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"At least once in a lifetime  
it is convenient to put everything to discussion" 

Descartes 
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The general introduction (Chapter 1) point out that the study of human body 

composition is composed of three research areas, rules, methodology and alterations. 

The effect of some biological factors, such as race, aging, sex, and growing is known 

to promote variability in body composition, which affects the referred research areas. 

The five articles collected in this thesis fall into two of the three areas: body 

composition rules and body composition methodology. The methodology used to 

conduct the present dissertation is described in Chapter 2. 

 

BODY COMPOSITION RULES 

The author and her colleagues explored a suggestion body composition rule at 

the molecular level, i.e., the ratio of mineral to protein (M/TBPro) and related residual 

mass density (Dres) (Chapter 3). Based on data available at the time for five 

chemically analyzed human cadavers (1-3), Siri (4) suggested an M/TBPro ratio (i.e. 

α) of 0.35 as estimated from the five cadavers with a corresponding density of 1.565 

kg/L. This was due to the lack of in vivo methods for measuring the molecular level 

components. By using in vivo neutron activation (IVNA) analysis (5, 6) and dual-

energy x-ray absorptiometry (DXA) TBPro and total mineral [M, i.e., the sum of soft-

tissue mineral (Ms) and bone mineral (Mo)] became possible to be estimated. Hence, 

the author and her colleagues were able to measure those components and to explore 

the magnitude and constancy of the proportion M/TBPro (0.35) and related density 

(1.565 kg/L). Analysis of separate groups revealed that DRES is not actually “constant” 

across subjects but varies predictably with sex, race, age, and weight. Accordingly, 

the author and her colleagues developed sex and race-specific DRES formulas to the 

extent possible given the limiting nature of our evaluated convenience sample. 

Residual mass density tends to be lower in men (1.555±0.024 kg/L) than in women 
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(1.566±0.023 kg/L), in old compared to young subjects, and in Caucasian 

(1.562±0.022 kg/L) compared to African American (1.578±0.019 kg/L) females. In 

addition, Siri’s model was corrected based on average body temperature values and 

established that in general this model is appropriate for use in adult women and men 

ranging widely in race, age, and weight. More specific 3C models were also 

developed for use in males, females, Caucasian females, and African American 

females. These subject-specific models may reduce body composition measurement 

bias when studies are aimed at detecting small between-group differences at the 

extremes of body size. 

 

BODY COMPOSITION METHODOLOGY 

The author and her colleagues investigate the development of new methods 

and the evaluation and calibration of existing techniques. 

Method development. Extracellular water (ECW) is a large and clinically important 

body compartment that varies widely in volume both in health and disease. 

Interpretation of ECW measurements in the clinical setting requires consideration of 

potential influencing factors such as age, race, sex and other variables that moderate 

fluid status. A large subject database was assembled (Chapter 4), including males 

and females in four race groups, to explore ECW variation with age after controlling 

first for other influencing factors, including body weight and composition. An 

unanticipated finding in our study was the detection of clear race differences in the 

association of ECW with age. After controlling for the significant body composition 

variables, the difference in ECW between ages 20 and 90 yrs was greater in African 

American males and females compared to the three other race groups. Two potential 

groups of mechanisms were advanced. First, African Americans reportedly have a 
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larger skeletal muscle mass than Caucasians after controlling for age, weight, height, 

and fat-free mass (7-9). The second potential mechanistic basis for the observed race-

related ECW differences involves physiologic processes mediating fluid balance. 

However, the underlying mechanisms of age and race-related differences in ECW are 

worthy of future investigation.  

In Chapter 5, regarding that appropriate interpretation of ECW in the clinical 

setting requires consideration of potential factors that moderate fluid distribution, 

including sex, race, age, weight, and height, normative values were developed. 

Conditioned on relevant moderator variables, equations for the 10
th

, 25
th

, 50
th

, 75
th

, 

and 90
th

 percentiles of ECW were developed. The author and her collagues used 

quantile regression and a recently developed statistical technique for testing the 

significance of conditioning variables (10) to generate equations for the 10
th

, 25
th

, 

50
th

, 75
th

 and 90
th

 percentiles of ECW in a large, healthy, ethnically-diverse, adult 

sample of men and women.  At each quantile, ECW was strongly affected by weight 

in both males and females. Weight, height, height
2
, height

3
, age, age

2
, age

3
, race, and 

interactions were variably significant across the five selected quantiles.  

The models show that, in addition to body weight, the subject’s age, height, 

race, and interactions of these variables, may all be independently related to ECW. 

Our findings show that the ECW quantile regression lines were not uniform across 

race groups. Adjusting ECW for weight, or weight and height, there was a positive 

association of age and the African American race at certain quantiles compared to 

their counterparts in other race groups. A significant relation between age and African 

Americans was observed at some quantiles. This observation is consistent with the 

findings observed in the study presented in Chapter 4 revealing that AA males and 

females have a larger mean ECW volume with greater age compared to other race 
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groups, even after adjusting for body composition measures. Moreover, it was also 

found a negative association between the interaction age and Asian males at the 25
th

 

percentile which is also in line with the findings in Chapter 4 that showed Asians 

males as the only race group presenting no relation with age after controlling for body 

composition variables. Briefly, the newly developed quantile equations should prove 

useful in the clinical and research setting, for reference comparisons, regarding that 

the ECW compartment varies widely in health and is sensitive to underlying acute and 

chronic diseases.  

The findings in Chapter 3, Chapter 4, and Chapter 5 revealed race, sex, and 

aging as potential biological factors that can affect both the relatively constant 

relationships between body components at the molecular level (protein to mineral 

ratio) and the development of body composition methods. The effect of growing is 

presented in Chapter 6, when commonly used techniques are evaluated against a 

well-established method at the molecular level. 

Methods evaluation and calibration. Two widely used body composition methods 

have been used to assess fat mass, DXA and air displacement plethysmography 

(ADP), in Chapter 6. However their precision against a 5 compartmental molecular 

model (5C model) in a paediatric athletic population as never been study. Hence, the 

author and her colleagues compared ADP and DXA percent fat mass (%FM) 

estimations with the reference method (11). DXA overestimated %FM from the 

reference method, particularly for girls. For both genders, larger limits of agreement 

were found between the reference method and both techniques, with the exception for 

ADP in female athletes. The two techniques were valid for the adolescent athletes as a 

group but were not precise for individual results in the prediction of %FM, but a 

specific DXA calibration is required for Hologic QDR-1500.  
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The comparison study between DXA and a well establish method as reference, 

conducted in Chapter 6, was important considering the wide applicability of this 

technique to evaluate body composition, namely in athletes. As a result, not only the 

importance of an appropriate calibration was highlighted but also the recognition of 

other relevant limitations of the specific DXA equipment (Hologic QDR-1500), such 

as the accommodation of subjects taller than the scan table. Therefore, in Chapter 7 

the author and her colleagues assessed the accuracy of DXA whole body composition 

measurements [i.e., bone mineral content (BMC), fat mass (FM) and lean soft tissue 

(LST)] performed with the knees bent compared to the standard position in subjects 

with the knees bent during the whole body scan. In general using the knees bent, 

BMC and FM were overestimated by ~2.6% and ~9.2%, respectively, while LST was 

underestimated by ~4.0%. Therefore, calibration models were developed for BMC, 

FM and LST. Age and lower limb fat mass (LLFM) explained part of the soft tissue 

(FM and LST) variance from the reference position. These results agree with the 

findings reported in Chapter 4 and support early investigations that referred higher 

adipose tissue levels and LST atrophy with greater age (12). For BMC, the variables 

LLFM and interaction between sex and LLFM were significantly associated with 

BMC observed values from the reference position. For soft tissue, the knees bent 

height and LLFM were significant predictor variables, which is probably related with 

the flexion of the lower limbs at the hip joints resulting in a higher FM by adding part 

of the lower limbs with the trunk.  

It is recognized the inter- and intra-DXA machine differences in the estimation 

of both bone-mineral density and soft tissue composition (13-19). Therefore, the 

suggested calibration of DXA system in Chapter 6 for growing athletes, and the use 
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of the developed models in Chapter 7 are specific for the Hologic instrument, scan 

mode, and software. 

In general, methods development, evaluation, and calibration were the main 

focus of Chapter 4, Chapter 5, Chapter 6, and Chapter 7, sharing in common 

mathematical functions derived by statistical analysis of experimental observations 

(type I functions).  

 

 

Interactions between the two research areas 

In the general introduction (Chapter 1) was indicated the distinct three areas 

of body composition research. These areas are, although related. Regarding that the 

current dissertation involves the body composition rules and methodology, the 

interconnection between these research areas is discussed. The possible pathways 

relating these two areas are described in Figure 8.1, already presented in Chapter 1. 

 

 

                         

 

 

 

 

 

 

 

Figure 8.1. Interconnection pathways between the body composition research areas. 
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The study of body composition rules promotes the development of body 

composition methodology. More precisely, all mechanicistic (or type II) body 

composition methods are based on well-established property- or component-based 

models. Conversely, development of body composition methodology provides 

necessary techniques for finding new body composition rules. Establishment of both 

property- and component-based methods is dependent upon in vivo measurements of 

body components. This means that accurate measurements of the relevant components 

are needed in order to develop new body composition rules. As a result, in vivo 

methodology is the basis of the study of body composition rules. A good example is 

the exploration of the suggested rule of relatively constant ratio of M/TBPro and 

related density. Siri (4) suggested this rule based on five cadavers, though it was 

unknown if it is true for large and diverse population. The lack of accurate in vivo 

methods to assess mineral and protein components explains the uncertainty of this 

constancy in living humans. The development of in vivo neutron activation analysis 

provided an opportunity to accurately estimate those body components at the 

molecular level. 
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CONCLUSION 

In the current work, newly developed methods such as in vivo neutron 

activation analysis are used as the reference to evaluate Siri’s three-compartment 

model (4) for estimating total body fat mass. Siri’s model is not essentially uniform 

across subjects as it varies predictably with sex, race, age, and weight. However, it is 

an appropriate model to assess fat mass in adult women and men ranging widely in 

race, age, and weight. More specific 3C models were also developed for use in males, 

females, Caucasian females, and African American females. 

Using dilution method and whole-body counting, extracellular water and body 

fluid distribution was assessed in a large multi-ethnic sample. Significant differences 

in the fluid distribution-age relations among race groups were found, with the largest 

age-related differences observed in African American subjects. In addition, quantile 

regression methods were derived for ECW, which may be used for reference 

comparisons in the clinical and research setting.  

Moreover, the use of these quantile regression methods will possibly become a 

valuable tool to the future development of normative values for several body 

components measured with gold standard methods in large, diverse, and healthy 

samples providing an approach for the construction of a “New Reference Man”. 

Additionally, the performance of widely used methods, such as DXA and 

ADP in body fatness assessment, were compared with a reference multicompartment 

molecular model in a growing athletic population. The findings highlighted the 

precision of these techniques for group means with less precision for the individual 

body fatness assessment.  
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Finally, calibration models were developed for bone mineral content, lean soft 

tissue, and fat mass filling a methodological gap in the DXA system when subjects 

taller than DXA scan area need to be evaluated. 
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SUMMARY 

 

 The main contributions of the current dissertation are drawn as follows: 

- In Chapter 3, Siri’s model was evaluated using in vivo neutron activation 

analysis as the reference. Regarding the biological variability, namely race, 

aging, and sex more specific 3C model models were developed to assess fat 

mass. The main contribution of this investigation is described in Box 8.1  

 

Box 8.1 – The main findings from Chapter 3 

        Models development 

Mathematical function Type I – Descriptive models 

 

Residual mass density  

     Males      Dres = 0.001xBM + 1.486 

     Females  

         Cauc Dres = -0.001xAge + 0.0003xBM + 1.583  

          AA Dres = 0.001xBM + 1.541 

 

Mathematical function type II – Mechanicistic mdels 

 

New coefficients for 

3Cmodels 

 FM = C1xBV - C2xTBW - C3xBM 

   C1 = DRES /(1.1102x DRES - 1) 

   C2 = (1.0063x DRES -1)/(1.1102x DRES -1) 

   C3 = 1/ (1.1102x DRES -1) 

 

Siri-adjusted 3Cmodel  FM = 2.122xBV – 0.779xTBW – 1.356xBM  

Abbreviations: AA, African American; Cauc, Caucasian; DRES, residual mass density; BM, body 

mass; FM, fat mass; C, component; BV, body volume; TBW, total-body water                                                                      
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- In Chapter 4, largest age-related differences in the extracellular component 

were observed in African American subjects, as described in Box 8.2.  

 

Box 8.2. The major contribution from Chapter 4 

 Models  R
2
 SEE(kg) 

Males LogECW = 0.780 + 0.008xLST + 0.002xFM + 

0.00123xAgexAA
a
 + 0.00083xAgexAsian

b
 + 

0.00120xAgexHispanic
c
 + 

0.00094xAgexCaucasian
d
 

 

0.66 0.04 

Females LogECW = 0.751 + 0.010xLST + 0.002xFM + 

0.00073xAgexAA
a
 + 0.00019xAgexAsian

b
 - 

0.00007xAgexHispanic
c
 + 

0.00067xAgexCaucasian
d
 + 0.0003xLSTxAA

a
 + 

0.0009xLSTxAsian
b
 + 0.0013xLSTxCaucasian

d
 

0.65 0.05 

Abbreviations: R
2
, coefficient of determination; SEE, standard error of measurement; LogECW, 

Logarithmic function of extracellular water; AA, African American; LST, lean soft tissue from dual 

energy-x-ray absorptiometry; FM, fat mass from dual energy-x-ray absorptiometry. 
a
 AA=1, others=0; 

b
 Asian=1, others=0;

 c
 Hispanic=1, others=0;

 d
 Caucasian=1, others=0 

 

  

- In Chapter 5, quantile regression equations for five percentiles levels (10th, 

25th, 50th, 75th, and 90th) were derived for ECW, which may be used as 

normative values in the clinical and research setting. The quantile regression 

models are presented in Box 8.3. 
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Box 8.3. The most important findings from Chapter 5 

   ECW 

Percentile 
Equation 

Males  

    10
th

 ECW = 4.3836 + 0.1607xBM 

    25
th

 
ECW = 2.3948 + 0.2032xBM + 0.0000026xAge

3
-

0.0000023xAge
3
xAsian b 

    50
th

 ECW = -3.8858 + 0.1969xBM + 0.000003xAge
3
 + 2.7585xHeight

2
 

    75
th

 
ECW = 1.2900 + 0.2120xBM + 0.000003xAge

3
xAA a + 

0.7649xHeight
3
 

    90
th

 ECW = -0.4296 + 0.2568xBM + 0.00036xAge
2
 + 0.5840xHeight

3
  

Females  

   10
th

  ECW = 0.4157 + 0.1423xBM + 1.0545xHeight
3
 

   25
th

  ECW = 1.5323 + 0.1589xBM + 0.7917xHeight
3
 + 0.0108xAgexAAa 

   50
th 

 ECW = -3.3572 + 0.1571xBM + 5.8547xHeight + 0.0110xAgexAAa 

   75
th

  
ECW = 1.4017 + 0.1781xBM + 1.1232xHeight

3
 + 

0.000002xAge
3
xAA a 

   90
th

  
ECW = 1.0479 + 0.1899xBM + 1.2341xHeight

3
 + 

0.00028xAge
2
xAA a + 0.0000028xAge

3
xAsian b 

Abbreviations: ECW, extracellular water; BM, body mass; AA, African American. 
a
 AA=1, others=0; 

b
 Asian=1, others=0. 

 

- In Chapter 6, DXA and ADP, compared to a reference multicompartment 

molecular model, were valid in assessing adolescent athlete’s body fat for 

group means but less precise at an individual level, as represented in Box 8.4. 

 

Box 8.4. The main results from Chapter 6 

Methods Validation models   r
2
 SEE 

(%) 

Bias 

(%) 

Limits 

  (%) 

trend 

Boys 

DXA %FM5C = 0.81x%FMDXA + 1.66 0.72 2.60  0.2 4.3,-6.4  -0.22 

ADP %FM5C = 0.76x%FMADP + 3.25 0.74 2.50 -1.0 5.7,-5.3 -0.23 

Girls 

DXA %FM5C =0.94x%FMDXA - 2.27 0.83 2.91 -3.7 2.0,-9.4 -0.11 

ADP %FM5C =1.02x%FMADP + 1.31 0.96 1.55   1.7 4.6,-1.3  0.19 
Abbreviations: r

2
, coefficient of determination; SEE, standard error of measurement; DXA, dual energy 

X-ray absorptiometry; ADP, air displacement plethysmography; %FM5C, percent body fat from the 

reference method: the five -compartment molecular model. 
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- In Chapter 7, body composition calibration models for a specific DXA 

instrument (Hologic QDR-1500, pencil-beam machine) were developed to be 

used in subjects taller than the scan table. In Box 8.5, are described the 

calibration models for the DXA components (BMC, FM, and LST), when the 

whole-body scan is performed with the knees bent. 

 

Box 8.5. The main contribution from Chapter 7 

Calibration models - DXA-components R
2
 SEE (kg) 

BMC = -0.052 + 1.014xBMCkneesbent + 0.001xAge – 

0.011xLLFMkneesbent + 0.005xLLFMkneesbentxSex  

(Males=1;Females=0) 

 

0.994 0.048 

FM = 2.653 + 1.010xFMkneesbent + 0.018xAge - 

0.266xLLFMkneesbent – 8.102xKBH 

 

0.993 0.687 

LST= -3.466 + 0.994xLSTkneesbent - 0.022xAge + 

0.257xLLFMkneesbent + 10.852xKBH 

0.997 0.723 

Abbreviations: R
2
, coefficient of determination; SEE, standard error of measurement; BMC, bone mineral 

content; FM, fat mass; LST, lean soft tissue; LLFMKneesBent, lower limb fat mass (kg) with the knees bent; 

Sex x LLFMKneesBent, interaction between sex and the variable lower limb fat mass (kg) with the knees bent; 

KBH, knees bent height (m). 
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“Every journey has an end.” 
Seneca 


