at each of the five levels is equivalent to body mass. 

Some of the common models at each level are presented in Table 1.1. If all components 

at each level are summed, the total is equivalent to body mass. These body-mass models 

are usually named in terms of the number of components on the right-hand side of the 

equation. A two-compartment model separates the human body into two parts, a three-

compartment model into three parts, and so on. 

 

Table 1.1. Representative multicomponent models at the five body composition levels. 

Level Body composition model Number of 

components 

ATOMIC BM= H + O + N + C + Na + K + Cl + P + Ca + Mg + S 11 

MOLECULAR BM = FM + TBW + TBPro + Mo + Ms + CHO 

BM = FM + TBW + TBPro + M 

BM = FM + TBW + nonfat solids 

BM = FM + Mo + residual 

BM = FM + FFM 

6 

4 

3 

3 

2 
CELLULAR BM = cell + ECF + ECS 

BM = FM + BCM + ECF + ECS 

3 

4 
TISSUE-

ORGAN 
BW = AT + SM + bone+ visceral organs + other 

tissues 

5 

WHOLE-BODY BW = head + trunk + appendages 3 

AT= Adipose tissue; BCM= body cell mass; BM= body mass; CHO= carbohydrates; ECF= extracellular 

fluid; ECS= extracellular solids; FFM= fat-free mass; FM= fat mass; M= mineral; Mo= bone mineral; 

Ms= soft tissue mineral; SM= skeletal muscle; TBPro= total body protein; TBW= total Body water. 

Adapted from (10) 

 

 

 Another important concept is the existence of a body-composition steady state. 

During stable periods, such as with maintenance of body weight and fluid homeostasis, 

there are relations between components that are constant or relatively constant within an 

individual and between different individuals. For example, even though fat and adipose 

tissue are molecular and tissue-system level components, respectively, there exists a 
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reasonably stable relationship between the two, both within and between subjects (i.e. 

fat mass = ∼0.80 * adipose tissue mass) (Table 1.2) (14).  

 

Table 1.2 Examples of body composition models
a
 

Level/level                                                           Model 

Atomic/atomic                     TBS = 0.062 * TBN 

Atomic/atomic                     TBP = 0.456 * TBCa + 0.555 * TBK 

Atomic/molecular                TBCa = 0.364 * Mo 

Atomic/molecular                TBN = 0.16 * protein 

Atomic/molecular                TBK = 0.00266 * fat-free body mass 

Atomic/molecular                Carbon = 0.774 * fat 

Atomic/molecular                TBS = 0.010 * protein 

Atomic/cellular                    TBK = 0.00469 * body cell mass 

Atomic/whole body             TBH = 0.10 * BW 

Molecular/molecular            TBW = 0.732 * fat-free body mass 

Molecular/molecular            Glycogen = 0.044 * protein 

Whole body/atomic              BW = O + C + H + N + Ca + P + S + K + Na + Cl + Mg 

Whole body/molecular         BW = lipids + water + protein + Mo + Ms + glycogen 

Whole body/molecular         BW = fat + fat-free body mass 

Whole body/cellular             BW = cell mass + extracellular fluids + extracellular solids 

Whole body/tissue system    BW = adipose tissue + skeletal muscle + bone + viscera +  

                                                         blood + R 

Whole body/whole body       BW = head + neck + trunk + lower extremities + upper    

                                                         extremities 
a All units are in kilograms. Abbreviations: TB, total body; Mo, bone mineral: BW, body weight; Ms, soft 

tissue mineral; R, residues. Adapted from  (4). 

 

 Each of the components at the five levels is distinct, and there is no overlap 

between any of the components at the same level. This discrete nature of each 

component is important because it avoids confusion when developing body composition 

models. This important concept allows preparation of mathematical expressions that 

link components to each other at the same or different level in the form of models. 

  

Body Composition Methodology 

This area of body composition includes the theoretical principles related to each 

method and the application of these methods in the context of body composition 
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assessment in several conditions such as different levels of fatness, age, and health 

status.  

Theoretical Principles  

Body-composition methodology is an area of investigation dedicated to the study 

and application of methods used to quantify components at the five body-composition 

levels (1). Two broad areas of body-composition methodology can be defined first, in 

vitro and in vivo methods as showed in Figure 1.2. In vitro refers to the measurement of 

components in either whole cadavers or in excised tissues. The analytical procedures 

used in vitro are numerous and are beyond the scope of this thesis. Attention will be 

directed specifically toward the in vivo methods that are used to quantify components in 

humans.  

 

Figure 1.2. Suggested classification of body composition methods. C, component; f, 

mathematical function; P, measurable property. Adapted from  (15). 

 

The fundamental concepts of in vivo body-composition methods can be 

summarized as the basic formula,  

                                      C = ƒ(Q)                                               (1) 

Body Composition 
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In Vivo  
Methods 
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Type I and II 

 Property A  

Property B 

Component 1 

Property-based Method 
Type I and II 

 Component 2 
C1=f(PA) C2=f(C1) 

Component 3 

Combined Method 
Type I and II 

 
C3=f(PB,C1) 
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where C represents an unknown component, Q a measurable quantity, and ƒ the 

mathematical function relating Q to C (15).. This formula shows that quantification of 

an unknown component depends on two distinct but closely connected parts, a 

measurable quantity and a mathematical function. Two main types of quantities are used 

in body composition methods, properties and components. These two types of quantity 

are the foundation of property-based and component-based methods, respectively. In 

addition, “combined” methods were found that include as the measurable quantities 

both properties and components.  

Property-based methods - Property-based methods allow an unknown component 

to be quantified from a measurable property. The purpose of measuring a property is to 

distinguish between components of interest. That is, the component to be quantified 

must differ from other components with respect to the measured property. 

All property-based methods share in common the use of a measurable property as 

the quantity in equation 1. The decay profile of radioactive isotopes, impedance, x-ray 

attenuation, and skinfold thickness are examples of measurable properties. Two 

properties are sometimes used together to discriminate between components. An 

example is the hydrodensitometry method in which body volume and weight, both of 

which are measurable properties, are used to measure two unknown components: fat 

and fat-free body mass (16). Of the 30 or more well-defined major components, only 

about one-half can now be quantified by currently used properties. 

Component-based methods - These methods allow an unknown component to be 

quantified from known property-derived components. Thus, an essential feature of 

component-based methods is that a property-based method must first be used to 

estimate the known component. The underlying concept of component-based methods is 

that a stable quantitative relationship exists between unknown and known components. 
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For example, fat-free mass can be derived from total body water by assuming that for 

healthy adults 73% of fat-free body mass is water (17, 18). 

Combined methods - Most in vivo methods can be classified as property-based or 

component-based. However, a third category of combined methods also exists in which 

the quantities used to estimate unknown components include both measurable properties 

and known components. An example is Sin’s method (8), in which FM is quantified 

from two measurable properties (body weight and volume) and a known component 

(total body water). 

Two types of mathematical functions are also used in body-composition methods: 

type I or type II, each of which is characterized by different features (15). 

Type I method - The first group of methods share in common a type of 

mathematical function derived by statistical analysis of quantitative measurements. 

Typically, a reference method is necessary to quantify the unknown component. 

Statistical methods, usually regression analysis, are then used to develop an equation for 

predicting the unknown component from a property and/or property-derived 

component. Complex type I methods may include additional variables such as age and 

sex. 

An example of a type I method is the prediction of total body water from two 

measurable properties, electrical resistance and height (19). These two properties were 

measured in healthy subjects by bioelectrical impedance analysis and by using a 

stadiometer, respectively. A property-based method, deuterium dilution, was used as the 

reference for measuring total body water. Then, for example, simple linear-regression 

analysis can be used to derive the prediction equation for total body water (TBW, kg) 

from height
2
/resistance (ht

2
/R, cm

2
/Ω): TBW = 0.63 * ht

2
/R + 2.03 (19). 
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Type I methods are population- and condition-specific. In the previous example 

the prediction equation for total body water may not be valid across different ethnic 

groups or in disease states. The same is true that a circumferences-fat prediction 

equation developed in healthy normal-weight adults may not apply in obese subjects. 

Type I methods therefore need to be revalidated when used in new populations or under 

different conditions from which they were originally developed. 

Type II methods - The second group of methods share in common a type of 

mathematical function that incorporates constant or relatively constant ratios or 

proportions. These ratios and proportions are incorporated into “models” and type II 

methods are frequently described as “model methods.” Type II methods are based on a 

well-established model that is created by using ratios or proportions that relate the 

unknown component to the measurable property or known component. Investigators 

characteristically make necessary assumptions when establishing these models. The 

validity of type II methods to a great extent rests on these assumptions. 

A classic example will help to clarify the nature of type II methods. The model 

that relates total body water to fat-free body mass is well established (18). Although 

there is a growing challenge to this model (20), within reason there is a constant ratio of 

total body water to fat-free body mass not only in adult humans but in many other 

animal species (18). This stable relationship between water and fat-free body mass 

allows development of a type II method in which fat-free body mass is equal to 1.37 * 

TBW. Type II methods may not be static in their design but evolve over time. An 

example is the measurement of total body fat based on underwater weighing and on air 

displacement plethysmography. Behnke et al. (7) proposed in 1942 a method of 

separating body weight into fat and lean body mass. Behnke’s method had two 

measurable properties, underwater weighing-derived body volume (Bv, L) and body 
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weight (BW, kg). This type II method assumed that fat and fat-free (the term now used 

in place of lean) body mass densities are constant at 0.9007 g/cm
3
 and 1.100 g/cm

3
, 

respectively. Stable proportions of fat-free body mass as water, protein, and mineral are 

also assumed in Behnke’s model. A type II method was then derived (14): Fat (kg) = 

4.95 * BV - 4.50 * BW (Table 1.3). 

 

Table 1.3. Type II methods. Models for estimating total body fat mass based on 

measured body weight and volume  

MODEL MEASURABLE 

PROPERTIES 

KNOWN 

COMPONENT(S) 

REFERENCE 

2-Compartment    

Fat=4.95xBV-4.50xBM BV, BM None Behnke et al 

1942 (7) 

3-Compartment    

Fat=2.057xBV-0.786xTBW-1.286xBM BV, BM TBW Siri, 1961 (8) 

    

Fat=6.386xBV+3.961xmineral-6.09xBM BV, BM Mineral Lohman, 1986 

(21) 

4-Compartment  
Fat=2.75xBV-0.714xTBW+1.148xmineral-

2.05xBM 

 

BV, BM 

 

TBW, mineral 

 

Baumgartner 

et al. 1991(17) 

Fat=2.75xBV-0.714xTBW+1.129xmineral-

2.037xBM 

BV, BM TBW, Mo Selinger, 1977 

(22) 

Fat=2.513xBV-0.739xTBW+0.947xmineral-

1.79xBW 

BV, BM TBW, Mo Heymsfield  et 

al. 1996 (23) 

5-Compartment    

Fat=2.748×BV-0.715×TBW+1.129×Mo+ 

1.222xMs - 2.051×BM 

BV, BM TBW, Mo Wang et al. 

2002 (24) 

Abbreviations: Bv, body volume; BM, body mass ; TBW, total body water; Mo, bone mineral; Ms, soft-

tissue minerals. Adapted from (4). 

 

Siri (8) suggested in 1961 expanding Behnke’s method to a three-compartment 

model (Table 1). In Siri’s type II method [fat (kg) = 2.118 * BV - 0.78 * TBW - 1.354 * 

BW] there are three measurable quantities, body volume, total body water, and body 

weight. The measurement of total body water eliminates errors in Behnke’s method 

related to individual differences in hydration. However, Siri’s method still assumes that 

the ratio of protein to mineral remains constant within and between subjects. Recently, 

Silva et al. (25) corrected Siri’s three-compartment model (3C) by using 0.9007 and 

0.9937 g/cm
3
 for fat mass and total body water, respectively, which corresponds to a  
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body temperature of 36º. The original Siri 3C equation uses a value of 0.9000 g/cc for 

the density of fat and 0.9933 g/cc for the density of water at 37º C. Although body core 

temperature approximates 37º C, the average body temperature under basal conditions 

in a comfortable environment is 1-2º C lower (26). In addition, Silva et al. (25), using 

neutron activation analysis for total body protein and total body mineral estimation, 

concluded that the ratio of mineral to protein varied significantly as a function of sex, 

race, weight, and age, and new adjusted three-compartment models were developed. 

Other investigators expanded on Siri’s method by adding bone mineral 

measurements to eliminate errors related to individual differences in bone mineral 

content (22). In this type II method [fat (kg) = 2.747 * BV - 0.714 * TBW + 1.146 * Mo 

- 2.0503 * BW] four quantities are measured: body volume, total body water, bone 

mineral (Mo, kg), and body mass (Table 1.3). Assumptions, although relatively minor, 

were also needed in developing this method. From this example, type II methods may 

not be fully perfected when first developed but can evolve as new models and 

measurement techniques become available. An important consideration is that type I 

methods can be established between an unknown component and any measurable 

quantity provided that there is a statistically significant correlation between the 

component and measurable quantity. However, the requirements for type II methods are 

much more stringent in that the models must be formulated by using relatively constant 

ratios or proportions. Accordingly, there are few type II methods compared with the 

large number of type I methods in current use (15). 

In vivo methods can then be organized according to both measurable quantity and 

mathematical functions. Three categories of quantity and two types of mathematical  
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functions were identified. According to this approach, all in vivo methods can be 

classified as one of six categories: property based type I and type II methods,  

component-based type I and type II methods, and combined type I and type II methods 

(15). Each in vivo body composition method thus occupies one and only one position in 

the classification. 

Similarities and differences between methods - This classification system reveals 

similarities and differences between in vivo methods, including the requirement for or 

lack of underlying assumptions, sources of potential error, and population specificity. 

An example is given in Table 1.4 that indicates the methods for quantifying total body 

fat and fat-free body mass, which are organized according to the suggested 

classification (15). There are some strong similarities between methods within each of 

the classification categories. For example, anthropometry, bioimpedance analysis, 

infrared interactance, total-body electrical conductivity, and 24-h urinary creatinine 

excretion are all used in property-based type I methods that share characteristics in 

common. All of the methods are based on measured properties, all of the methods are 

based on a reference method to estimate fat or fat-free body mass, all of the prediction 

equations are statistically derived, and all of the methods are population specific.  
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Table 1.4. Organization of methods for quantifying total body fat and fat-free body 

mass (FFM) according to the proposed classification’. 

Property-based methods   

Type I Type II Type II component-

based methods 

Type II combined 

methods 
Anthropometry: 

Fat = (0.65 X BW) – (0.21 

x H) + 14.1 

Underwater weighing 

and ADP: 

Fat = (4.95 x BV) – (4.50 

x BW) 

FFM = (5.50 x BW) – 

(4.95 x BV) 

 

TBK: 

FFM = 376 x TBK 

 

 

BW, FFM 

Fat = BW - FFM 

Bioimpedance analysis: 

FFM = (0.85 x H2/Z) + 3.04 

DXA TBW: 

FFM = 1.37 x TBW 

BW, BV, TBW: 

Fat = (2.118 x BV) – 

(0.78 x TBW) – (1.354 x 

BW) 

Infrared interactance Gas uptake TBC, TBN, TBCa: 

Fat = (1.30 x TBC) – (4.45 

x TBN) – (0.06 x TBCa) 

BW, BV, TBW, Mo: 

Fat = (2.747 x BV) – 

(0.714 x TBW) + (1.146 

x Mo) – (2.0503 x BW) 

TOBEC 

Urinary creatinine: 

FFM = (0.0241 x Cr) + 20.7 

Oxigen consumption: 

FFM = (0.2929 x O) – 7.36 

   

There are no currently used type 1 component-based methods or type 1 combined methods. BW, body weight (kg); 

H, height (cm); Z, impedance (Ω); TOBEC, total-body electrical conductivity; Cr, urinary creatinine excretion (g/d); 

BV, body volume (L); DEXA, dual-energy x-ray absorptiometry; TBK, total-body potassium; TBW, total-body water 

(kg); TBC, total-body carbon (kg); TBN, total-body nitrogen (kg); TBCa, total-body calcium (kg); Mo, bone 

mineral (kg); 0, basal oxygen consumption. Adapted from (15). 

 

 

Summarizing some general methodology rules that emerge from the proposed 

classification:  

1) Property-based methods are the foundation of in vivo methods. Component-

based and combined methods are an expansion of property-based methods. Therefore, 

all in vivo methods are based on measurement of quantifiable properties. 

2) Type I methods are developed by using a reference method and regression 

analysis to derive the mathematical function. Type II methods are developed from ratios 

or proportions between unknown components and measurable quantities that are stable 

within and between subjects. Therefore, all in vivo methods are based on the 

quantitative relationships between unknown components and measurable quantities. 
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 Body composition methodology is an area of investigation dedicated to the study 

and application of methods used to quantify body components from atomic to whole 

body levels. 

 

From Theory to Practice  

Body composition has been linked to numerous health conditions, such as 

cardiovascular disease, diabetes, and certain types of cancers, osteoporosis, and 

osteoarthritis. Thus, there is a clinical need to measure not only percent body fat but fat 

distribution, muscle mass, and bone as well. Whatever the reason for assessing body 

composition, health and physical educators, fitness specialists, nutritionists, and another 

clinicians in health-related fields should have a general understanding of the most 

commonly used techniques for assessing body composition. 

In the present thesis, several tools and methodologies have been used to measure 

various body composition change parameters. Therefore, it is relevant to address the 

underlying principles, theory, accuracy and reliability of laboratory techniques and field 

methods used in this thesis within the scope of the five levels of the body composition. 

 

ATOMIC LEVEL 

 Elemental analysis of humans is traditionally carried out in cadavers or in biopsy 

specimens from selected tissues and organs. In addition, the whole-body content of 

most major elements can now be measured directly in vivo: potassium by whole-body 

counting: sodium, chlorine, and calcium by delayed--y neutronactivation analysis (27); 

nitrogen by prompt-’y neutron-activation analysis (17, 27); and carbon by inelastic 
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neutron scattering (28). More than 98% of body mass can now be reconstructed from 

elements that can be estimated in vivo, largely by neutron-activation techniques.  

While measurement of elemental content in vivo is important in fields such as 

radiation physics, there is little value to quantifying the amounts of these elements in the 

field of clinical nutrition. Thus while it is possible to fully characterize the elemental 

model in human subjects, the amounts of these components present in a human subject 

provides only minimally useful clinical information. More importantly, elements are 

incorporated into molecular components and these established relationships form the 

important basis of multi-compartment molecular level models. 

 

 Dual Energy X-Ray Absorptiometry 

Heymsfield and Wang (4) proposed in their system of organizing in vivo body 

composition methods that DXA was a body composition technique from molecular 

level for the reason that DXA systems with appropriate software are capable of 

estimating whole-body and regional bone mineral, fat, and fat-free soft tissue (Figure 

1.3).  However, considering a detailed analysis of the physical concept of DXA, we 

consider that DXA should be included in the atomic level.  Indeed, X-ray attenuation in 

human tissues at typical DXA energies is related mainly to the type and proportion of 

elements present and to photon energy. Elements with low atomic numbers (e.g., H and 

C) minimally attenuate photons, while elements with higher atomic numbers (e.g., Ca 

and P) strongly attenuate photons. As photon energy is increased, there is less photon 

attenuation. Therefore, DXA uses first elemental analysis for further processing other 

levels of body composition such as the molecular.  
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Figure 1.3. Main components of the molecular level of body composition. (1) and DXA 

molecular level model. The lean component as shown in the figure is equivalent but no 

equal to fat-free body mass. Adapted from (29). 

 

 Several studies have described the theoretical basis for the use of DXA in 

estimating soft tissue composition and bone mineral (29-35), considering some main 

assumptions. The first main assumption of DXA technology is that photon attenuation 

in vivo is a function of tissue composition (29). Rectilinear scanning of the supine body 

is performed that divides the body into a series of pixels, within each of which the 

photon attenuation is measured at two different energies. The degree to which an 

element attenuates photons can be expressed as an experimentally measured constant 

referred to as the mass attenuation coefficient. Each element has a characteristic mass 

attenuation coefficient (µ/ρ) at any specified photon energy. It can be shown 

mathematically that the ratio of photon attenuation at DXA’s two main energies for any 

element is equivalent to the ratio of the element’s energy-specific mass attenuation 

coefficients. Mass attenuation coefficients can also be calculated for chemical level 
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components according to their elemental composition. The ratio of the attenuations at 

these two energies (low- to high-energy peak) is referred to as the R value(36).  

 In concept, DXA systems measure the R value of each pixel (29, 37). When 

considering only those pixels with soft tissue, fat has a relatively large amount of lower-

R carbon (R = 1.2199), whereas lean soft tissue has a relatively large amount of higher-

R oxygen (R = 1.4167), nitrogen (R = 1.3043), and residual electrolytes and minerals. 

For the Reference Man (14), the theoretical R values for fat and lean soft tissue at 40 

and 70 keV are 1.21 and 1.37, respectively. Fat and lean, thus, have different elemental 

proportions and R values. A phantom, consisting of animal soft tissues, can be made 

with varying amounts of fat and lean. When scanned, there will be a highly significant 

correlation between measured R and the proportion of phantom soft tissue as fat (29). 

Thus, the phantom, or some other similar calibration standard, can be used to develop 

either an R value prediction equation or by extrapolation specific pure fat and lean R 

values. Alternatively, prediction equations based on measured R values can be 

developed in vivo for body fat or closely related adipose tissue. Calibrated DXA 

systems can thus provide estimates of fat and lean for soft tissue pixels. In theory, DXA 

can only resolve a two-component mixture as was shown for soft tissue. 

 The DXA body composition approach assumes that the body consists of three 

components that are distinguishable by their X-ray attenuation properties: fat, bone 

mineral and fat-free or ‘lean’ soft tissue (33). Within any pixel the proportions of only 

two components can be resolved by the differential absorption of two photon energies. 

Soft tissues, consisting largely of water and organic compounds, reduce photon flux to a 

much lesser extent than bone mineral, and pixels containing bone are relatively easily 

distinguished from those with no bone present. The R value for pure bone mineral is 

easily ascertained from human bone or other similar phantoms. However, soft-tissue 
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composition is variable in fat, and therefore the R value for soft tissue overlying bone 

cannot be assumed constant. In the first analytical step following the DXA scan, pixels 

with and without bone are easily identified by using several mathematical procedures, 

including the recognition that bone minerals have a high R value and that measured 

pixels with high R values most likely contain bone. The R value for soft tissue overlying 

bone is estimated using mathematical modelling procedures and is based on the 

measured soft-tissue R on either side of the bone (29). In areas where bone is not 

present suitable calibration allows fat and lean fractions to be resolved from soft tissue. 

With the soft-tissue and bone mineral R values now known, the amount of fat, lean soft 

tissue, and bone mineral in the pixel can be ascertained. The composition of these areas 

of soft tissue is extrapolated to the soft tissue overlying bone to produce total body fat 

and lean soft tissue. 

 This DXA analytical strategy thus allows estimation of three components based on 

measured attenuation of two main energy peaks. The algorithms to accomplish these 

extrapolations vary between manufacturers and have not been publicly released. 

Technical details of the methodology may be found in the review by Pietrobelli et al. 

(29). 

 Although there are many variable characteristics of DXA systems, all share in 

common the assumed elemental proportions of fat, lean, and bone mineral, atomic 

components, each with known and constant attenuation characteristics (property). Thus, 

DXA is a property-based type II method. 

 Pietrobelli et al. (96) further extended theoretical validity to DXA body 

composition estimates by describing the physical basis of DXA, analyses of DXA as a 

two-component model, and initial estimates of hydration effect on DXA lean soft tissue 

estimates. Limitations of DXA accuracy include beam hardening, dead time losses, and 
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crossover, all of which have been dealt with in more recent software. Subject’s 

thickness has also been addressed and continues to be a source of variation in DXA 

estimates. 

 A second assumption underlying the use of DXA is that the measurements are not 

affected by the anteroposterior thickness of the body (29).. Although this appears to be 

the case for subjects thicknesses less than 20 cm, thicknesses greater than 25 cm may 

have an effect. A third assumption of DXA is related to the area of the body analysed to 

obtain composition data and the degree to which the fat content of the area analyzed is 

associated with the fat content of the area is not analyzed (29). 

 Another fundamental assumption is that the soft tissue is normally hydrated for 

accurate partitioning into fat and lean fractions. The addition of fluid, for example 

normal saline, which has a higher R value than normally hydrated lean tissue, results in 

an underestimation of fat mass change (38, 39). The addition of fluid having a similar 

R value to lean tissue would not be expected to alter the estimate of fat mass. In 

practice, any differences in measured composition that can be ascribed to fluid changes 

are likely to be relatively minor (38).  

 DXA scanners capable of whole-body composition measurement are currently 

available from three manufacturers. First-generation DXA scanners utilized pencil-

beam X-ray fields, in which a single detector was used to measure the transmission of 

X-rays from a highly collimated source. More recently, fan-beam technology was 

introduced, which allowed faster scanning speeds and offered higher resolution 

compared with pencil beam DXA. However, magnification and projection effects at the 

boundaries of the beam may compromise accuracy in these systems. Within 

the two broad categories of beam geometry, technical differences in both hardware and 

software mean that results from one instrument are not necessarily the same as those 
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from another (40). Interest has also focused, understandably, on the comparability of 

results from pencil-beam and fan-beam devices (41). The characteristics of the latest 

DXA devices were summarized by Genton at al. (41). 

 Accuracy of Dual Energy X-Ray Absorptiometry  

 Early work on the accuracy of DXA using in vivo neutron activation analysis for 

total body calcium established a close relationship between the two methods. Going et 

al. (42) showed that small changes in the hydration of fat-free mass do not affect bone 

mineral density  estimates. Tothill et al. (43), Tothill and Hannan (44), and Genton et al. 

(41) showed further discrepancies between fan-beam technologies in regional and total 

bone mineral density  and bone mineral content. 

 A summary and recent validation studies by Lohman et al. (45) indicated that 

DXA and multi-compartment models are in agreement in terms of mean values. In 

general, there is agreement with pencil-beam DXA and percent fat within 1% to 3% 

(46-48). An underestimation of fat mass using fan-beam DXA (Hologic 4500) was 

found by Salamone et al. (49). With the development of fan-beam DXA technology 

(Hologic 4500A and Delphi Lunar Expert and Prodigy), whole-body composition and 

bone density scans can be completed in much less time with equal or improved 

precision (32, 50). 

 Only a limited number of validation studies have been conducted with fan-beam 

DXA and a multi-compartment body composition criterion method. They are important 

to determine if biased estimate using a multi-compartment criterion method in various 

populations, and to establish the independence of the error from the magnitude of body 

composition estimates (Bland-Altman approach). 

In summary, recent reviews of DXA and body composition (29, 41) indicate 

theoretical and empirical validity of this method in estimating fat and fat-free mass. 
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Multi-compartment models have shown that DXA results (pencil beam) are closely 

related to body composition (47, 48, 51-53). Evaluation of fan beam DXA is under way, 

as was refereed. Standardization has not been established in validation studies across 

investigators, and there is variation in criterion methods used, in type of DXA hardware 

and software instrumentation selected, and in sample characteristics. 

 Reliability of Dual Energy X-Ray Absorptiometry  

 For bone mineral, body fat, and lean soft tissue precision of body composition can 

be evaluated over the short term (within and between days) and long term (during 

months within individuals). 

 The short-term precision of total body composition assessments is usually 

evaluated by repeatedly scanning subjects and calculating an intra-individual standard 

deviations are then pooled to obtain a more reliable estimate. In general, the standard 

deviation is about 1.0% for percent fat, which is comparable to the precision of other 

methods (e.g., body density and bioelectric impedance) (54).  

 According with Modlesky et al. (55), body composition estimates by DXA usually 

are highly reproducible with repeated measurements over one day in the same subject 

demonstrating CVs of about 1% for total body mineral, 2% for fat free soft tissue, and 

0.8% for fat. More recent studies of reliability with fan-beam DXA technology show a 

similar level of precision (56, 57).  

 In long-term precision Patel et al. (58) showed that obesity may have an adverse 

effect on precision errors in individual patients. 

  

MOLECULAR LEVEL 

The properties needed for assessment of the molecular composition of human 

body are measured by numerous techniques (15, 59). But no one of the techniques 
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measured really a molecular component. The known variables became from atomic or 

whole-body level. Moreover, different instrumentation and mathematical functions 

multiply the variability of results. It is therefore expected that body composition results 

obtained by different in vivo methods are not identical. As a result the number of studies 

comparing results from body composition methods has increased during the past ten 

years. 

  

 Multi-Compartment Models 

It is now clear that the various assumptions involved in the two-compartment 

model are not appropriate when examining subjects across wide age ranges, and 

particularly between groups that differ in gender and ethnicity (21, 60).This has led to 

the search for improved methods of phenotype human subjects that are based on 

assumptions that are not violated by age, gender, and ethnic effects.  

From these endeavours has emerged the concept of multi-compartment models. 

An important recent advance is the introduction of multi-compartment models that 

partition body mass into ≥ 3 components (48). The equations used to solve for multiple 

components may have three or more unknown terms, one of which is usually body 

mass. Because the addition of measured components usually reduces the number of 

applied assumptions, multi-compartment models are often considered the criterion 

against which other methods of estimating total body fat are validated.  

One important group of multi-compartment models is based on body-volume 

measurements that are usually estimated by hydrodensitometry or ADP  (61, 62). Body-

volume estimates are used in one term of the classical two-compartment model that 

serves as the basis for this group of multi-compartment models. The addition of an 

estimate of total body water by isotope dilution allows the development of a three-
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compartment model (8, 16). The measurement of total body water reduces the errors in 

Behnke’s two-compartment model (1942) related to individual differences in hydration. 

Siri’s three-compartment model assumes a constant ratio of protein to mineral even 

trough this ratio is known to vary between subjects. The 3-compartment model can then 

be extended to a 4-component model by adding an estimate of bone mineral by DXA to 

eliminate errors related to individual differences in the bone mineral content of fat-free 

mass (48, 63). In these models, four quantities are measured: body volume, total body 

water, bone mineral, and body mass. Representative four-compartment models are 

shown in Table 1.5. However, both the 3- and 4-compartment models do not include a 

discrete estimate of soft tissue mineral, a small but important molecular level 

component (9). 

 

Table 1.5 Some Multi-compartment methods for measuring total body fat 

AUTHOR METHOD 

Siri 1961 

Sellinger 1977 

Lohman 1986 

Lohman 1992 

Heymsfield et al 1990 

Baumgartner et al 1991 

Fuller et al. 1992 

Withers et al. 1992 

Friedl et al. 1992 

Siconolfi et al. 1995 

Heymsfield et al. 1996 

Forslund et al. 1996 

Wang et al. 2002 

FM = 2.057 * BV – 0.786 * TBW – 1.286 * BM 

FM = 2.747 * BV – 0.714 * TBW + 1.129 * Mo – 2.037 * BM 

FM = 6.386 * BV + 3.961 * M – 6.09 * BM 

FM = 2.747 * BV – 0.714 * TBW + 1.146 * Mo – 2.053 * BM 

FM = 2.748 * BV – 0.6744 * TBW + 1.4746 * TBBA – 2.051 * BM 

FM = 2.747 * BV – 0.7175 * TBW + 1.148 * M – 2.05 * BM 

FM = 2.747 * BV – 0.710 * TBW + 1.460 * TBBA – 2.05 * BM 

FM = 2.513 * BV – 0.739 * TBW + 0.947 * Mo – 1.790 * BM 

FM = 2.559 * BV – 0.734 * TBW + 0.983 * Mo – 1.841 * BM 

FM = 2.7474 * BV – 0.7145 * TBW + 1.1457 * Mo – 2.0503 * BM 

FM = 2.513 * BV – 0.739 * TBW + 0.947 * Mo – 1.79 * BM 

FM = 2.559 * BV – 0.734 * TBW + 0.983 * Mo – 1.841 * BM 

FM = 2.748 * BV – 0.699 * TBW + 1.129 * Mo – 2.051 * BM 

Note. BM = body mass (kg); BV = body volume (L); FM = fat mass (kg); M = mineral (kg); Mo = bone mineral (kg); TBBA = total 

body bone ash (kg); TBW = total body water (kg). Adapted from (10). 

 

  Although multi-compartment models share assumed constant densities for fat, 

water, and bone mineral, two main strategies are applied in developing these methods. 
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In one approach, the remainder of body mass after the subtraction of fat, water, and 

bone mineral is assumed to be protein and soft tissue minerals of known densities. In 

the other approach, the remainder is assumed to represent a combined residual mass 

(i.e., protein, soft tissue minerals, and other) of known density. 

 A useful exercise is to examine the simultaneous equations upon which 4-

compartment hydro-densitometry methods are developed (64). The body mass model 

for the this method is, 

                                    BM = FM + TBW + Mo + residual                                   (2) 

where all units are in kilograms. Residual mass includes protein, soft tissue minerals, 

and glycogen. The body volume model for this method is,  

       BV = FM/0.9007 + TBW/0.99371 + Mo/2.982 + residual/1.404                    (3) 

 This body volume model assumes constant densities for each of the four-

compartment: fat, 0.9007 g/cm
3
; water, 0.99371 g/cm

3
 at 36ºC; bone mineral, 2.982 

g/cm
3
; and residual mass, 1.404 g/cm

3
 for humans and others mammals at 37ºC (65). 

The two largest components of residual mass are protein with a density of 1.34 g/cm
3
 

and glycogen with density of 1.52 g/cm
3
. Soft tissue minerals with a density of 3.317 

g/cm
3
 and other miscellaneous chemical components constitute the reminder. If we 

combine the body mass and body volume models, body fat mass can be derived as 

follows: 

        FM = 2.513 * BV – 0.739 * TBW + 0.947 * Mo – 1.79 * BM                    (4) 

 Most four-compartment densitometric methods give similar estimates for total 

body fat because they are based on closely related models and assumptions. This 

approach to body composition assessment can be very laborious and expensive as 

multiple measurement techniques are employed.  
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 Accuracy of Multi-Component Models 

 In a study, Wang et al. (66) used neutron activation analysis (highly precise 

atomic model) as the criterion for evaluating a variety of other methods used for 

estimating body fat. They reported that several multi-compartment molecular models 

produced FM estimates nearly identical (mean differences in fat mass of 0.0-0.2 kg) to 

those obtained from the neutron activation model in their sample of 23 healthy 

participants. Errors associated with the laboratory methods of hydrodensitometry, 

hydrometry, and DXA were slightly higher (0.3-0.9 kg), with even higher errors 

associated with field methods (2.1-4.6 kg). Wang, Shen, Withers and Heymsfield (64) 

performed a comprehensive review of multi-compartment body composition models. 

 According Wang et al. (64) although greater validity should be associated with the 

measured of more components, there is some concern that the resultant greater control 

over the biological variability of fat-free mass may be offset somewhat by propagation 

of measurement errors  associated with the determination of body volume, TBW, and 

bone mineral (Mo). A worst-case scenario for this propagation of errors can be 

calculated by assuming that the square standard errors of measurement (SEM
2
) or the 

squared technical errors of measurement (TEM
2
) are independent and additive: 

 SD of total error = [(SEM
2
 or TEM2 for effect of under water weighting or ADP 

on %fat) + (SEM
2
 or TEM

2
 for effect of Mo on %fat)]

0.5  
      (5) 

 Reliability of Multi-Component Models 

 Friedl et al (67) investigated the reliability of fat estimation from multi-

compartment model in 10 soldiers who were each tested three times. These investigators 

found that the greatest source of error in their four-compartment method was in the 

underwater weighing procedure (∼1% of body mass) followed by TBW estimates 
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(∼0.5L). They observed reliability coefficients of 0.991 and 0.994 and within-subject 

standard deviations of ±1.0 and ±1.1 for percent body fat estimates using two- and four-

compartment models, respectively. 

 

CELLULAR 

 At the cellular level, since there are no direct methods to assess components at this 

level, a component-based method will be presented as an example to estimate one of the 

most important measurable cellular components, the body cell mass (BCM). Therefore, 

the atomic component total-body Potassium (TBK) can be used to estimate BCM as 

follows: BCM = TBK (mmol) x 0.0083. Extracellular fluid can be measured with a 

specific marker such as by bromide dilution (68) or by a combination of total body 

water and total body potassium (69); or by bioelectrical impedance; and extracellular 

solids can be measured by assuming a constant relationship between bone mineral 

content and extracellular solids with bone mineral content measured by DXA (23). Fat 

is then calculated as the difference between the three estimated components and body 

weight. As with all multi-compartment models, several options are available for 

estimating each of the components but the approach suggested is practical for centers 

that have whole body counting and DXA capabilities. 

 The cell level model is important in physiological studies because cells are the 

basic functioning biological units. Evaluation of each of the major terms in the cell 

model allows physiological insights into a wide array of biological processes. 

  In the present thesis it was not used any method in this level of body composition. 
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 TISSUE-ORGAN LEVEL 

 During the 19th century anatomists were able to easily quantify the tissue 

system level of body composition by cadaver analysis. Early in the 20th century many 

studies of organ and tissue weights were carried out allowing us to establish with 

reasonable certainty the various weights and distributions of the tissues and organs 

making up the primary aspects of body mass (16, 65, 70). The complexity of cadaver 

analysis and the diseases that were almost invariably present in cadavers led 

investigators away from this analysis of tissues and organs to the easier and clear 

molecular and cellular level models that were of biological interest. However, Clarys et 

al. (71) publish a review in 1999 were in showed enough variability in the assumption 

of the fat free body density. According to this authors, the composition of the fat-free 

weight (FFW) and adipose tissue free weight (ATFW), though less variable than body 

weight, showed enough variability that the assumption of constancy of the fat-free body 

required for densitometry and other indirect methods of fat estimation, could not be 

supported. In the few dissections that did fat extraction, essential on non-adipose fat, 

varied from 4-14% of the FFW, thus undermining the concept of lean body weight. 

More dissection data are needed, especially in children and adolescents, and especially 

in conjunction with in vivo body composition methods to help in their validation. 

 The introduction of imaging methods, computerized axial tomography  and 

magnetic resonance imaging changed the perception of the tissue system level as a 19
th

 

century method and brought it forward into modern times. Cross-sectional images can 

be prepared that allow viewing of the major tissues and organs of the body which can 

then be quantified as respective areas (72-74). With appropriately spaced slices the 

areas can be converted to volumes and mass can then be calculated by assuming a stable 

density of each tissue and organ. The tissue system multi-compartment model thus 
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potentially includes adipose tissue and its subcomponents, major organs including the 

brain, heart, liver, kidneys, spleen, lung, skeletal muscle, and smaller tissues and organs 

such as the thyroid and adrenal gland (75). The radiation exposure provided by whole 

body computerized axial tomography precluded its use in children and women in their 

childbearing years. It was only after the introduction of magnetic resonance imaging in 

the early 1980s that multi-compartment tissue system level models proliferated in the 

study of human body composition and physiology (76-78). With magnetic resonance 

imaging it is possible to scan multiple slices from head-to-toe and thus reconstruct with 

reasonable accuracy all of the major tissues and organs in the body (79). The procedure 

requires several hours for producing all of the images for a whole body including organs 

and an additional several hours for analysis of the images. 

 The multi-compartment tissue system level model provides important insights into 

biological processes. The present limitation of the model is that access to magnetic 

resonance imaging and computerized axial tomography scanners is limited and cost in 

most centers in prohibitive. 

 Some others techniques are also available at this level, such as estimation of 

skeletal muscle mass from 24-h urinary creatinine excretion or from TBK and nitrogen 

content by neutron-activation analysis (80). 

 Similarly to the cellular level, this thesis did not use any method of this tissue-

organ level.  

  

 WHOLE-BODY LEVEL 

Comparable body composition between humans and primates are found at the 

atomic, molecular, cellular, and tissue-system levels. Nevertheless, the complex 

characteristics that differentiate humans from all the other primates are found at the 
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whole-body level of body composition. The presence of distinct morphological features 

namely body size, shape, and exterior physical characteristics are presented. Stature, 

segment lengths, body breadths, circumferences, skinfold thickness, body surface area, 

body volume, body mass, body mass index, and body density are some of the suggested 

dimensions that can be directly determined at the whole-body level. For example, 

skinfold thickness measured at specific anatomic sites, triceps, subscapular, calf, 

abdominal, provides a simple method of estimating fatness and the distribution of 

subcutaneous adipose tissue. Most of the type I mathematical function are developed at 

this level. Hence, it is possible to find several equations for the prediction of body fat 

using skinfold thickness as the measured property. Additionally, body density is also 

widely used to indirectly estimate total body fat and fat-free mass (13, 81) and is 

defined at the molecular level as:  

                  1/Db = fFat/DFat + fFFM/DFFM                                     (6) 

where, Db, Dfat, and DFFM are the densities g/cc
3
 of the total body, fat, and fat-free mass, 

respectively, and f represents the fractions of body mass as fat and fat-free mass, 

respectively (8). 

Any major changes in body composition on the other four levels will manifest 

themselves on the whole-body level. Conversely, most differences at the whole-body 

level are related to changes in composition on the other four levels. This latter relation is 

the foundation for estimating the components of the other four levels by using 

measurements at the whole body level. Most indicators at the whole-body level are 

simpler and easier to perform than are measurements at the other four levels. Thus the 

techniques at this level are often well suited for large-scale studies or for field work. 
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 Air Displacement Plethysmography (ADP) 

  The ADP technique for the measurement of body volume was developed based 

on a 2-C model, where body mass is divided into fat and fat-free mass. . The physical 

design and operating principles of this system are described in detail elsewhere (82) and 

are summarized here.  

 ADP employs the subtraction method to determine body volume: the volume of an 

individual is equal to the volume of the empty chamber minus the volume of the 

chamber when the individual sits quietly. When the individual enters the testing 

chamber, the volume of gas within the closed chamber is reduced by an amount equal to 

the individual’s body volume. Changes in pressure are inversely proportional to changes 

in volume as long as the temperature remains constant. Consequently, if an individual 

were placed in a sealed chamber of a known volume, any change in pressure and 

volume would be attributable to the volume of the individual. Body volume determined 

in this way is based upon Boyle’s law, which states that the volume varies inversely 

with pressure so long as the temperature is held constant (isothermal): 

                 P1/P2 = V2/V1                                                            (7) 

where P1 and V1 are the pressure and volume before the individual’s entry into the 

testing chamber, and P2 and V2 are the pressure and volume when the individual is in 

the testing chamber. Although elementary, Boyle’s gas law is not easy to apply to 

living, breathing humans. The basic assumptions of Boyle’s law are challenged because 

the testing environment within the chamber is changed once the individual enters the 

testing chamber, partly because of water vapour, the generation of heat by the individual 

and respiratory movements. When the temperature is not kept constant (adiabatic), 

Poisson’s law more accurately describes the pressure volume relationship: 

                            P1/P2 = (V2/V1)
γ                                                                                            

(8) 
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where γ is the ratio of the specific heat of the gas at a constant pressure to that of the 

constant volume. The value of γ equals ∼1.3 for tri-atomic gases (water and carbon 

dioxide). The determination of the individual’s body volume occurs primarily under 

adiabatic conditions; however, some air acts as if it were isothermal. 

 In particular, air within the lung and air within the vicinity of the body (i.e. hair 

follicles and the clothing worn by the individual) behaves and has properties similar to 

isothermal air. These gas laws are important to bear in mind because isothermal air is 

more easily compressed (40%) compared with adiabatic air. If this air issue (isothermal 

versus adiabatic) remains unresolved the subsequent percentage of fat of the individual 

will be underestimated (∼2%) (83, 84). The problem regarding isothermal air is 

minimized, however, by:  wearing minimal clothing, i.e. a Speedo swimsuit and swim 

cap, as suggested by the manufacturer; and calculating the surface area artefact (SAA). 

The SAA is automatically calculated by the software: 

                             SAA (L) = k (L/cm
2
) * BSA (cm

2
)                                      (9) 

where k is a constant derived by the manufacturers and BSA is the body surface area 

using the DuBois formula (85). The SAA is always negative and reflects the negative 

effect of air that behaves as if it were isothermal on estimates of body volume. 

 As in hydrostatic weighing and analogous to the residual volume, the air in the 

lung during the body volume measurement must be taken into account and measured. 

This volume of air is referred to as the thoracic gas volume (VTG), and is similar to the 

functional residual capacity, except that the VTG is taken at mid-exhalation (half of tidal 

volume) instead of at the end of normal exhalation. Briefly, the individual sits quietly 

while breathing through a disposable filter. After four to five normal breaths, the airway 

is occluded at mid-exhalation and the individual is instructed to make two quick light  
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pants. The test is considered successful if the merit is less than 1 (merit is a theoretical 

value that demonstrates compliance, i.e. ensures a proper seal around the breathing 

filter) and if the airway pressure is 35 cm water or less. The total body volume of an 

individual utilizing ADP is thus calculated by the following equation: 

 Corrected body volume (L) = raw body volume (L)- SAA (L) + 40% (VTG)    (10) 

 Once body mass and Vbcorr are known, the principles of densitometry are applied 

(23, 24). Body density  is calculated as Body mass/Vbcorr, and body density is then 

inserted into a standard formula for estimating %BF based on a 2-compartment model, 

such as the models of Siri, %Body fat = (4.95/Body density – 4.50)100  (24) or Brozek 

et al. %Body fat = (4.570/Body density – 4.142)100 (25) for whites. Alternatively, body 

density can be used in multi-compartment models (e.g., 3C and 4C models) as discussed 

before.  

 Factors that introduce error to assessment of body composition in the Bod Pod (an 

ADP instrument) specifically, but ADP in general, are broadly characterized as either 

technical or environmental and are summarized in Table 1.6. 
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Table 1.6 Sources of measurement error and recommendations . 

Technical    Environmental   

Issue Recommendation Error %  Issue Recommendation Error % 

Body weight 

(Size) 
> 23 kg 

< 200 kg 

Unknown  Body 

temperature 

No fever 

Wait 1h post exercise 
2 

Thoracic gas 

volume 

Attempt to 

measure 

 

Use a age-specific 

perdition equations 

 

Ensure all criteria 

are met 

2  Body moisture Individual should be 

completely dry 

 

Refrain from 

exercise/shower at 

least 1h 

 

Never perform 

hydrostatic weight or 

exercise  testing prior 

to ADP testing 

2 

Body surface 

area 

See body weight 

recommendation 

Unknown  Body hair Always wear swim 

cap 

 

Preferably no beard 

or facial hair 

Longitudinal studies 

should maintain 

current hair status 

1ª 

Testing room 

environment 

Constant 

temperature (21-

32ºC) 

 

Minimal room air 

flow 

Unknown  Clothing Tight-fitting 

swimsuit ideally 

provided by 

laboratory 

 

Longitudinal studies 

should maintain same 

swimsuit throughout 

the study 

 

Laboratory should 

provide swimsuits for 

study participants 

2-5 

Adapted from (86). 

 

Technical - It has been suggested that quantification of body volumes less than 

40Lt with the Bod Pod may be compromised (87). All ADPs operate under conditions 

of changing air temperature that is entry of an individual into the enclosed testing 

chamber will cause an increase in the chamber air temperature. The compressibility 

characteristics of gas under conditions of changing temperature (adiabatic) differs from 

gas that maintains a constant temperature (isothermal); that is to say, isothermal air will 

change its volume 40% less under compression relative to adiabatic air (82). 

Consequently, the presence of isothermal air in the test chamber will result in 

underestimation of volume and body fat. To account for the isothermal air in the 
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thoracic cavity, a measurement of thoracic gas volume is obtained and applied to the 

measurement of body volume. Isothermal-like air is also present near the surface of the 

skin; consequently, a correction factor based on estimated body surface area is 

calculated by the system software. Error in the estimation of body surface area 

(estimated according to the DuBois formula) has been suggested to cause a negligible 

error, though the magnitude of error was influenced by body size, potentially resulting 

in errors at the extremes of body size (87). Careful adherence to the manufacturer’s 

testing protocol will eliminate the majority of errors introduced by these factors. 

 Recently, Sardinha et al (88) compared BSA estimates using two equations 

(Dubois and Dubois vs. Livingston) and their respective effects on percent body fat 

obtained with two molecular approaches of body composition analysis, two-

compartment (2C) and five-compartment (5C) models. This study used a sample with 

healthy adults, 432 women (BMI: 28.3±4.4 kg/m
2
) and 147 men (BMI: 26.8±3.9 kg/m

2
) 

which was evaluated with 2C model, while the other sample of 126 women (BMI: 

30.4±3.7 kg/m
2
) was evaluated using the 5C model. Using, BSADubois, either in 2C and 

5C models, BV and %BF estimates were significantly underestimated compared to 

results obtained using BSALivingston (p<0.05). BMI was strongly associated with %BF 

differences using BSADubois and BSALivingston in both 2C (Men: r=0.90; Women: r=0.88) 

and 5C models (r=0.88). Though %BFDubois and %BFLivingston were strongly associated 

(r
2
=1.000) some variability was observed on %BF differences using BSADubois and 

BSALivingston. These findings suggest that BSA calculation is critical in bodt fat 

estimation, supporting the use of a more accurate equation for nonobese and obese 

subjects. 

Environmental - Fields et al. (89) recently described the effects of increased body 

temperature and moisture on Bod Pod estimates of percent fat and showed a significant 
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underestimation of approximately 2% fat units when body temperature and moisture 

were increased following underwater weighing. Hence, Bod Pod testing should always 

be conducted in the rested state, at a normal body temperature, and moisture free. Body 

hair has also been shown to significantly impact the measurement of body volume, with 

scalp hair affecting the estimation of body fat by 2% fat units (84). Interestingly, a small 

amount of facial hair resulted in significant underestimation of approximately 1% fat 

units (84). As recommended by the manufacturer, a swim cap should be worn at all 

times and in longitudinal studies males should be encouraged to maintain body hair 

status, including facial hair, throughout the study. In addition, another source of error is 

the testing attire of the individual. Numerous studies have shown that clothing (even 

cotton gym shorts) can impact body fat estimates upwards of 2% fat units, though it 

would appear spandex materials are a suitable alternative to a tight-fitting swimsuit (83, 

90, 91). In summary, several of the major sources of error can be overcome by 

maintaining careful testing conditions and careful adherence to the testing protocol.  

 Accuracy of Air Displacement Plethysmography 

 Estimates of body composition by the Bod Pod have been validated against HD, 

DXA, and multi-compartment models (92-98). Most of the studies in adults with HD as 

the criterion method have been conducted in young to middle-age adults, except for a 

study by Nunez et al. (61) that included elderly subjects. Average differences between 

Bod Pod and HD estimates of percent fat ranged from -4.0 to 1.9% fat. In some studies 

reporting significant differences between methods, ethnicity was mixed (94, 95) and the 

potential effects of ethnicity were not examined. The results of studies comparing body 

composition measurements by DXA and Bod Pod in adults are generally similar to 

studies in which HD was the criterion method (61, 94-96, 99-102). Mean differences 

between the methods in percent fat varied widely (-3.0% to 1.7% fat). Even though the 
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95% limits of agreement ranged from 10% to 15% in three studies reporting Bland-

Altman analyses (96, 100, 102), indicating large differences between DXA and Bod Pod 

in some individuals. In a group of 62 middle-aged healthy men, Sardinha et al. (102), 

found that Bod Pod predicted fat mass and fat-free mass more accurately than all other 

models such bioelectrical impedance spectroscopy, and skinfold-thickness equations 

and , with a lower SEE and higher adjusted R
2
 using DXA as the reference method. 

Factors that contribute to Bod Pod errors and differences between Bod Pod and HD 

percent fat (e.g., clothing and prediction of VTG) also contribute to differences between 

Bod Pod and DXA measurements. In addition, limitations in DXA and errors 

attributable to the limitations of the assumption of the two-compartment models of 

densitometry used to derive Bod Pod estimates of percent fat also influence 

comparisons between Bod Pod and DXA.   

 ADP has been, also, compared favourably to bioelectric impedance (103-105), 

skinfolds (106), and the three-compartment model (107), while several studies have 

investigated theoretical error associated with the ADP (98, 108). 

 Four studies in adults (94-97) used a multicomponent model to validate the Bod 

Pod. Overall, these studies reported significant mean differences (≈2-4%) between Bod 

Pod and three-component and four-component models, significant correlations 

(R≥0.90), and limits of agreement (95% confidence interval around the mean 

difference; ≈2.0 to 7.0%) that are narrower in comparison with the confidence intervals 

from studies comparing Bod Pod with HD or DXA. The differences between Bod Pod 

and four-compartment model estimates of percent fat were positively and negatively 

associated with the aqueous (W/FFM) mineral (M/FFM) fractions of the fat-free mass, 

respectively, reflecting the expected influence of variation in these components on 

estimates of percent fat from the two-compartment. The mean difference (Bod Pod-
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four-compartment model) and magnitude of the correlation between the differences and 

W/FFM and M/FFM will necessary vary with the characteristics of each sample (i.e., 

above or below the assumed W/FFM and M/FFM). Thus, is not surprising that findings 

have varied across studies.   

 Therefore, differences between the Bod Pod and the multi-compartment models, 

as and DXA, are partly explained by limitations in the assumption of the two-

compartment models rather than to limitations in Bod Pod per se. 

 Reliability of Air Displacement Plethysmography 

Between-day, test-retest correlation coefficients in children and adults for body 

density and percent fat generally exceed r = 0.90, with a trend for somewhat higher 

coefficients in adults (r>0.95) than children (r = 0.90) (93). In adults, within-subject 

coefficients of variation (CVs) for percent body fat have range from 1.7% to 4.5 within 

a day (101, 102, 109-111) and from 2.0 to 2.3% between days (61, 100, 101).  

 In two studies that examined within-day repeatability of Bod Pod and HD percent 

fat in the same subjects, CVs for the two methods were similar: 1.7% versus 2.3% (111) 

and 3.7% versus 4.3% (110). In other two studies, reliability of body volume 

measurements by HD and Bod Pod were compared. Both Dewit and colleagues (112) 

and Wells and colleagues (113) reported better precision with Bod Pod (0.07 and 0.11L, 

respectively). In both studies, however, VTG was predicted rather than measured, 

whereas lung volume at submersion was measured in conjunction with underwater 

weighing. The use of a constant (predicted) VTG would tend to bias the precision of the 

Bod Pod toward a more consistent body volume measurement compared with when the 

precision HD is calculated using a measured and presumably varied lung volume. 

 In a recent publication, Noreen and Lemon (114) determined the reliability of 

the Bod Pod in a large, heterogeneous sample. A total of 980 healthy men and women 
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completed two body composition assessments separated by 15–30 min. It was observed 

a significant correlation (r = 0.992, P = 0.001) between body density (BD) 1 and BD 2 

and a coefficient of variation (CV) for BD of 0.15%. Additionally, a significant 

intraclass correlation coefficient (ICC) was found for BD (ICC = 0.996, P = 0.001), and 

the standard error of measurement (SEM) was 0.001 kg.L
-1

.In this comprehensive study, 

it was concluded that ADP using the Bod Pod appears to assess BD reliably. Based on 

the observed CV, the authors suggested that multiple trials are necessary to detect small 

treatment effects. 

 

 Bioimpedance Analysis  

Heymsfield and Wang (4) proposed in their system of organizing in vivo body 

composition methods that BIA was a body composition technique from molecular level 

for the reason that BIA systems is a field method used for estimating total body water 

and fat-free mass. However, due to the physical concepts that underline the BIA 

method, it should be considered at the whole-body level. BIA Measures total body 

impedance (Z) or one of its components, resistance (R).  

 The principle underlying the use of BIA for assessing body composition is the 

relationship of body composition to the water content of the body (115-118), lean tissue, 

which contains large amounts of water and electrolytes, is a good electrical conductor, 

and fat, which is anhydrous, is a poor conductor. Therefore, the greater the TBW and 

fat-free mass the less resistance to the flow of the electric current and a lower Z value. 

The voltage produced between two electrodes is measured with the BIA analyzer and, 

according to Ohm’s Law (Z = voltage/current), expressed as Z. 
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 To estimate the volume of total body water, three assumptions are used: the whole 

body acts like a cylindrical conductor, the conductor’s length is proportional to the 

subject’s height; and the reactance component of the voltage signal can be disregarded.  

 For a cylindrical conductor, the resistance, R, is given by 

                                     R = ρL/        (11) 

where ρ is the resistivity of the tissue, L is the length of the cylinder and A is the cross-

sectional area of the cylinder. 

 Re-arrangement of equation (11) leads to the equation for the volume, V, of the 

conducting cylinder: 

                                    V = ρL
2
/R.        (12) 

 Although not the same quantity, the impedance (Z) is often used interchangeably 

with R in these two equations. 

  Like all body composition methods, BIA depends on several static assumptions 

and dynamic relationships regarding electrical properties of the body; its composition, 

hydration, and density; and the age, race, sex and physical condition of those assessed 

(21, 119, 120). 

Under these conditions, the impedance index (Ht
2
/R) is assumed to be 

proportional to the volume of total body water [V = ρ(Ht
2
/R)]. Activities performed 

within 4 h before the measurement, such as moderate to vigorous exercise, consumption 

of excessive alcohol or excessive sweating, can substantially alter the reading.  

Although the above principles for estimating volume from BIA is readily 

accepted, Kushner (119) listed several assumptions that must be made and are known to 

be untrue in the human body. First, the human body is assumed to be a cylindrical shape 

with a uniform L (or Ht) and A. However, the human body more closely approximates a 

series of cylinders, or more precisely, five interconnecting cylinders – two arms, two 
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legs and the trunk. The "cylinders" of the extremities have the smallest A and, thus, the 

greatest influence on whole-body R, while the trunk contains 50% of the BW but 

contributes only a small percentage of the total body R. Second, it is assumed that the 

conducting material within a cylinder is homogeneous, which it is not. Finally, [ρ] is an 

assumed constant but will vary depending on the microstructure, hydration status, and 

electrolyte concentration of the tissue. 

Other investigators have taken an alternate approach by using both resistance (R) 

and reactance (Xc) components of the measured impedance (121, 122). The reactive 

component is assumed to be produced by the capacitive properties of cells, which shift 

the voltage and current out of phase. In electrical terms, this phenomenon is defined by 

the phase angle (Φ), where Φ = arctangent (Xc/R).  

 Resistance in the body is the same as in nonbiological conductors (116). 

Reactance is caused by the capacitant effect of cell membranes, tissue interfaces, and 

non-ionic tissues that retard a portion of the electric current through these multiple 

current pathways (123, 124). The electric current flows differentially through the 

extracellular water and intracellular water as a function of the current frequency (117, 

125). At frequencies of 5 kHz or less, the current flows through extracelullar water and 

reactance are minimal because the capacitant properties of body tissues are bypassed, 

but this was questioned by Settle et al. (1980). As the frequency increases, the current 

also enters the intracellular space, and the capacitant aspects of the body such as cell 

membranes and tissue interfaces retard the current, causing reactance. In healthy adults, 

the phase angle at 50 kHz is typically above 8
o
; in clinical conditions, it can be as low as 

2–3
o
 (122, 126).  

 Variation in specific resistivities among body tissues and segments and between 

individuals occurs because of intra- and inter-individual differences in tissue 
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composition. The specific resistance of the body fluid depends on the kind and amount 

of dissolved electrolytes as well as on temperature. However, the variable tissue 

composition of the limbs and trunk results in regional differences in specific resistance 

(127, 128). This variation, in part, accounts for some of the inter-individual differences 

and predictive errors in the use of impedance to estimate body composition (129). 

BIA analysers use an alternating current that enters the body at very low and safe 

amperage. The conductor is the water content of the body, and a BIA analyser measures 

the impedance of this fluid conductor (117, 125).  

As noted above, the actual measurement procedure for the subject is relatively 

easy and can be performed within a few minutes. The major concern with BIA is that 

the proportion of the current that passes through cells at 50 kHz is unknown (130). To 

overcome this uncertainty, bioelectrical impedance spectroscopy (BIS) was developed 

(131, 132). With BIS the resistance and reactance values are recorded for a wide 

frequency range (5 kHz to 1 MHz) and are mathematically fit to a parallel resistance 

model that is used to derive estimates for total body water and extracellular water.  

  Accuracy of Bioimpedance Analysis 

The quantification of total body water from single frequency impedance measures 

is reasonably accurate (133, 134). Single frequency impedance analysers almost all 

operate at a current frequency at 50kHz (but different amperages). At this frequency, the 

impedance index, S
2
/R, is directly related to the volume of total body water (135), but 

use of the impedance index to estimate fat-free mass and body fatness is based on the 

fraction of 73% of body water in the fat-free mass compartment (21, 59, 125, 136). 

 Estimates of body composition using BIA require a regression equation validated 

against a criterion body composition method. This is the only way to convert impedance 

values of resistance and reactance into estimates of body composition. Numerous 
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studies and manufacturers have developed body composition prediction equations, but 

such equations and their estimated values are only as accurate as the criterion method 

used to determine the dependent variable in the equation. Most published impedance 

prediction equations use a two-compartment body composition model derived from 

densitometry, total body water, or DXA as the criterion measure, with a few exceptions 

(66, 137-141). The two-compartment and the DXA method have limitations (48) based 

on sex, body size, and a constant of 73% of water in fat-free mass, which is erroneous 

(8). The two-compartment model makes assumptions regarding the constancy of 

composition of fat-free mass, which is not true in all ethnic groups, body shape, clinical 

conditions and, across life. These limitations can be overcome with a multi-

compartment model (140-142). 

It is thus necessary to choose from several validated equations for different age, 

ethnic group and clinical situations the one that is most similar to the population being 

studied. As well, numerous equations have been published using single frequency to 

estimate body composition, and several sets of equations were developed for the 

commercial single-frequency impedance analysers (143). 

Even choosing an adequate population-specific equation, it must be considered 

that the prediction error of BIA is caused by five errors: the lack in standardized 

methodology for measurements; the regression error (standard error from the equation); 

the limitation of the reference method used in validation; the different body geometry 

(not a cylinder); and the biological variability of patients, with variable physical effects 

on hydration (144). The range of actual error of 0.0–1.8 kg considered ideal in 

regression equations could be considered unacceptable for individual interpretations in 

the clinical setting. 
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Additionally, some of the discrepancies reported in the literature are due to 

different methods used as the reference methods in the validation process. This leaves 

the evaluator with the dilemma of choosing a BIA equation for a specific population 

that was considered valid based on a reference method that may not have been accurate 

and may or may not be comparable to other reference methods (130).  

Studies have documented an overestimation of the percentage of fat-free mass by 

approximately 3.4% of body weight or an underestimation of the percentage of fat mass 

by 8.2% of the body mass in overweight and obese adults (145). Equations in leg-to-leg 

and hand-to-hand BIA models take into account differences in body fat distribution, and 

their validity remains limited (128).The meta-analysis by Martinoli et al. (146) 

concluded that single frequency-BIA (50Hz) and BIS significantly overestimated total 

body water in healthy individuals. Additionally, the validity of BIA decreases with 

increasing obesity and improves with weight loss, because the abdominal adiposity 

invalidates the assumption that the body is a cylindrical conductor (128). 

The accuracy of BIA results and their biological interpretation should be used with 

caution (130, 143). 

  Reliability of Bioimpedance Analysis 

Several investigators have examined the reliability of Z measurements. In a 

review, Kushner (119) reported the mean CV of multiple R measurements taken on the 

same participant in the same day ranged from 0.3 to 2.8%. When measured over days or 

weeks, intra-individual variability ranged from 0.9 to 3.6%. Kushner and Schoeller 

(125) reported intra-individual variations in BIA measurements to average 1.3 and 2.2% 

for within-day and week-to-week measurements, respectively. In another review, Van 

Loan (147) reported similar CVs for the reliability of Z measurements obtained from 

BIA. Lukaski, Johnson, Bolonchuk, and Lykken (19) estimated the precision Z to be 
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2.0% based on measurements of 14 men over 5 consecutive days. Examining the 

interlaboratory reliability of BIA, Lohman (20) reported CVs of 2.1 and 2.8% for 2 

participants measured at eight different laboratories. 

 The SEE of TBW estimated from BIA is about 2 L or 4% for an individual with a 

TBW of 50 L, and the CV for fat-free mass is about 5% (National Institutes of Health, 

1994). Reviews of BIA from Kushner (119) and Van Loan (147) reported the SEE for 

TBW generally ranged from 1.4 to 3.5 L, and the SEE for fat-free mass ranged from 2.0 

to 3.6 kg. Kushner calculated that for a 70 kg individual with 60% TBW relative to BW 

and 18% BF, the error in predicting TBW and fat-free mass would be 3-8% and 3.5-6%, 

respectively. Similarly, Wang, Thornton, Burastero, Heymsfield, and Pierson (148) 

estimated prediction errors of 6-8% and 5-6% for BIA estimates of TBW and fat-free 

mass, respectively. 

 

 Anthropometry 

Body composition can be estimated simply by measuring the size and proportion 

of the human body and its various segments. In addition to height and body mass, 

circumference, skeletal breadth, and skinfolds measurements are used as well. It is a 

method inexpensive, widely available and portable, qualities that make it attractive for 

field studies or population based studies, when more elaborate methods of body 

composition assessment are unavailable.  

The concept of  Body mass index [weight (kg)/ stature (m
2
)] was originally 

proposed by Quetelet (149) in 1835 on the basis of his analysis of the way in which
 
the 

body grows in 2 and 3 dimensions. Wide acceptance of this
 
concept, however, took > 

100 y (150). At the beginning of the
 
20th century, the life insurance industry had 

identified central
 
adiposity as a risk factor for death (151). However, height and

 
weight 
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tables provided by that industry, rather than measures
 
of central adiposity, were widely 

used to establish overweight,
 
and the Framingham Study used those tables as the initial 

criterion
 
for overweight (Metropolitan relative weight, as it was called).

 
With the 

publication of the Diet and Health report by the National
 
Research Council in 1989 

(152) and the subsequent Dietary Guidelines,
 
the use of BMI became more widely 

accepted; the cutoffs were
 
defined as 18.5-24.9 for normal weight, 25-29.9 for 

overweight,
 
and 30 for obesity, which was further divided

 
into grades 1-3, with body 

mass index ( BMI) of 30-34.9, 35-39.9, and 40, respectively (150). 

Both body weight and height (and hence BMI) may be measured, for most 

individuals, with a high degree of accuracy. However, care needs to be taken in 

classification of an individual based upon BMI alone. Factors which need to be 

considered when classifying an individual as underweight, obese, etc are age, gender, 

ethnicity and body build. For this reason, many authors have questioned the 

classification of obesity based upon BMI alone. 

A number of studies have investigated the relationship between BMI and % body 

fat. Gallagher et al (153) investigated the influence of age, gender and ethnicity on the 

relationship between % body fat and BMI. Their study included men and women of two 

ethnic groups (black and white) who resided in or near New York City. They concluded 

that the relationship was affected by age and gender but was ethnicity independent. 

Other authors have drawn similar conclusions regarding the influence of age and 

gender, but have also noted an effect of ethnicity. There has been some progress 

towards establishing age and gender specific definitions of obesity based upon BMI. For 

example, classification based on age and gender has been developed for children and 

adolescents to age 20 (154-156). 
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Rather than just reporting %body fat, researchers are striving to link body mass, 

BMI, and fat distribution to health and risk for disease or injury.  The National Heart, 

Lung, and Blood Institute clearly recognized
 
that obtaining the BMI was only the first 

step for the clinician
 
who was making a risk assessment (157). An assessment of central

 

adiposity was also needed. Several criteria are available for
 
assessing central adiposity, 

but the most practical are waist circumference (WC) and
 
WC divided by hip 

circumference (also called the waist-to-hip
 
ratio, or WHR). The WHR served as the key 

index that led to
 
the recognition of the importance of central adiposity as a

 
major risk 

factor for the diseases associated with obesity (158).  

 A recent comprehensive review from Sardinha and Teixeira (159) showed that 

BMI and skinfolds can be used as a surrogate of total body adiposity in studies of 

adiposity and disease in children and adolescents, adults and the elderly. Skindolds can 

be used to estimate percent fat mass and identify children, adolescents, adults and the 

elfderly at risk for cardiovascular diseases based on percent body fat cut-offs developed 

with health-related criteria. Despite the usefulness of these whole-body measures, it 

concluded that there is a need to implement a widespread use of more accurate and 

reproducible methods to estimate total and regional adipose tissue accumulation.  

In studies that compared WC and WHR with respect to validity
 
as a standard for 

measurement of central fat, WC was as good
 
as or better than WHR (160). Because WC 

is a single measure, whereas
 
WHR is composed of two separate measures, WC has 

largely replaced
 
WHR in estimations of central adiposity. Han et al (161) proposed

 

cutoffs for high risk of 102 cm for men and 88 cm for women.
 
These cutoffs have been 

widely used (157), but the report by Janssen
 
et al (162)suggests that a newer approach is 

needed. These investigators proposed 4 levels for the risk of central obesity in 

centimetres, for women and men, very low (<70 and <80, respectively), low (70-89 and 
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80-99, respectively), high (90-109 and 100-120, respectively) and, very high (≥110 and 

>120, respectively). 

Central adiposity is a key criterion of the metabolic syndrome
 
(163). Including the 

newly proposed categories in the algorithm
 
for defining the metabolic syndrome may 

improve the usefulness
 
of criteria for evaluating the risk of central obesity.

 
 

Circumference or girth measurements involve placing a tape measure around a 

specific body segment. Using a flexible, plastic-coated tape measure with a spring-

loaded handle enables the clinician to reproduce the tension on the end of the tape 

measure, thereby increasing reliability and precision. Skeletal anthropometers and 

sliding calipers are used to measure skeletal breadths by applying firm pressure to bony 

landmarks. Anatomical reference points and guidelines for anthropometric 

measurements have been published (164). As with skinfolds measurements, being 

meticulous with site location and measurement is critical for accurate and reliable 

anthropometric measurements.  

In markedly overweight or obese individuals a natural waist may be lacking, and 

the umbilicus and the maximum anterior extension of the abdomen may be displaced 

from their vertebral levels. Consequently, measurements at the same nominal levels on 

the anterior surface of the abdomen (e.g., umbilicus) may be at different vertebral levels 

in the lean and the overweight and may differ in the organs included. Trunk 

circumferences are measured with the subjects standing; the values obtained are larger 

than those measured supine by 4.1±1.7 cm (165). 

 Accuracy of Anthropometry 

In cross-validating numerous anthropometric equations predicting fat-free mass, 

Wilmore and Behnke (1969) reported correlations ranging from 0.71 to 0.96. They also 

stated that the multiple correlation coefficients from anthropometric equations of other 
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researchers predicting body density ranged from R = 0.83 to 0.87, with SEEs from 

0.0065 to 0.0072 g/cc. In 1942, Behnke at al. concluded that circumferences could be 

used to measure obesity and were correlated with body density. Since then, numerous 

anthropometric equations have been developed. Correlations between abdominal 

circumferences and body density are about -0.7 (166-168). The correlation of abdominal 

circumference with fat-free mass are about .06 in each sex (169, 170). Additionally, 

waist circumferences measured standing and those measured supine have the same 

relationship with visceral adipose tissue areas at L4-L5 (171).A review suggest that 

biological variations rather than measurement errors are the major cause of error in 

estimating % body fat from circumferences measures (172). 

Reliability of Anthropometry 

 Although the measurement of circumferences is relatively simple, the necessary 

skills need to be developed and practiced if a precise measure are be made. 

Considerable variability between operators has been noted. Reasons for this variability 

include: the plastic-coated tape measure with a spring-loaded handle enables to 

reproduce the tension on the end of the tape measure; differences in location of the 

anatomical sites; and the technique of grasping the circumference. 

 Trunk circumferences, particularly those of the abdomen, are difficult to measure 

in those who are markedly overweight or obese, but high precision may be obtained 

(173, 174).  
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 The quality control of the system in long term interventions is extremely 

important. It is imperative, that all systems measure the same component in different 

moments to compare values and understand changes that could be observed. In 

summary, a new scheme was proposed to identify the relationships between laboratory 

techniques and fields methods used in this thesis within the scope of the five levels of 

the body composition in Table 1.7. 
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Table 1.7 Laboratory techniques and field methods within this scope of the five levels of the body composition. 

 

Technique Effectively measured/ 

Level 

Equation 

Category 

Component estimated/ 

Level 

Equation 

Category 

Component estimated/ 

Level 

DXA H, C, N, O, R /  

Atomic 

Type II property-

based methods 

Ash and no Ash / 

Molecular 

Type II component-

based methods 

Lean, Bone mineral and 

fat / Molecular 

ADP BV /  

Whole Body 

Type II property-

based methods 

Fat and FFM /  

Molecular 

  

BIA R and Xc /  

Whole Body 

Type II property-

based methods 

TBW or ICW and ECW / 

Molecular 

Type I property-

based methods 

Fat and FFM /  

Molecular 

Anthropometry Bw, Ht, skinfolds, 

circumferences /  

Whole Body 

Type I property-

based methods 

Fat, FFM and SM /  

Molecular 

  

Multi-Compartment 

Model 

BV, Bw, TBW, Mo / 

Whole Body and 

Molecular 

Type II combined 

methods 

Depend number of 

compartments (see Table 1.3)/ 

Molecular 

  

DXA, Dual Energy X-Ray Absorptiometry; H, hydrogen; C, carbon; N, nitrogen; O, Oxygen; R, residual mass that represent (Na, Mg, P, S, Cl, K, Ca); ADP, Air 

Displacement Plethysmography;BV, body volume; FFM, fat free mass; R, resistance; Xc, reactance; TBW, total body water, ICW, intracellular water; ECW, extracellular 

water; Bw, body weight; Ht, height; SM, skeletal muscle; Mo, bone mineral. 
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Body Composition Alterations 

The third area of body composition research is body composition variation, and it 

involves the change in body composition related to physiological or pathological 

conditions on various levels and components. Areas investigated include growth, 

development, aging, race, nutrition, hormonal effects, and medications that influence 

one’s body composition (4). 

This third area involves the study of the relations between the body components 

and its associate’s functions. This area examines isolated components or the relationship 

between molecular, cellular level, tissue and whole body functions. Some examples are 

the relations between: weight and cardiac morphology, myocardium oxygen 

consumption and arterial pressure; cellular body protein, repairing cellular tax of 

wounds and bigger surgical interventions (175). Still, in accordance with the same 

authors, this concept that relates composition and function can be expanded for the 

development of dynamic models as those that relate the alteration of composition of the 

weight with the nitrogen-energy balance, positive or negative. Similar models can be 

developed to relate the consumption of fluid and electrolytes, mass and renal function 

and fluids balance. These examples are not specific, but they show the importance to 

incorporate the information of the body composition in the extensive context of biology 

and physiology of human beings. 

   

 Dual Energy X-Ray Absorptiometry 

 DXA is capable of good precision for the measurement of body fat, fat-free mass 

and bone mineral, and this has been well documented (176, 177). This attribute makes it 

potentially a valuable tool for longitudinal studies in the clinical setting.  
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 Important to the accurate estimation of body composition changes in DXA is the 

comparison of body mass with DXA sum parts at baseline and after intervention as a 

quality control measure. Lohman and colleagues (45) reviewed failure to obtain closed 

agreements in the mean difference and standard deviation of the difference.  Mean 

agreement should be within 1 kg with a standard deviation less than ±2 kg at baseline 

and again after intervention (178), It is essential to show this agreement between body 

scale mass and the sum of DXA parts as a part of the quality control of DXA data, and 

all future investigators, both DXA validation studies and studies with DXA body 

composition changes, should include this comparison. 

 The accuracy of estimating fat, lean and bone mineral changes with significant 

weight gain or loss is an important methodological issue. In a study of in vivo weight 

loss in a obese sample, Cordero-MacIntyre et al. (179) found little change in bone 

mineral content or bone mineral density when using a Hologic 4500A DXA scanner. 

Van Loan et al. (180) using the Lunar DPX, found a reduction of 1.4% in bone mineral 

density and no change in bone mineral content. For changes in fatness, Evans et al. (51) 

compared DXA with a multicomponent model in different weight loss interventions and 

found mean percent fat agreement to vary between DXA and a multicomponent model 

from 0.3% to 2.0% within the range of sampling error. Tylavsky et al. (181) estimated 

similar changes in soft tissue using both pencil and fan beam DXA. 

 Any method to be accepted as a reference one, it is necessary to know the 

differences between machines from different manufacturers (40) and from the same 

manufacturer (182). Concern has also been reported about the consistency of results 

between machines of the same model (183, 184). Software upgrades that appear from 

time to time often include changes in the algorithms used for body composition 

calculation, which can affect the measurements for an individual (40, 47, 185). Both 
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inter and intra-manufacturer comparisons are clearly important for investigators 

upgrading their machines, particularly during the course of longitudinal studies, and in 

the context of multicentre trials. 

Hydration status may be a confounder in DXA body composition estimates. 

Reviewing the recent literature with water and multi-compartment models, Lohman et 

al. (45) concluded that the water content of fat-free mass in healthy adults is between 72 

and 74.5% with a standard deviation of 3% (2-4% for most investigations). Given this 

level of variation, questions have been raised about the effects of hydration level on 

DXA estimates of lean and fat tissue (35). The theoretical work of Pietrobelli et al. (29) 

and the empirical work of Going et al. (97), and Evans et al. (51) all indicate than an 

increase or decrease in hydration levels of  5% biases DXA estimates of percent fat only 

1 to 2.5% (45). Thus, hydration level is not a major source of variation in DXA body 

composition estimates in the normal healthy population. 

 

 Air Displacement Plethysmography 

An overview of the breadth of research utilizing ADP since 2004 demonstrates its 

utility in a broad array of relevant clinical and research situations (Huntington disease, 

cystic fibrosis, breast cancer, insulin resistance, and chronic obstructive pulmonary 

disease) (103, 186-188), in several weight loss studies (189-191) and interventions 

(192), as well as unique populations (morbid obese, gastric bypass, nursing mothers, 

certain ethnic groups and professional football players) (193-196). 

Invalid assumptions of the two-compartment model, as noted in the body 

composition methodology of this thesis, can be a significant source of error when 

percent fat change is estimated from density. Thus, three- and four-compartment models 
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that adjust for variation in fat-free mass components provide better criterion estimates of 

body composition. 

Furthermore, factors that influence estimation of body volume, including the 

effects of clothing, moisture on the body, in the hair, and in the swimsuit; elevated 

metabolism; the use of predicted rather than measured lung volume; and the body size 

as documented above in body composition methodology as well, have too be considered 

in changes of body composition. Thus, moisture on the body, in the air, and in the 

swimsuit would alter the correction for the compressibility of air next to the body 

surface as well as artificially inflate body weight, leading to an underestimation of 

percent fat (92). Furthermore, if subjects are recovering from exercise or other situations 

that elevate metabolism, breathing patterns may vary over time, which in turn would 

confound estimation of VTG. 

 Because the Bod Pod is designed to measure body volume, data on body volume 

should be reported. Moreover, because the critical measurement for estimating body 

volume is VTG, a criterion measure of VTG should also be obtained.  

 

Bioimpedance Analysis 

 Most published impedance prediction equations are of limited general use because 

of a narrow age range and specificity to the racial and ethnic makeup of their sample. 

BIA precision also limits the longitudinal follow-up of weight gain or loss, because the 

changes in body compartments cannot be detected if they are less than 1.5–2.0 kg (197). 

BIA can be considered an option for body composition analysis only in healthy 

individuals or patients with no fluid imbalance or body shape abnormalities, with a BMI 

between 16 and 34 kg/m
2 
and using an appropriate equation (age, sex and ethnic group  

specific) (143). 
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 In obese, clinical cases, or simply those individuals with greater than normal 

amounts of adipose tissue, errors of prediction will be exacerbated. These recent 

equations for total body water and fat-free mass provide reasonable prediction for 

individual at the extremes of the distribution with only a slight tendency to ever predict 

at the upper end of the distribution. These problems have also been noted in previous 

studies and attributed to the criterion method of underwater weighting (198). 

 Thus, impedance is able to estimated body composition at a point in time, but its 

ability to estimate change in body composition over time is questionable (199-201). 

From analysis of the data reporting body composition changes, Forbes et al (1992) 

questioned the ability of BIA to determine the validity of repeated estimates of body 

composition from the same individuals. Part of the problem is the limited sensitivity of 

the impedance index. Resistance is proportional to the number of ions in a conductor, 

and a change in the composition that affects the number of ions should be reflected in 

the value of resistance. However, when the resistance is used in the index S
2
/R and 

related to fat-free mass, then changes in body mass or fat-free must be sufficient to 

produce concurrent changes in the volume of conductor before significant changes are 

detectable by impedance. A measure of resistance can only account for the fat-free 

portion or water in the change. Therefore, if a change in mass is predominantly fat, it 

will not be easily detected by resistance unless a sufficient change in the fat-free mass 

or total body water has occurred. 

 The effect of concurrent changes in body volume and composition on the 

sensitivity of impedance is unknown. A change in the ionic composition without a 

concurrent change in the volume of a biological conductor will not be detected 

accurately (202). In contrast, Lohman et al (203) found that BIA showed more variation 
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than skinfolds in assessing body composition changes from 3-years multisite 

intervention with Native American children. 

 

Anthropometry 

One of the main interests in estimating changes in total body composition relates 

to the effects of intervention in obese or overweight persons. There are considerable 

errors in all body composition measures; these errors may be larger for predicted values 

than for observed values. Therefore, anthropometric applied through predictive 

equations is unlikely to provide accurate measures of changes in total body 

composition. The observed changes in total body composition with weight loss in 

overweight and obese persons, calculated from body density, may be inaccurate if a 

two-compartment model is used, because of changes in density of fat free mass (204).  

That is generally agreed that efforts to estimate the changes in body composition 

with weight loss in obese people should be based on equations that use circumferences 

rather than skinfolds thicknesses as predictor variables, because the changes in 

circumferences are larger, with the possible exception of subscapular skinfold thickness 

(173, 205).  

Studies that have evaluated predicative equations for estimating changes in 

composition have generally given disappointing results, although they were based on 

two-compartment models (204, 206, 207). The difficulties of evaluating changes in 

body composition were reported by Ballor and Katch (89) who showed that in obese 

women with a mean loss of 2.7% Body fat, none of the ten common predictive 

equations accurately estimated the changes.  

After all, the accuracy and precision of the anthropometric data is largely 

dependent upon the skill of the examiner thus examiner-dependent.(172, 208, 209) 
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Multi-Compartment Models 

Multi-compartment models are used in body composition research when 

investigators are interested in examining the effects of physiological or other processes 

on several compartments. Another application is when accurate component estimates 

are desired, particularly in unstable or non–steady state conditions. If high accuracy of 

body composition estimates in individuals is essential, multi-compartment methods 

must be used. 

Fat estimates by the conventional two-compartment model would not be 

accurate following an intervention that produces disproportionate fluid accumulation. 

The multi-compartmental model is essentially useful in the scope of the evaluation of 

the body composition alteration, since it allows detecting selective modifications that 

are not noticeable with other models. For the same alterations of fat mass and fat –free 

mass, differentiated modifications can occur. For example, in the cellular mass to detect 

changes in intracellular solids it is very important from a physiological stand point of 

view. Similarly, the quality of the mass loss depends on the reduction of the fat mass 

and maintenance of the fat-free mass component. Considering that there is a quantitative 

association between fat mass and fat-free mass , where the loss of severe fat mass in 

hipocaloric regimes also tends to reduce the fat-free mass fraction (Forbes, 1999), it is 

critical to analyse these relations and to identify the molecular content of fat-free mass. 

For the same alteration of fat-free mass, selective modifications in the water, protein or 

mineral fractions can occur, with biological and methodological implications. During 

mass loss, it is biological important to track if the percentages of the protein and the 

mineral are preserved. Within the methodological scope, the alteration of the fraction of 

the different fat-free mass components induces modifications of its density. In these  
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circumstances, for the same quantitative alteration of he fat-free mass, a reduction or 

increase of its density can be verified, depending on relative contributed of the water, 

protein and mineral. In the less robust two compartments models that do not control for 

the fat-free mass molecular, the evaluation of the quantitative alteration of the fat mass 

and the fat-free mass are thus dependent of the used analytical methods. For example, 

the reduction of %body fat induced for a weight loss a program can be underestimated 

by a method of measurement of the body density that is based on a two compartments 

model and overestimated by a method that uses the measurement of the total body water 

also based in a two compartments model. Therefore, in most circumstances of body 

composition changes it is critical the use of multi-compartmental models that control for 

the variability of fat-free mass density. This necessity is essentially excellent in the 

scope of weight loss programs involving overweight subjects, since the molecular 

contents of the fat-free mass tends to be different from the reference man considered in 

the two compartments models.  

 

 

AIMS 

The aims of the original research in the present thesis were: 

 

• To compare measures taken from dual x-ray absoptiometry (DXA), 

bioimpedance single frequency devices (BIA), and anthropometry with a 

reference four-compartment molecular model to estimate body fat changes in 

overweight and obese women who lost different amounts of  body mass in a 

weight loss program. 
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• To compare changes between the measured and predicted VTG following a 16-

month weight loss intervention program and to analyse the effect of confounders 

(e.g. waist circumference) on the measured VTG in overweight and obese and 

women. 

• To assess the ability of ADP to track changes in percent body fat , total fat, and 

fat-free mass  in a 16 month weight loss program relative to DXA in a cohort of 

overweight and obese women. 
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