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Accurate determinations of body composition, fat mass (FM) and fat-

free mass (FFM) are of interest to scientists as well as many individuals

who serve as health and fitness practitioners. Currently, researchers and

practitioners use a variety of indirect methods to determine body

composition. Traditional methods of estimating percent body fat indude

hydrostatic weighing, skinfold anthropometry and bioelectrical

impedance. Dual energy x-ray absorptiometry (DEXA), utilized most

commonly to determine bone mineral content, has recently been proposed

to be an accurate measure in the assessment of body composition. Ho logic

Inc., manufacturers of the QDR-1000/W bone densitometer, have recently

developed tissue composition software which can be used to estimate

percent body fat in humans. Although the Ho logic QDR-1000/W has been

extensively evaluated for its accuracy in measuring tissue composition in

"vitro", "in vivo" validation studies of body composition have been few.

Therefore, the purpose of this study was to evaluate the accuracy of the

Ho logic QDR-1000/W in determining human body composition by
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comparing values for percent fat from DEXA to values derived using a 

multicomponent criterion measure of body composition in a group of 51 

women and 50 men aged 19-82 years. Additionally, it was of interest to 

make comparisons of percent body fat determinations between the 

multicomponent criterion model and hydrostatic weighing, skinfold 

measures and bioelectrical impedance. 

All subjects completed the various body composition procedures used 

to estimate percent body fat: DEXA, hydrostatic weighing (2-component 

model), skinfold anthropometry and bioelectrical impedance. The 

multicomponent (4-component) criterion model procedures induded 

hydrostatic weighing (body density), DEXA whole body scanning (bone 

mineral content), and deuterium oxide (D20) dilution in respiratory water 

(total body water). 

Results of this study failed to reveal statistically significant mean 

percent body fat differences between hydrostatic weighing (2-component 

model) and the 4-component criterion model (25.2 ± 9.4 vs. 26.7 ± 8.4%, 

p > 0.05) for all 101 subjects. However, differences in percent body fat were 

found between the 4-component model (26.7 ± 8.4%) and dual energy x-ray 

absorptiometry (23.2 ± 7.9%), skinfold anthropometry (24.0 ± 8.5%) and 

bioelectrical impedance (23.4 ± 7.5%). 

Among women, hydrostatic weighing (2-component model), DEXA, 

skinfold anthropometry, and bioelectrical impedance all provided accurate 

estimates of percent body fat. However, each of the various indirect 

methods used to predict body composition underestimated percent body 

fat in men. 
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THE ACCURACY OF VARIOUS INDIRECT DETERMINATIONS OF BODY
 
COMPOSITION: COMPARISON WITH A MULTICOMPONENT
 

CRITERION MODEL
 

INTRODUCTION 

Accurate determinations of body composition, fat mass (FM) and fat-

free mass (FFM) are of interest to scientists as well as many individuals 

who serve as health and fitness practitioners. While cadaver dissection 

and ether extraction of lipid serve as direct methods of deriving accurate 

determinations of body composition, practical considerations prevent their 

use in the laboratory and clinical environment. The determination of body 

density by hydrostatic (underwater) weighing is generally accepted as the 

most valid indirect measure of body composition. In this procedure, body 

volume is determined from the data collected from underwater weighing. 

Body density is then computed by dividing body mass by body volume. An 

equation that assumes a constant density for FM and another for the FFM 

converts the body density value into a percent body fat value (79). This 

approach is referred to as a 2-component model for body composition. 

Statement of the Problem 

The primary weakness of formulas used to estimate body fat from body 

density is that the density of the FFM (1.1 grams/milliliter) and FM 

(0.9 grams/milliliter) are assumed to be constant among all people. While 

it has been reported that fat density is relatively constant among 
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individuals (54), several investigators have indicated that the density of the 

fat-free component varies among different persons (2, 15, 54). Much of the 

fat-free component variation found among individuals is due to 

differences in the two primary constituents of the FFM: total body water 

(TBW) and bone mineral content (BMC). Variations in TBW have been 

reported as a result of aging (22, 40) and hydration status (10, 17), while 

BMC variations have been observed for race (49, 74), age (55, 59, 88), and 

gender (66). Deviations in these fat-free sub-fractions from that assumed by 

the 2-component model lead to inaccuracies in the estimation of body 

composition. 

Established "in vivo" methods have been used to quantify TBW and 

BMC (53). Theoretically, by quantifying more constituents of the FFM, the 

variable factors of the fat-free component are accounted for, and a more 

precise estimate of body composition can be achieved (26, 45). This 

reasoning has led to the establishment of 4-component models which use 

body density, TBW, and BMC to determine percent body fat. 

The 4-component model is accepted as being more accurate than the 2

component model in determining body composition (26). 

Dual energy x-ray absorptiometry (DEXA), utilized most commonly to 

determine bone mineral content, has also been proposed to be an accurate 

and reliable measure in the assessment of body composition. Ho logic Inc. 

reports a precision error of 1.2% using the QDR-1000/W to assess tissue 

composition (68). Although the Ho logic QDR-1000/W has been 

extensively evaluated for its accuracy in measuring tissue composition "in 

vitro" (28), "in vivo" validation studies of body composition have been 

few (41, 83). 
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The primary purpose of this study was to evaluate the accuracy of the 

Ho logic QDR-1000/W in determining human body composition by 

comparing values for percent body fat from DEXA to values derived from 

using a 4-component criterion model. Additionally, it was of interest to 

make comparisons of body composition determinations between the 

4-component criterion model and hydrostatic weighing (Siri 2-component 

model), skinfold measures, and bioelectrical impedance. The latter two 

procedures are additional indirect methods of determining body 

composition. They are commonly used in fitness and clinical settings due 

to the low cost and simplicity of their procedures. 

Research Hypothesis 

It was hypothesized that the methods of body composition assessment 

[DEXA, hydrostatic weighing (Siri 2-component model), skinfold measures, 

and bioelectrical impedance] would differ from the 4-component model in 

the determination of the mean percent fat for the subjects in the study. 

It was also hypothesized that DEXA and hydrostatic weighing 

(Siri 2-component model) would differ from the 4-component criterion 

model in the determination of the mean percent body fat value to a greater 

extent for the women as compared to the men in the study. 

Statistical Hypothesis 

The overall statistical hypothesis can be stated as the following: 

Ho: Ui=U2=U3=U4=U5
 
Ha: til*112*113*U4*U5
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Definition of Terms 

Key terms used in the manuscript of this text are operationally defined as
 

follows:
 

Percent Body Fat - The relative amount of the total human anatomy that is
 

lipid.
 

Fat Free Mass - The organic and inorganic elements of the human anatomy
 

exduding lipid.
 

Fat Mass - The lipid element of the human anatomy including both
 

essential and storage fat.
 

Mineral Free Lean Mass - The organic elements of the human anatomy
 

exduding lipid and bone.
 

Total Body Water - Aqueous solution contained in the intracellular and
 

extracellular compartments of the human body.
 

Respiratory Water - Condensed water vapor from expired air.
 

Total Body Bone Mineral - Osseous mineral content in grams of bone ash.
 

Total Mineral Content - Osseous and non-osseous mineral elements of the
 

human body.
 

Residual Lung Volume - The remaining volume of gas contained in the
 

lungs following a maximal voluntary exhalation.
 

In vivo - Measurement of organic and inorganic elements contained
 

within living organisms.
 

In vitro - Measurement of elements of a living organism outside of the
 

organism.
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Dual Energy X-ray Absorptiometry - Technique which uses two levels of 

x-ray energy to quantify organic and inorganic elements of the human 

body. 

Hydrostatic Weighing - Procedures used to derive whole body density. 

This term is synonymous with hydrodensitometry. 
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REVIEW OF LITERATURE
 

The technological advances of modern society have reduced the 

physical demands of daily living for most individuals. Consequently, 

today's generation of Americans live a more sedentary lifestyle than 

preceding generations. For millions, the consequence of a reduction in 

daily caloric expenditure is the development of obesity. Associated with 

obesity is an increased incidence of chronic diseases such as diabetes, 

hypertension and hyperlipidemia (21, 31, 63, 95). Research indicates that 

the risk of developing coronary artery disease is related to a person's level 

of body fat (42, 43, 82). The assessment of an individual's risk of 

developing obesity-related health problems depends on accurate 

measurements of body composition. 

Currently, the emphasis in the field of body composition assessment is 

to develop new methods which may more accurately determine body 

composition. These improved methods will better serve as criterion 

measures from which more accurate population-specific anthropometric 

equations can be developed. 

Direct Determinations of Body Composition 

Early studies in the area of body composition involved the use of 

human cadavers. Scientists used chemical or anatomical approaches to 

assess the relative contribution of water, fat, protein, and mineral elements 

that made up the body as a whole. Because of the complexity of the 
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procedures involved, the total number of adult dissection studies 

performed for body composition purposes has been few; the majority of 

these studies were completed prior to 1960 (24, 58, 94). 

These early investigations divided the human body into 2 major 

components: fat mass (FM), which consists of ether extractable triglyceride, 

and fat free mass (FFM), which includes water, protein and minerals. 

Fidanza et al. (20) reported a density of 0.9007 g/cc for the FM component of 

the human body at normal body temperature. This density value, 

currently accepted as valid among all individuals (54), was a result of 

laborious work which involved the determination of extracted body fat 

density from human adipose tissue at various temperatures. 

Behnke in 1942 (3) established the assumption that a standard density 

of 1.10 g/cc existed for the FFM component of the human body. This 

assumption was based solely upon early anatomical data. In 1963, Brozek 

(8) published quantitative assumptions for the "reference body" which 

were based upon the analysis of 3 male cadavers (24, 58, 94). The relative 

contributions to the FFM component of the "reference body" were: water 

(73.8%), protein (19.4%) and mineral (6.8%). The reported densities for 

these various elements were: water (0.99371 g/cc), protein (1.34 g/cc) and 

mineral (2.982 g/cc), with a density of 1.10 g/cc reported for the FFM 

component as a whole. 

These earlier studies assumed that the densities of the FM and FFM 

components of the human body were constant among all people. Knowing 

that the FM component of the body has a lower density than the FFM 

component, Behnke (3) proposed that a relationship must exist between 

the absolute amount of fat in an individual and his/her whole body 
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density. These assumptions lead to the establishment of indirect 

assessments of body composition. 

Hydrostatic Weighing 

Hydrostatic weighing, commonly referred to as "underwater weighing", 

is a measure of the density of the human body. Hydrostatic weighing uses 

the concepts of Archimedes' Principle to determine whole body density. 

The density of the human body can be defined as the ratio of body weight to 

body volume. Using Archimedes' Principle, body density can be 

determined by weighing the body both on dry land and while completely 

submerged in water. The principle states that when an object is submerged 

in water, two forces act on the object. One of the forces is gravity; the other 

is known as a buoyant force. The buoyant force helps support the 

submerged object by acting in the opposite direction of gravity. Due to the 

counter-direction of these two forces acting on an object, the object is said to 

lose weight in water. The weight an object loses when submerged in water 

is equal to the weight of the volume of water the object displaces. To 

convert the buoyant force into a volume scale measurement, the mass of 

the displaced water is divided by the density of the water. An appropriate 

water temperature correction must be made to determine the density of 

water. At a temperature of 4.0 degrees celdus, 1 gram of water occupies a 

space of 1 cubic centimeter 1 (cc) (56). The density of water at this 

temperature is 1 g/cc. Water has a maximum density at 4.0°C (54). An 

increase in water temperature beyond 4.0°C causes an increase in the 

volume of 1 gram of water and thus the density of water is decreased. 
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During hydrostatic weighing, the temperature of the water in the tank is 

determined at the time of data collection. This temperature is used to 

make the appropriate corrections for water density. 

The underwater weighing procedure requires the subject to exhale 

maximally, then completely submerse him/herself underwater. The 

volume of air remaining in the lungs following the maximal exhalation is 

referred to as residual lung volume. This air in the lungs during 

underwater weighing contributes to the buoyancy and thus is subtracted 

from the total body volume. Residual lung volume can be measured using 

various methods, induding those described by Nunneley et al. (61). 

Determination of Body Composition from Body Density 

Based upon the results of the limited number of human cadaver studies 

mentioned previously, Siri (79) in 1%1 published a formula (Figure 1) 

which converts the body density value from hydrostatic weighing into a 

percent body fat value. 

%BF = 495 - 450 
D 

Figure 1.- Ski 2-component equation 

This formula was derived from the equation shown below (Figure 2), 

which according to Brozek (8), is "based on an idea that in a system 

consisting of two additive components which are mixed but the densities 

of which are known (di,d2), the determination of the density of the system 
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(D) allows one to calculate the proportional masses of the two components 

(W1, W2)." 

1 di d2 di 
W1 = To x (d2 d1) (d2 d1) 

Figure 2.- 2-component model 

An individual's relative body fat level (Wi) can be determined simply 

by measuring the person's whole body density (D) as determined by 

hydrostatic weighing, and using the assumed densities of the FM 

component (di = 0.9007 g/cc) and FFM component (d2 = 1.10 g/cc). This 

approach is referred to as a 2-component model for body composition. The 

2-component model was once accepted as the "gold standard" for indirect 

determinations of body composition but is no longer universally accepted 

as valid among all persons (2, 15, 54). Recent evidence suggests that in 

healthy humans the density of the FFM component varies with age (22, 40, 

55, 59, 88), gender (66) and ethnicity (49,74), as well as normal biological 

variability (54) within a homogeneous population of people. 

Weaknesses of the 2-Component Model 

Much of the fat-free compartment variation found among individuals 

is due to differences in the two primary constituents of the FFM: total body 

water (TBW) and bone mineral content (BMC). Deviations in these fat-free 

sub-fractions from that assumed by the 2-component model leads to 

inaccuracies in the estimation of body composition. 
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Total Body Water 

Water is the major constituent of the human body. Its total volume is 

distributed both infra- and extracellularly and has been reported to 

comprise approximately 73% of the FFM in young adults (40). Several 

studies have provided evidence that in humans the hydration level of the 

body is not constant throughout life. Fomon and co-workers (22) found 

that in young children, TBW constituted approximately 80% of the FFM. 

Additionally, Watson et al. (92) reviewed several "in vivo" isotope 

dilution studies to examine the cross-sectional changes in TBW with age. 

Results revealed that, in a sample of 458 adult males between the ages of 17 

and 86 years, TBW was constant in the early years of adulthood then began 

to gradually decline with age at a rate of approximately 0.3 kg/yr until the 

age of 70-80 years, when a new maintenance level was observed. These 

investigators also examined the cross-sectional changes in TBW with age 

in 265 females. TBW was found to be constant across age in women until 

the age of 70 years, where a dramatic decrease of 0.7 kg/yr was observed 

thereafter. 

Additionally, early work by Osserman et al. (62), Werdein et al. (93), and 

Behnke et al. (5) have provided evidence that inter-individual biological 

variability exists for TBW when measured "in vivo". Osserman et al. (62) 

measured body density and TBW in 81 male subjects aged 18-46 years. 

Total body water ranged from 66 to 79% of the FFM component among the 

subjects included in the study. Likewise, Werdein and Kyle (93) evaluated 

body density and TBW among 24 males and 6 females aged 14-45 years. 
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These researchers discovered that among all subjects examined, TBW 

ranged from 63.8 to 74.8% of the FFM component. Behnke et al. (5), based 

on body density and TBW determinations on 31 men, discovered that 

TBW comprised 76.5% of the FFM component. 

Variations in the relative contribution of TBW to the FFM component 

result in deviations from the assumed density value of 1.10 g/cc for the 

FFM component of the body using the 2-component model. As a result, 

errors occur in the determination of percent body fat. Extra water becomes 

part of the FFM component, and since water has a lower density than the 

FFM component of the body, additional body water lowers the overall 

density of the FFM component. Conversely, less water has an effect of 

increasing the density of the FFM. 

Martin and Drinkwater (54) provide an example of the effect of 

hydration on accurate determinations of body composition from 

hydrostatic weighing. Their example involves a 70 kg man with 15% body 

fat, a FM of 10.5 kg and a FFM of 59.5 kg. Using the assumed densities of 

the FM (0.9007 g/cc) and the FFM (1.10 g/cc) from the 2-component model, 

the volumes of the FM (11.667 L) and FFM (54.091 L) are calculated and 

added together to give total body volume (65.758 L). Dividing mass by 

volume gives his body density of 1.0645 kg/L. 

When this same individual ingests 5 L of water, the body mass and FFM 

of this individual increase by 5 kg (assuming 1 liter is equivalent to 1 

kilogram). Fat mass and volume remain constant while the FFM volume 

increases 5 L. The increase in the volume of the FFM results in a reduced 

FFM density (1.092 g/cc), a larger total body volume (70.7581 L) and a 

decrease in body density (1.060 kg/L). Percent body fat using the 
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2-component model equation results in a value of 17.0%. It can be seen 

that an overestimation of 2.0% fat occurs when a decrease in the density of 

the FFM (-0.008 g/cc) is not taken into account. The actual error is 3%, since 

the ingestion of the 5 L of water increased the lean component of his body, 

reducing the actual body fat from 15.0% to 14.0% fat. Similarly, a decrease 

in body water of 5 L increases the FFM density from the assumed 1.10 g/cc 

to 1.110 g/cc, thus increasing whole body density in this individual to 1.070 

kg/L. The 2-component equation, as a result, underestimates the fat level 

at 12.7% instead of the actual value of 16.2% fat. 

Several studies have experimentally manipulated the hydration status 

of their subjects in an attempt to determine the effects of hydration status 

on the determination of body composition from hydrostatic weighing. 

Girandola et al. (27) compared body composition values derived using the 

2-component model formula in 10 male subjects before and after water 

ingestion and dehydration. All subjects were hydrostatically weighed prior 

to and immediately following changes in the subjects' normal hydration 

status. An average ingestion of 1.81 liters of water increased the mean body 

weight of these subjects by 1.77 kg or 2.4% of body weight. No real changes 

in underwater weight were observed following the consumption of the 

water. The average body density of these subjects decreased from 1.0716 to 

1.0691 g/cc. resulting in an average increase in calculated body fat of 1% 

(p < 0.001). A week following the over-hydration trial the same subjects 

were placed in a sauna for 35 minutes where a temperature of 170°F was 

maintained. The average weight loss due to sweating was 0.98 kg, resulting 

in a 0.7% decrease in the calculated body fat. These results are consistent 

with the statement of Martin and Drinkwater (54), that a 1 L shift in 
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hydration results in a difference of 0.002 g/cc in the density of FFM 

component, which corresponds to a change of 0.7% fat. 

Bunt et al. (10) examined the influence of menstrual cycle fluid 

retention on hydrostatically determined body fat levels in 7 college-aged 

females. Hydrostatic weighing, TBW and body weight (BW) 

measurements were completed on all subjects during low (LO) and high 

(HI) water retention conditions associated with menstruation. The data 

collected on each subject was during a period of one menstrual cycle. Total 

body water and BW were significantly greater (p < 0.05) during HI verses 

LO conditions (35.1 ± 1.0 vs. 33.6 ± 0.8 L and 61.1 ± 2.2 vs. 58.9 ± 2.3 kg, 

respectively). Body fat, calculated using the 2-component model formula, 

was significantly greater (p < 0.01) during the HI verses LO condition 

(27.6 ± 1.3 vs. 24.7 ± 1.6%). These observed differences in calculated body 

fat due to changes in hydration status were greater than the expected 

changes outlined by Martin and Drinkwater (54). It may be speculated that 

possibly technical error contributed to the larger than expected differences 

observed as a result of changes in hydration status. 

Bone Mineral Content 

While fluctuations in TBW significantly contribute to the variability in 

the density of the FFM in humans, deviations in BMC have a larger impact 

on the overall density of the FFM component. Based on the dissection 

results of 3 male cadavers, Brozek et al. (8) estimated that osseous and non-

osseous mineral collectively comprised 6.8% of the FFM component and 

have an overall density of 2.982 g/cc. They further estimated that osseous 
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mineral represents 82.4% of total body mineral. Density values of osseous 

bone were not reported. The 2-component model assumes that these 

estimated values are constant among all people. 

In an effort to quantify possible variations in BMC among humans, 

Clarys et al. (15) performed complete dissections on 25 human cadavers, 12 

male and 13 female, ranging in age from 55 to 94 years. Results of this 

study indicated a wide range of density values for fresh bone (1.18 to 1.33 

g/cc). Bakker and Struikenkamp (2), based on the review of previous 

literature, concluded than interindividual variations between 1.22 to 1.30 

g/cc for bone mineral density (BMD) are "possible and probable" among 

humans. Much of the interindividual variation in BMC observed among 

humans can be explained by differences in age, gender and ethnicity. 

Cross-sectional studies on aging indicate that skeletal mass declines 

with age while skeletal volume remains unchanged (59, 88). The end 

result is a decrease in BMD. Epidemiological studies (55) show that 

declines in BMC begin during the third decade of life for both males and 

females. For women an accelerated annual rate of bone loss (3-10% for 

trabecular bone and 1-2% for cortical bone) occurs following menopause 

(55). It is reported that, for most populations of people, total bone loss over 

the course of a lifetime approaches 25% in females as compared to 12% in 

males (66). 

Ethnic background is also a significant factor influencing bone density. 

Blacks have been observed to possess 10-20% more bone mineral as 

compared to whites of the same height (74). Lohman and co-workers (49) 

found differences in bone mineral measurements between blacks (N=111) 

and whites (N=181) using single photon absorptiometry. Bone mineral 
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content (gm/cm) and bone width (cm) of the radius and ulna were 

measured on all subjects. This study concluded that blacks had 6.1% greater 

BMC levels than whites (p < 0.05). 

Using bone density (db) values of 1.14 g/cc and 1.72 g/cc, which 

represent the reported extremes in normal bone density variability (54), 

and a bone correction model introduced by Martin and Drinkwater (54) 

(Figure 3), the influence of bone on the density of the FFM can be 

quantitatively examined. 

1.1064 db 
db (0.8851) + 0.1726 

Figure 3.- Bone correction model 

Using the formula above, values computed for the density of the FFM 

component (dffm) range from 1.068 to 1.123 g/cc. These values deviate 

considerably from the 1.10 g /cc value assumed by the 2-component model. 

The impact these variations have on the determination of body fat by 

hydrostatic weighing can be examined using our previous example of the 

70 kilogram man with a total body density of 1.0645 g/cc. Using the Siri 2

component equation, in which the dffm is assumed to be a constant 1.10 

g /cc value, the determined body fat is 15%. Adjusting the 2-component 

model equation (Figure 2) for dffm values of 1.068 g/cc and 1.123 g/cc, 

results in obtained body fat measures of 2% and 22%, respectively. 

It is apparent that large errors can occur in the determination of body 

composition when water and bone levels deviate from assumptions made 

by the 2-component model. In an attempt to reduce such errors, 

multicomponent models have been developed which account for 
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deviations in body water and bone, thus reducing the error associated with 

estimating body composition. 

Multicomponent Assessment of Body Composition 

Theoretically, by quantifying more constituents of the FFM, the variable 

factors of the fat-free component are accounted for and a more precise 

estimate of body composition can be achieved (26, 45). This reasoning has 

led to the establishment of 4-component models which use body density, 

TBW, and BMC to determine percent body fat. The 4-component model is 

accepted as being more accurate than the 2-component model in 

determining body composition (26). 

Improved technological methods used to assess TBW and BMC have 

made the 4-component model a practical criterion by which other indirect 

methods can be compared. Dual energy x-ray absorptiometry (DEXA) is an 

established "in vivo" method used to quantify BMC in humans. DEXA 

operates on the principle that the density of a tissue is directly proportional 

to the absorption of photon energy by the tissue. The technology of DEXA 

has been incorporated in the QDR-1000/W x-ray bone densitometer 

(manufactured by Ho logic Inc., Waltham, MA). It uses quantitative digital 

radiography to measure BMC in grams of hydroxyapatite. Two different x-

ray energy levels (140 kVp and 70 kVp) are used to image and measure 

BMC of the body. The x-ray source tube located below the surface of the 

scanning table is mechanically connected to an x-ray detector so that the 

detector always remains directly above the beam as the source scans. The x-

ray source and x-ray detector are controlled by the QDR-1000/W computer. 
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During the scanning process, x-ray photons are emitted from the x-ray 

source through the body. Those that pass through are detected in a unit 

above the body. The information from the detector is stored as analog in 

the computer unit and BMC is calculated by the computer using algorithms 

established by Ho logic Inc. The validity and precision of this instrument for 

measuring BMC is well-established (39). Prior to the development of 

DEXA, rough estimates of BMC were derived using anthropometry (26). 

Total body water analysis has improved mainly due to the availability 

of deuterium oxide (D20) and simplified methods of analyzing the 

dilution of labeled water (10). Water labeled with D20 has been used 

extensively in humans to measure total body water (32, 51, 57, 60, 69, 71, 73, 

84, 98, 99). Deuterium oxide is administered to humans either orally or 

intravenously. Approximately 2 hours following its administration, D20 

equilibrates in the biological fluids of the body, where it remains at a 

constant concentration level for the next 3 hours (53). Lukaski (53), 

describes the formula used to calculate TBW from tracer dilution studies 

as: "CiV1 = C2V2, where CiV1 is the amount of tracer given, C2 is the 

final concentration of tracer in a biological fluid, and V2 is the volume of 

TBW." The final concentration of D20 can be determined by analyzing 

one of several bodily fluids, including respiratory water, blood and urine. 

Methods used to analyze the final equilibrium concentration of D20 in 

bodily fluids include: gas chromatography (57, 60), mass spectrometry (32), 

and infrared absorptiometry (12, 51). In addition to equilibrating in bodily 

fluids, D20 also exchanges hydrogens with carboxyl, amide and hydroxyl 

groups of protein, carbohydrates and fats. As a result, TBW is 

overestimated between 0.5 - 25% (72). While an exact percent correction for 
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this overestimation in TBW has not been universally accepted by all 

researchers, previous studies (26, 65, 78) provide support for a correction of 

2%. Additionally, if respiratory water is the bodily fluid used to measure 

the dilution of D20, TBW must be corrected an additional 6% to account 

for D20 isotope fractionization that occurs in respiratory water at the lungs. 

Schoeller et al. (72) stated that isotopically labeled water has a lower vapor 

pressure than unlabeled water, and some isotope fractionization will occur. 

The fractionization will reduce the concentration of tracer, and body water 

will be overestimated unless appropriate corrections are made. The 6.0% 

adjustment is based on the findings of Wong et a1. (99) who found a 6.0% 

underestimation in TBW using expired breath as compared to TBW values 

determined using serum, saliva and urine samples. 

Deuterium oxide is a naturally occuring isotope that can be found in 

normal tap water. Use of D20 in tracer quantities has been reported to be 

nontoxic in humans (99). Schloerb et al. (69) report that 100 grams of D20 

in the human produces a serum concentration of only 0.2% and conclude 

that this amount used is far below the toxic level. No incidence of any ill 

effects have been reported at the dosage levels received by subjects in 

previous research (32, 51, 57, 69, 98, 99). 

Heymsfield et al. (34) investigated the ability of the 4-component model 

to accurately estimate the dry land body weight of 13 adults (5 male and 8 

female). It was hypothesized that following the independent 

determination of each of the 4-components of the human body (protein, 

fat, water, bone), the sum of the weight of each component would equal the 

subject's dry land weight. Methods used to determine the individual 

components included: prompt gamma neutron activation (protein), 3H20 
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dilution (water), dual-photon absorptiometry and delayed gamma neutron 

activation (bone), and dual-photon absorptiometry (fat). Results of this 

study indicated that the 4-component approach accounted for greater than 

97% of the actual body weight of the subjects. These results suggest that a 

multicomponent model may be used as a valid measure of the various 

components of the FFM. 

Cote et al. (18) compared 2-vs 4-component models to evaluate the effect 

of bone mineral density on body fat estimates in young adult black (n=26) 

and white (n=26) females aged 19-29 years. Methods used to comprise the 

4-component model consisted of: dual energy x-ray absorptiometry (BMC), 

deuterium oxide (D20) dilution (TBW), and hydrostatic weighing [body 

density (Db)]. Body fat was estimated for all 52 women using the 

4-component equation of Se linger (77) and the Siri 2-component equation 

(79). The 4-component equation used to estimate body fat was as follows: 

%BF = (2.747/Db) - 0.714 (TBW/weight) + 1.146 (BMC/weight) - 2.0503. This 

formula uses the assumed densities of water (0.9937 g/cc), protein (1.34 

g/cc), osseous mineral (2.982 g/cc), nonosseous mineral (3.317 g/cc), and fat 

(0.9007 g/cc) based on previous cadaver findings (8). No differences in age, 

height, weight, TBW and Db existed between ethnic groups, although 

blacks had significantly higher values for BMC (3021 vs. 2718 grams) and 

BMD (1.25 vs. 1.16 g/cm2). 

The researchers found no significant differences (p > 0.05) in mean 

percent body fat (%BF) between 2- and 4-component models for either 

whites (24.2 vs. 23.6%, respectively) or blacks (21.2 vs. 21.8%, respectively). 

However, the magnitude of the difference in %BF between whites and 

blacks was reduced using the 4-component model (23.6 vs. 21.8%) 
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compared to differences observed using the Siri 2-component model (24.2 

vs. 21.2%). It can be concluded that the reduction in mean %BF between 

groups was the result of the 4-component model's ability to account for 

variations in bone content among whites and blacks. 

Friedl et al. (26) studied the reliability of a 4-component model used to 

estimate percent body fat among 10 male adults (21 ± 2.0 yrs). Procedures 

used to determine the various components of the FFM included: 

hydrostatic weighing (Db), deuterium oxide (D20) dilution (TBW), and 

dual-energy x-ray absorptiometry [Total Body Bone Mineral (TBBM)]. Each 

subject performed all testing procedures on 3 separate occasions within 1 

week. The 4-component equation used to estimate body fat was as follows: 

%Fat = [(2.559/Db) - (0.734 x TBW /weight) + (0.983 x TBBM/weight) - 1.841] 

x 100. This equation is similar to the Se linger 4-component equation 

previously discussed where the densities of FM (0.9007 g/cc) TBW (0.9937 

g/cc) and BMC (2.982 g/cc) are based on previous estimations by Brozek (8). 

The difference between the two equations is a density value of 1.39 g/cc 

used by Friedl et al. to account for the residual mass of protein, non-

osseous mineral and glycogen. This density value was derived from actual 

measurements of the residual mass by Allen and colleagues (1). Friedl 

reports a reliability coefficient of 0.994 and a within-subjects standard 

deviation of ± 1.1 for percent body fat estimates using this 4-component 

model. Based on the results of this study, the investigators concluded that 

the multicomponent model is a reliable estimate of body composition. 

Using a multicomponent model to compare simpler anthropometric 

measures against is not an entirely new concept. In 1956, Sin (80) addressed 

the limitations of the 2-component model, particularly the effect of 
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hydration status on the assumed constant density of the FFM among all 

people. Siri was the first to construct a multicomponent model that 

accounted for variations in TBW (80). Few studies have actually used 

multicomponent models to validate other indirect measures, such as 

skinfold anthropometry and bioelectical impedance. 

Skinfold Assessment of Body Composition 

It has been estimated that 50-70% of the total body fat of humans is 

located subcutaneously (44). Skinfold anthropometry is a method used to 

quantify subcutaneous fat. This procedure involves the use of skinfold 

calipers. The technique involves grasping with the thumb and index finger 

the underlying subcutaneous tissue of the body. A skinfold measurement 

is made with the calipers in contact with the skin for a few seconds. The 

calipers are then quickly removed from the skinfold site. Minimal pain 

and discomfort is felt by the subject. Typically, 2 or 3 readings are made at 

various anatomical sites located on the body. Multiple measurements at 

each site helps to ensure accuracy and reliability of the attained skinfold 

values. 

The strong inverse relationship between skinfold thickness and body 

density, derived from hydrostatic weighing, has led to the establishment of 

prediction equations used to estimate body composition (19, 37, 48). Over 

the last 30 years, more than 100 regression equations have been developed 

using skinfold measurements to predict body density. Although subjects 

used in these studies have varied from active to sedentary and from 

children to the elderly, most of the research has been performed using non
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athletic young men and women (48). Early anthropometric studies used 

small homogeneous groups of subjects in the development of population-

specific prediction equations (9). Inaccuracies typically occur when these 

equations are used on persons different from the sample population used 

to establish the formulas. More recently, generalized formulas have been 

developed using large heterogeneous groups of people who varied in 

levels of adiposity and age (19, 35, 37, 38). These equations provide the 

advantage of improved prediction accuracy across various ages. The first of 

these generalized regression equations for estimating body density were 

established in a study by Jackson and Pollock (35). Subjects consisted of 308 

adult men who varied significantly in age (18 to 61 years) and body 

composition (1 to 33% body fat). The procedures of the study included 

measures of skinfold thickness at 7 sites of the body, (chest, axilla, triceps, 

subscapula, abdomen, suprailium, thigh), body circumferences, and 

hydrostatic weighing to assess whole body density. Multiple regression 

analysis was used to derive the body density prediction equations. The data 

was fit to either a quadratic model or the data was log transformed to fit a 

linear regression model. The dependent variable of the models was body 

density determined from underwater weighing. Independent variables 

included: the sum of 3 and 7 skinfolds, age, and waist and forearm 

circumferences. Results of this study revealed significantly 

(p < 0.05) high prediction accuracy using full and reduced models 

(r > 0.90, SEE ± 0.0073 g/ml). The equations of this study were cross-

validated using 95 males of similar age (18-59 years) and body fatness (1

33 %). Almost identical results as seen with the validation group were 

observed for the cross-validation group using both full and reduced models 
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(r > 0.90, SEE ± 0.0077 g/ml). Formulas derived from this study are 

currently being widely used in various field settings to predict body 

composition. Similar generalized formulas with the same level of 

estimation accuracy have been developed for females (38). 

Once body density is estimated, it is inserted into the Siri 2-component 

model formula (79) to predict body fat. While the skinfold procedure has 

been determined to be the most accurate anthropometric measure for 

predicting body density (37), it has been estimated that nearly one-half of 

the error associated with estimating body fat from skinfold anthropometry 

is the result of using the Siri 2-component model equation (44). The 

weaknesses associated with the 2-component model have been previously 

identified. 

In an attempt to reduce the overall %BF prediction error associated with 

using a 2-component model, Williams et al. (96) established generalized 

skinfold prediction equations which estimated body fat derived from a 

multicomponent criterion model. Subjects in this study consisted of 91 

males and 116 females aged 34-84 years. Methods consisted of: skinfold 

measures (triceps, chest, subscapular, midaxillary, suprailiac, anterior 

suprailiac, abdominal, thigh, medial calf), underwater weighing (body 

density), deuterium oxide (D20) dilution (TBW), single photon 

absorptiometry (forearm BMD) and dual photon absorptiometry (L1 -L5 

lumbar vertebrae & femur BMD and trunk soft tissue composition). The 

multicomponent percent body fat values were derived by correcting 

percent body fat (%BF) values obtained by the Siri 2-component formula 

for individual subject variations in TBW and BMD. Results of this study 

indicated that overall %BF derived from hydrostatic weighing (Siri 2
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component model) was 2.7% greater in males and 4.3% greater in females 

than values estimated using the multicomponent model. The greatest 

difference observed between the 2-component and multicomponent 

estimates of %BF was demonstrated in individuals 70-84 years. 

Significantly higher mean differences (3.6% males) and (6.0% females) were 

observed for this age group. Backwards elimination regression analysis 

was used to develop sldnfold equations to predict %BF derived from a 

multicomponent criterion model. Four skinfold sites (chest, subscapular, 

midaxillary and thigh) and age independently predicted %BF for males 

(r = 0.89, SEE ± 2.9%), whereas 4 skinfold sites (subscapular, abdomen, 

triceps and calf) and age independently predicted %BF for females (r = 0.87, 

SEE ± 3.8%). 

Conclusions from this study indicate that while a certain amount of 

error remains in estimating %BF by skinfold anthropometry, use of a 

multicomponent criterion measure potentially eliminates the error 

associated with the 2-component model. More research is needed which 

uses multicomponent criterion models as a measure of the estimation 

accuracy of skinfold anthropometry. This indudes cross-validation studies 

which would determine the generalizability of skinfold estimates across 

age and various levels of adiposity. 

Bioelectrical Impedance Analysis 

Bioelectrical impedance analysis (BIA) is a widely used indirect method 

of estimating body composition. BIA uses principles of physics to establish 

a relationship between electrical conductance through cell membranes and 
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the FFM of the human body. The principle states that a current introduced 

through the body will have a greater conductance and lower resistance 

when passing through tissues which contain higher amounts of body 

fluids and electrolytes. Water and electrolytes comprise the majority of the 

FFM, making it a good conductor of electricity. The FM component 

contains small amounts of water and electrolytes, which makes it a poor 

conductor of electricity. 

The tetrapolar impedance method (BIA) requires the subject to lie 

comfortably in the supine position. Generally, the procedure is conducted 

approximately 2 hours after eating and within 30 minutes of voiding. The 

subject remains fully dothed with the exception that the subject's right 

shoe and sock are removed during the BIA procedure. Electrodes are 

positioned on the right hand and right foot of the subject. These electrodes 

are connected to both the subject and a four terminal impedance analyzer. 

This instrument is used to introduce a current of electricity through the 

body of the subject. The current introduced is low, 800 1,LA at a cycle of 50 

kHz. The current, which is not perceived by the subject, passes through the 

body in a matter of a few seconds. The BIA analyzer provides a resistance 

recording in ohms. Higher levels of electrical impedance recorded by the 

analyzer results in higher estimates of body fat. 

The validity of BIA in predicting body composition was first 

investigated by Lukaski et al. (50). The study involved 114 male and female 

volunteers (18-50 yrs) who varied significantly in levels of FFM (34-96 kg) 

and percent body fat (4-41%). Hydrostatic weighing was performed on all 

subjects and served as the criterion measure for body composition. 

Bioelectrical impedance procedures involved the use of a four-terminal 
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impedance plethysmograph. Results of the study found high positive
 

correlations between densitometrically determined FFM and BIA predicted 

values for males (r = 0.98, SEE ± 2.5 kg) and females (r = 0.95, SEE ± 1.99 kg), 

respectively. Additionally, BIA provided reasonable estimates of percent 

body fat compared to values determined from hydrostatic weighing for 

both males ( r = 0.91, SEE ± 2.9%) and females (r = 0.88, SEE ± 3.1%). 

Jackson et al. (36) studied the validity of BIA in estimating percent body 

fat in a group of men (n = 50) and women (n = 82) by comparing BIA values 

to those derived from hydrostatic weighing (2-component model). Results 

showed that BIA on average underestimated hydrostatically determined 

percent body fat by 2.4% in men and by 2.6% in women. 

Segal and colleagues (75) also evaluated the ability of BIA to accurately 

estimate percent body fat in a group of men (n=34) and women (n=41) 

volunteers aged 17-59 years. Subjects varied significantly in levels of 

hydrostatically determined percent body fat (4.9 - 54.9%). Bioelectrical 

impedance resistance readings were achieved using a 4-terminal 

impedance plethysmograph. Percent body fat was estimated from BIA 

using empirically derived formulas provided by the manufacturer of the 

BIA instrument. While results of this study showed a high positive 

correlation between hydrostatic weighing and BIA for percent body fat 

(r = 0.93), a large standard error of the estimate (SEE ± 6.1%) was also 

reported for BIA. 

Finally, Van Loan and Mayclin (91) investigated the validity of BIA in 

estimating FFM in a group of men (n=123) and women (n=65) volunteers 

aged 18-64 years. Bioelectrical impedance resistance readings were achieved 

using a 4-terminal impedance plethysmograph. These investigators used 
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three different BIA prediction equations found in the literature to estimate 

the FFM component. Average FFM values, derived using each equation, 

were independently compared to the mean FFM criterion value, 

determined by hydrostatic weighing. 

Results of paired t-tests revealed that two of the three BIA formulas 

used overpredicted mean FFM values (by 2.31 and 2.96 kg), while the third 

BIA estimate slightly underpredicted (0.97 kg) the mean FFM component 

(p < 0.05). Results of this study did not reveal the same accuracy in 

estimating the FFM component as those findings discussed previously by 

Lukaski (50). 

The reliability of BIA in estimating percent body fat was evaluated 

among 44 females and 24 males by Jackson and co-workers (36). A total of 

four hydrostatic weighing and BIA measures were obtained on each subject 

by two testers on two different days. Results of the generalizability theory 

indicated that both the BIA and hydrostatic methods had high day-to-day 

and intertester reliability (Rxx= 0.957-0.987). The standard errors reported 

ranged from 0.9 to 1.5%. Similar results were found by Lukaski et al. (52), 

who report a precision error of 2% measuring BIA on 14 male subjects over 

a period of 5 consecutive days. These results indicate that a reasonable 

amount of reliability exists for BIA when estimating body composition. 

Since various estimates of body composition can occur as a result of 

using different BIA prediction formulas, as observed by Van Loan and 

Mayclin (91), cross-validation of these formulas was the focus of several 

BIA studies. Several empirically derived BIA prediction formulas 

currently exist. These formulas are often specific to the BIA instrument 

and subject population used to establish the formulas. The purpose of 
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cross-validation is to determine the general applicability of various BIA 

formulas in estimating body composition among various populations of 

people. 

Graves et al. (29) studied the effects of using different BIA analyzers in 

combination with various BIA prediction equations on estimates of 

percent body fat in a group of white adult men (n = 73) and women (n = 73) 

aged 18 to 32 years. Testing was completed at 2 independent laboratories; 

University of Florida (UF) and USDA in San Francisco. Hydrostatic 

weighing was completed on all subjects. The Siri 2-component model (79), 

which served as the criterion measure, was used to calculate percent body 

fat. Bioelectrical resistance was measured on each individual using three 

BIA analyzers [Valhalla Scientific model 1990-A, RJL Systems model BIA

101 and Medi-Fitness model 1000 (UF) or Bioelectrical Sciences model 200Z 

(USDA)]. Body fat was estimated using formulas of Lohman (44), which 

were originally developed using a Valhalla analyzer, and Lukaski (50), 

originally developed using a RJL analyzer. 

Results showed that when current prediction equations were applied to 

specific analyzers, the majority of differences in estimated %BF among the 

group of analyzers was less than 3%. This result indicates that a reasonable 

level of precision exists among analyzers. Cross-validation results revealed 

that BIA prediction equations were most accurate in estimating %BF (error 

range was 3.6 to 5.3%) when used in combination with resistance data 

collected on the same analyzer that was used originally to develop the 

equation. 

Segal and co-workers (76) further evaluated the issue of cross-validation 

using 1069 men and 498 women who varied significantly in age (17-62 yrs) 
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and percent body fat (3-56%). All subjects completed BIA and hydrostatic 

testing at one of four laboratory testing sites located in the United States. 

Site-specific BIA formulas were developed at each laboratory location using 

multiple regression techniques. Fat-free mass, determined by underwater 

weighing, served as the dependent variable while various other 

measurements (resistance, height, weight, age and gender) served as 

explanatory variables. 

Following the establishment of site specific BIA formulas, these 

equations were then cross-validated using data from the other testing sites. 

Results of the cross-validation revealed small reductions in correlation 

coefficients and slight increases in standard errors in estimating the FFM 

component. These differences were eliminated when the data were 

adjusted for differences in body fat levels specific to each site. Therefore, 

the data from all labs were pooled to derive general BIA formulas. These 

formulas provided accurate estimates of the FFM (r = 0.91 to 0.95 and 

SEE ± 1.97 to 3.03 kg). 

Inaccuracies in estimating body composition associated with BIA is 

typically attributed to alterations in the hydration level of the participant. 

Manufactures of the Model 1990B Valhalla Analyzer recommend that 

certain pre-test conditions be avoided to ensure accurate test results. These 

conditions include: 

a. Subject participation in heavy exercise within eight hours of the test 

(water loss, blood flow, and electrolyte concentration changes may 

occur). 

b. Water loss due to hot weather and exercise. 

c. Dehydration due to inadequate fluid intake. 
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d. Consuming an excessively large meal within 6 hours of the test. 

e. Consuming large amounts of fluid within 4 hours of the test 

(overhydration). 

f. More than one hour since voiding. 

g. Consuming heavy amounts of alcohol within 48 hours of the test 

(diuretic effect). 

h. Participating in a quick weight loss diet (fasting) within 72 hours of the 

test (water loss). 

i. Excessive water retention due to menses (3 days prior, 7 days 

following). 

j. Any drugs having a diuretic effect (water loss). 

k. Extremely hot and cold environments (body temperature and blood 

flow). 

1. Consuming caffeine (tea or coffee) 3 hours before the test (diuretic 

effect). 

Manufactures of the Model 1990B Analyzer also suggest that certain clinical 

conditions may affect the accuracy of bio-impedance measurements using 

the Model 1990B. 

These clinical conditions include: 

a. Edema 

b. Electrolyte imbalance 

c Extreme dehydration 

d. Metabolic disorder 

e. Heart and kidney dysfunction 

f. Extremes in body temperature 
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Contarsy et al. (17) examined the effects of hydration status on the 

assessment of body composition using BIA. Twenty-three college-aged 

males (21.4 ± 2.54 yrs) volunteered as subjects and were randomly assigned 

into a hydration (HY) or dehydration (DHY) group. The HY subjects 

ingested 2 liters of H2O within a 30 minute period while the DHY group sat 

in a sauna at a temperature of 170 °F for 40 minutes. Percent body fat (%BF) 

was estimated using BIA for each group immediately following the HY and 

DHY procedures. The results indicated that hydration status of the subjects 

had a direct influence on BIA estimated %BF levels (pre-DHY 14.0 ± 2.9 vs. 

post-DHY 16.2 ± 3.9%), (pre-HY 13.0 ± 0.8% vs post-HY 11.9 ± 0.8). Although 

BIA is used extensively in the field setting due to its low cost and 

simplicity, inaccuracies can occur when multiple factors affecting hydration 

status are not controlled. 

Caton et al. (13) studied the effects of changes in skin temperature on 

estimates of body composition by BIA in a group of 8 men aged 24.8 ± 3.9 

years. Caton et al. indicated that changes in skin temperature result in 

changes in skin blood flow. It was postulated that these changes have an 

overall effect of altering the distribution of body water between BIA 

electrodes, resulting in differences in BIA resistance measurements. 

Caton and co-workers tested this hypothesis by using a cross-over 

experimental design during which all volunteers were exposed to the 

following environmental conditions: cool ambient air (14.4 ± 1.61°C) and 

warm ambient air (35.0 ± 3.03°C). Results showed that mean skin 

temperature, measured on the subject's right hand and foot, was 

significantly (p < 0.05) lower during cool conditions (24.1°C) than warm 

(33.4°C) conditions. Subsequently, average BIA resistance was higher 
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during cool conditions (46152) then warm (4260) conditions, thus resulting 

in observed differences in mean percent body fat (14.4 vs 11.4%, 

respectively). These findings indicate that skin temperature may have had 

a confounding effect on the results of Contarsy et al. (17) who used a hot 

sauna (170°F) to dehydrate their subjects. Although skin temperatures 

were not reported by these authors, the hot sauna may have blunted the 

observed increase in percent body fat estimated by BIA between hydrated 

and dehydrated conditions. 

All BIA studies reviewed thus far have used the hydrostatic weighing 

2-component model as the criterion measure of body composition. More 

accurate evaluations of BIA's performance are possible by using a 

multicomponent model, which theoretically eliminates the sources of 

error associated with the 2-component model. Few studies have actually 

compared BIA estimates of body composition to multicomponent criterion 

models. 

Van Loan et al. (89) used multiple regression analysis to develop BIA 

prediction equations that estimate FFM derived from densitometry 

(2-component model), hydrometry, and a 3-component model. The 3

component model adjusted densitometric FFM for the hydration status of 

the individual. Subjects consisted of adult men (n=75) and women (n=75) 

aged 18-32 years. Data was collected at 3 different sites [Arizona (Az) n = 48, 

Illinois (IL) n = 51, California (CA) n = 51] Variables included in the BIA 

prediction equation were gender, body weight, and whole-body resistive 

index (height2/resistance). Results of this study found high correlations 

between the 3-component model and BIA (R2 = 0.96, SEE ± 2.5 kg). These 

results were similar to correlations between BIA and the 2-component 
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model (R2 = 0.95, SEE ± 2.6 kg) and hydrometry (R2 = 0.94, SEE ± 3.2 kg). 

While statistical p-values were not reported, FFM differences were 

observed among densitometry, hydrometry and the 3-component model at 

AZ ( 56.8, 59.3, 58.1 kg) and IL (53.2, 57.5, 55.6 kg) with smaller differences 

observed at CA (54.2, 54.8, 54.4 kg). Statistical analysis is needed to interpret 

these findings. 

Dual Energy X-ray Absorptiometry Analysis 

Dual energy x-ray absorptiometry (DEXA), previously mentioned as an 

established method used to quantify bone mineral content in humans, has 

also recently been used in the determination of body composition. The 

most recent use of DEXA is to quantify soft tissue body composition (FM 

and FFM). Currently three different companies manufacture DEXA soft 

tissue software (Hologic Inc. QDR-1000/W, Lunar Radiation DPX, & 

Norland XR26). All three manufacturers use distinctly different 

technology and analytical theory to obtain measures of body composition 

(44). 

The QDR-1000/W uses a soft tissue calibration phantom (tissue bar) to 

calibrate the measured soft tissue (FM and FFM) sample in the whole body 

scan. This tissue bar contains 3 lean and 3 fatty-equivalent solid materials 

of known mass and composition. The fat standard consists of 100% stearic 

acid while the lean standard is aluminum. The phantom is used in 

conjunction with the two switched x-ray energy levels, 140 kVp and 70 

kVp, integrating x-ray detector and internal calibration wheel to determine 

the soft tissue (FM and FFM) sample in the whole body scan. Hologic 
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reports a precision error of 1.2% in lean and fat mass using the QDR

1000/W (68). Until recently, soft tissue software had not been developed 

for the QDR-1000/W. Thus, few studies currently exist which compare its 

accuracy to traditional measures of body composition (44). 

In an attempt to assess the accuracy of the QDR-1000/W in the 

determination of soft tissue composition, Kohrt et al. (41) compared 

percent body fat values determined on 36 men and 15 women using both 

DEXA and hydrostatic weighing techniques. The 2-component model 

equation was used to convert body density derived from hydrostatic 

weighing into a percent body fat value. The results of this study found no 

significant differences in calculated percent body fat levels between DEXA 

and hydrostatic weighing for males (28.2 ± 32% vs. 28.6 ± 4.2%). However, 

in women over 60 years of age, significant differences were observed 

between DEXA and hydrostatic weighing (20.9 ± 2.9% vs. 27.9 ± 4.4%, 

respectively). Based upon the previous discussion concerning the 

weaknesses of the 2-component model, it is difficult to interpret the 

differences in percent body fat found between DEXA and hydrostatic 

weighing in the older women. 

Snead et al. (83) investigated the ability of the QDR-1000/W to accurately 

determine percent body fat in a large sample of men (n = 72) and women 

(n = 113) aged 21-81 years. DEXA percent fat was compared to values 

determined by hydrostatic weighing using both Sin (79) (2-S) and Brozek (8) 

(2-B) 2-component models in addition to using a 3-component model (%BF 

hydrostatic weighing corrected for BMC) (3-C), which served as the 

criterion measurement. Mean differences among methods were compared 

by analyzing data according to age and gender. The age categories consisted 
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of: (young 21-39 yrs, middle-aged 40-59, older 60-82). An alpha level of 0.05 

was established for statistical significance. 

Small differences among the various determinations of body fat were 

seen for young and middle-aged men. The most significant difference for 

men (3.7%) was observed between DEXA (19.0 ± 5.6%) and 2 -B (22.7 ± 6.4%) 

in the middle-aged group. This difference was reduced to 2.1% using the 3

C model (21.1 ± 6.0%). The largest overall difference for men was observed 

in the older group, where a 6.1% difference was found between DEXA 

(21.3 ± 6.3%) and 2-C (27.4 ± 7.2%). Correction for BMC using the 3-C model 

(26.1 ± 7.1%) slightly reduced the underestimation by DEXA. 

Similar findings were observed for women. The young and middle-

aged groups revealed differences of less than 1.3% among the various 

estimate procedures. The greatest difference was observed between DEXA 

(34.5 ± 6.6%) and 2-S (39.9 ± 6.3%) in the older group. Correction for BMC 

using the 3-C model (38.7 ± 6.5%) slightly reduced the underestimation by 

DEXA. 

Using a 3-component model, Snead et al. (83) more appropriately 

evaluated the accuracy of the Ho logic QDR-1000/W software than did 

Kohrt and co-workers (41) who used a traditional 2-component model. 

The 3-component model, theoretically, is a more accurate criterion 

measure. Based upon the findings of the latter study, it seems appropriate 

to compare DEXA to a 4-component model to determine if inaccuracies 

observed for DEXA can be further reduced when an additional correction is 

made for TBW. This comparison has particular importance among older 

individuals, where both TBW and BMC are known to deviate from the 
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assumed constants and where the greatest prediction errors observed for
 

DEXA have occurred. 

Summary 

Proper screening and evaluation of obesity related health risks rely on 

accurate determinations of body composition. While cadaver dissection 

and ether extraction of lipid serve as direct methods for deriving accurate 

determinations of body composition, practical considerations prevent their 

use in the laboratory and clinical environment. Until recently, the 

2-component model, which uses the results of hydrostatic weighing to 

determine percent body fat, was generally accepted as the most valid 

indirect measure of body composition. This model has been criticized for 

its assumption that the density of the FFM (1.1 grams/milliliter) is constant 

among all people. Several investigators have indicated that the density of 

the fat-free component varies among different persons (2, 15, 54). Much of 

the fat-free component variation found among individuals is due to 

differences in the two primary constituents of the FFM: total body water 

(TBW) and bone mineral content (BMC). Variations in TBW have been 

reported as a result of aging (22, 40) and hydration status (10, 17), while 

BMC variations have been observed for race (49,74), age (55, 59, 88), and 

gender (66). Deviations in these fat-free sub-fractions from that assumed by 

the 2-component model leads to inaccuracies in the estimation of body 

composition. 

Improved "in vivo" methods used to assess TBW and BMC have led to 

establishment of multicomponent models which use body density, TBW 
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and BMC to determine percent body fat. The validity and reliability of the 

4-component model has been adequately established (26, 34). The 4

component model may serve to more accurately determine body 

composition. These improved methods will better serve as criterion 

measures from which additional indirect methods of determining body 

composition (skinfold anthropometry, BIA and DEXA) can be developed 

and improved. 
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METHODS AND PROCEDURES 

Preliminary Procedures 

One-hundred and one apparently healthy adult men (n=50) and women 

(n=51) (age range 19-82 years) volunteered to serve as subjects. Methods of 

recruitment consisted of word-of-mouth and posted notices in the 

community. Following an explanation of all study procedures and prior to 

any subsequent participation, subjects completed a health history 

questionnaire in addition to signing an informed consent form both of 

which gained University Institutional Review Board approval. The health 

history questionnaire was used by the investigator to screen individuals 

who were contraindicated from participating due to: improper hydration 

status, edema, electrolyte imbalance, or clinical conditions such as renal, 

heart and/or metabolic disorders which may affect body composition data 

accuracy. The informed consent was used to convey to each subject the 

risk-benefit ratio of their participation. Copies of the health history 

questionnaire and informed consent forms used in this study appear in 

Appendix A and B of this manuscript. 

Study Design 

The study design consisted of investigating the relationships between 

hydrostatic weighing (4-component model) and dual energy x-ray 

absorptiometry (DEXA), hydrostatic weighing (Siri 2-component model), 

skinfold measures, and bioelectrical impedance for values of percent body 
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fat which were determined on all subjects. Subjects completed all 

procedures involved in the study. Volunteer participants who met the 

entry criteria were included in the study on a first come basis. 

Overview of Testing Sequence 

Administration of testing procedures for all subjects were completed in 

the following order: 

1. explanation of the testing procedures 

2. completion of the health history questionnaire and informed 
consent 

3. collection of the first (control) respiratory water sample 

4. administration of the 30 gram dose of deuterium oxide 

5. height and weight measurements 

8. residual lung volume procedures 

9. hydrostatic weighing procedures 

10. collection of the second (2-hour) respiratory water sample 

11. dual x-ray absorptiometry procedures 

12. skinfold procedures 

13. collection of the final (3-hour) respiratory water sample 

14. bioelectrical impedance procedures 

Determination of Total Body Water 

Total body water (TBW) was estimated from deuterium isotope dilution 

measured in respiratory water by infrared spectrophotometry. For each 
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subject, respiratory water was collected prior to and at two and three hours 

following ingestion of 30 grams of deuterium oxide (D20). 

Preparation of the Deuterium Dose 

Dark glass bottles which had approximately the same volume as the 

dosage sample of D20 that was administered were used to measure and 

store the deuterium doses prior to the oral ingestion of the D20 by the 

subject. The glass bottles were labeled with a strip of adhesive tape 

indicating the bottle number. Following the labeling procedure, the bottle 

was capped and weighed. A digital balance capable of measurement to ten-

thousandths of a gram was used. The weighing date, weight of the bottle, 

cap and label was then recorded. The balance was re-zeroed with the bottle 

in place. 

Approximately 30 grams of D20 was poured into a graduated cylinder, 

and then transferred to the dark bottle. The bottle was returned to the 

balance, and its weight measured and recorded. The difference between the 

initial and final bottle weight was calculated and recorded as the weight of 

the added D20. The D20 was stored at room temperature. The D20 dose 

was administered to each subject within 3 hours of the completed 

preparation time. 

Respiratory Water Collection System 

Respiratory water samples were collected by condensing and freezing 

the water vapor from the subject's expired air. This procedure required the 
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preparation of a respiratory water collection system. The materials that 

comprised the system are listed below. 

a. 2-liter vacuum flask 

b. respiratory water collection hose (vinyl tubing 3.5 feet in length 0.5 

inches in diameter) 

c saliva collection trap (2-piece pulmonary water trap with the rubber 

flaps removed) 

d. breathing mouthpiece (6 inches of 0.5 inch diameter vinyl tygon 

tubing) 

e. methanol 

f. dry ice 

One-half hour prior to testing, a 2-liter vacuum flask was two-thirds 

filled with a methanol-dry ice mixture. The dry ice was carefully added to 

the methanol in the flask to prevent a boil over that would have occurred 

if the dry ice was added too rapidly or if added pieces were too large. The 

flask was covered when testing was not being conducted. 

Immediately prior to the respiratory water collection on each subject, 

the respiratory water collection hose was coiled and submerged in the 

methanol-dry ice bath. The hose was coiled so that most of its tubing was 

submerged into the bath with the two ends emerging from the top of the 

bath. Care was maintained to ensure that the hose was not bent in a 

manner as to restrict the free-flow of air through the tubing. 

A saliva trap was attached to one end of the hose to prevent saliva from 

being introduced into the collected respiratory water sample. One branch 

of the saliva trap was attached to the collection hose and the other branch 

was attached to the mouthpiece tubing. 
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Collection of Respiratory Water 

As mentioned previously, respiratory water was collected on each 

subject prior to and at two and three hours following ingestion of 30 grams 

of deuterium oxide (D20). Following the completion of the health history 

questionnaire and signing the informed consent form, the subject provided 

the first (control) respiratory water sample. 

The subject was seated in front of the vacuum flask containing the 

tubing used for collecting the the water vapor. The subject was instructed 

to inspire through his/her nose, and exhale through the mouthpiece 

connected to the saliva trap. Emphasis was placed upon a steady 

inspiration followed by a slow, steady expiration, since forceful expirations 

would have blown the frozen sample out the end of the respiratory water 

collection hose. Subjects were asked to continue this breathing procedure 

for approximately 20 minutes until approximately 5.0 ml of respiratory 

water was collected. 

Following the 20 minute breathing period, the respiratory water 

collection hose was removed from the methanol-dry ice bath. Parafilm 

was used to seal the two ends of the tubing. Additionally, the collection 

hose was labeled with the subject's ID number, and sample number code 

(c=control). The collected frozen respiratory water sample was allowed to 

thaw at room temperature. 

After the respiratory water sample completely thawed it was transferred 

to a small 10 mL scintillation vial with screw cap. Adhesive tape was used 

to label the vial with the subject's ID number and sample number code 

(c=control). The sample, without further purification, was frozen for later 

analysis. The same respiratory water collection and storage procedures 
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were performed two and three hours following the subject's ingestion of
 

the D20 dosage. Separate collection hoses and 10 mL vials were properly 

marked with the ID number of the subject and the proper sample number 

code (2=hour 2 and 3=hour 3). 

Administration of the Deuterium Dose 

Administration of the D20 followed the collection of the control 

respiratory sample. The D20 contained in the storage bottle was carefully 

poured into a small paper cup. The bottle was rinsed with tap water three 

times with a fine stream squirt bottle using a minimal amount of water. 

The subject was instructed to drink all of the cocktail (D20 and rinses) and 

the cup was rinsed with tap water three times. After each rinse, the subject 

was instructed to swirl the rinse water in his/her mouth and swallow. The 

time that the D20 dose was administered was recorded. The subject was 

then instructed to abstain from food and drink and to avoid emptying 

his/her bladder until the testing session was completed. Other study 

procedures were performed during the two and three-hour interim periods 

that occurred between D20 ingestion and respiratory water sample 

collection. 

Analysis of Respiratory Water for Deuterium Oxide 

As mentioned previously, TBW was estimated from deuterium isotope 

dilution measured in respiratory water by infrared spectrophotometry. A 

Miran 1FF Fixed Filter Laboratory Analyzer (Foxboro Company, East 

Bridgewater, MA) was used for the determination of deuterium oxide 
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levels in the collected respiratory water samples. This instrument uses a 

single infrared beam with a fixed filter wavelength of 4.0 pm. The collected 

respiratory water was sampled on the calcium floride (CaF2) cell window of 

the analyzer. A temperature controlled cell mount was used to maintain a 

constant cell window temperature between 30 and 35 degrees celcius, as 

recommended by the manufacturer. The sensitivity of the Miran 1FF Fixed 

Filter Laboratory Analyzer for D20 in the presence of respiratory water is 

an absorbance range of 0 to 0.025. 

Each day, prior to the quantitative analysis of D20 in the collected 

respiratory water samples, a calibration of the Miran 1FF analyzer was 

performed by establishing a calibration curve for the concentration of D20 

in parts per million (ppm) verses the infrared absorbance readings from the 

Miran 1FF analyzer. A set of D20 standards prepared at concentration 

levels of 375, 700 and 1300 ppm, which reflected levels above, below and 

near the expected body water levels of D20, were used to establish the 

calibration (standard) curve. Micropipetting was performed when 

preparing the D20 standards. The equation shown below (Figure 4) was 

used in determining the standard D20 levels in ppm. 

D20 moles 
x 106 ppm D20 moles + H2O moles 

Figure 4. - Formula for determining standard D20 levels 

The standards were stored in refrigeration in dark bottles but were at room 

temperature prior to spectrophotometer analysis. 

The Miran 1FF analyzer was allowed to warm-up for a period of one 

hour, which allowed the temperature of the cell window to reach a normal 
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operation temperature of 30-35°C. When the temperature of the cell 

mount stabilized, a zero absorbance point was established by injecting, 

through a syringe, a 0.2 mL volume of distilled water into the 

spectrophotometer window. Care was taken to ensure that no air bubbles 

were present in the syringe prior to injecting the distilled water into the 

cell window. A stop-watch was used to allow ninety seconds to pass for 

temperature equilibration to occur. Ninety seconds following the injection 

of distilled water, an absorbance value was read and recorded. If the 

reading was not zero ± .0004 units, the display setting on the 

spectrophotometer was adjusted. A vacuum was used to remove the 

sample, the chamber was flushed with an acetone injection, and the 

acetone was evacuated with the vacuum. Zero was considered established 

when three consecutive samples gave reliable results. 

Next, the prepared D20 standards were analyzed for absorbance level. A 

new syringe was used to inject each standard. Following the initial 

absorbance level reading, the standard was vacuumed from the cell 

window, acetone was injected to flush the window, then evacuated from 

the window by the vacuum source. This process was repeated twice using 

the same standard. If the three trials did not agree within .0004 units a 

fourth reading was made. After each standard was completed, a zero blank 

was injected and the spectrophotometer output was adjusted if necessary. A 

microcomputer statistics package (Statview II, Abacus Inc.) was used to 

determine the regression line predicting ppm from the spectrophotometer 

absorbancy readings. Standard curves generated in this study appear in 

Appendix D of this manuscript. 
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The analysis of respiratory water samples followed the procedure of the 

standard curve preparation. Each sample was measured in triplicate. A 

precision of .0004 units was required between three consecutive absorbancy 

measurements within a sample. Following each absorbancy recording, the 

sample residue was cleared from the spectrophotometer window by 

vacuum and acetone cleaning. Distilled water was injected between 

samples to verify the zero level of the spectrophotometer. A zero 

adjustment was made to the analyzer when necessary. A new syringe was 

used for each sample. The respiratory water samples previously frozen, 

were thawed and allowed to reach room temperature prior to their 

spectrophotometer analysis. 

The 2-or 3-hour sample which yielded the higher absorbancy values was 

used to determine total body water. The mean of the 3 spectrophotometer 

readings were entered into the regression equation for the standard curve 

to determine ppm. The same procedure was followed to determine 

baseline levels of D20. The ppm value corrected for baseline levels was 

converted to TBW using the formula shown in Figure 5: 

TBW (L) = [((Dose x Purity)/Density of D20 ) /ppm] x 1000 

Figure 5. - Formula for total body water 

The purity of D20 used in this study was 99.9%. The density of the D20 

used was 1.1005 grams per mffiliter. Total body water was converted from 

liters to kilograms using the formula shown in Figure 6 below: 
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TBW (Kg) = TBW (1) x 0.9937 

Figure 6 - Formula for TBW in kilograms 

The precision error reported for the procedures used in this study for the 

determination of TBW is 2.5% (51). 

In addition to equilibrating in bodily fluids, D20 also exchanges 

hydrogens with carboxyl, amide and hydroxyl groups of protein, 

carbohydrates and fats. As a result TBW is overestimated between 0.5 - 25% 

(72). Based on the results of previous studies (26, 65, 78) a correction of 2% 

was made to account for this overestimation in TBW. This correction 

consisted of multiplying TBW (L) by 0.98. Finally, TBW was corrected an 

additional 6% to account for D20 isotope fractionization that occurs in 

respiratory water at the lungs. This correction consisted of multiplying 

TBW (L) by 0.94. Schoeller et al. (72) stated that "isotopically labeled water 

has a lower vapor pressure than unlabeled water, and some isotope 

fractionization will occur." The fractionization will reduce the 

concentration of tracer, and body water will be overestimated unless 

appropriate corrections are made. The 6.0% adjustment made in this study 

was based on the findings of Wong et al. (99) who found a 6.0% 

underestimation in TBW using expired breath as compared to TBW values 

determined using serum, saliva and urine samples. 

Dual Energy X-ray Absorptiometry 

A measure of bone mineral content (BMC) in grams of hydroxyapatite 

was determined for each subject in the current study. The procedure used 
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to determine BMC involved whole body bone scanning (WBBS) using 

DEXA. A QDR-1000/W bone densitometer, manufactured by Ho logic Inc. 

(Waltham, MA), was the DEXA instrument used in the study. Total body 

bone mass (TBBM) in grams of ash was calculated from measured values of 

BMC. The following formula (Figure 7) introduced by Friedl et al. (24) was 

used to determine TBBM: 

TBBM (grams of ash) = BMC (grams) x 0.9582 

Figure 7. - Formula for total body bone mineral 

Data from the whole body scan also provided values for percent body fat. 

The coefficient of variation established in our laboratory for soft tissue body 

composition was 1.0%. 

ODR-1000/W Calibration Procedures 

Prior to data collection on each testing day, a series of calibration quality 

control procedures established for the QDR-1000/W were performed in the 

manner described by Ho logic Inc. 

Whole Body Scanning Procedures 

Positioning of the subject for WBBS first involved having the subject 

remove any metal objects he/she was wearing such as snaps, belts and 

jewelry. Next, the subject was required to remove his/her shoes. The 

investigator had the subject lie supine on the x-ray scanner table so that the 
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subject's head was just below the Lucite block which made up the end of 

the scanning table. The subject was placed straight on the longitudinal axis 

of the table top. The longitudinal center line was marked on the matress of 

the scanning table as a positioning guide. 

The patient's feet were positioned above the Lucite block at the foot end 

of the scanning table. If the patient was over 190.5 cm the knees were bent 

in order to keep the feet within the scanning area. The subject's hands 

were placed palms down, just inside the metal edges of the table top. The 

hands were separated from the subject's thighs. 

Following the proper subject positioning, the DEXA tissue bar, used as a 

reference by the scanner for FM and mineral-free lean mass (MFLM) 

analysis was placed on the lower left corner of the scan table. Next, the 

whole body scan option was selected from the DEXA computer interfaced 

with the scanning table. This selection automatically moved the table and 

scanning arm to the correct starting position. Depressing the <F3> 

function key on the computer followed by the <F10> selection started the 

subject scan. 

The normal scan length for the WBBS was 182.42 cm with a maximum 

length allowed at 190.5 cm for larger subjects. The width of the scan was a 

constant 63.04 an. The scan time was between 11.5 and 13.0 minutes for 

each subject, depending on the size of the subject. 

Each subject scan was automatically analyzed for BMC, and percent body 

fat by the Hologic QDR 1000/W system and stored in the computer's 

memory for future retrieval and evaluation by the investigator. The 

technology used by Hologic Inc. to derive these measures is described 

below. 
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Analysis of Bone and Soft Tissue Composition 

The Ho logic QDR-1000/W x-ray bone densitometer uses quantitative 

digital radiography to measure BMC in grams of hydroxyapatite. Two 

different x-ray energy levels, 140 kVp and 70 kVp, were used to image and 

measure tissue composition of the body in "vivo". The x-ray source tube 

located below the surface of the scanning table was mechanically connected 

to an x-ray detector so that the detector always remained directly above the 

beam as the source scans. The x-ray source and x-ray detector were 

controlled by the QDR-1000/W computer. During the scanning process, x-

ray photons passed from the x-ray source through the body and are 

collected in the x-ray detector. The information from the detector was 

stored as analog in the computer unit and BMC was calculated by the 

computer using algorithms established by Ho logic Inc. 

The QDR-1000/W uses a soft tissue calibration phantom (tissue bar) to 

calibrate the measured soft tissue (FM and MFLM) sample in the scan. This 

tissue bar contains 3 lean and 3 fatty-equivalent solid materials of known 

mass and composition. The fat standard consists of 100% stearic acid while 

the lean standard is aluminum. The phantom was used in conjunction 

with the two switched x-ray energy levels, 140 kVp and 70 kVp, to 

determine the relative soft tissue (body fat) sample in the scan. 

Residual Lung Volume 

An LFT-3000 lung spirometer (GO MI Inc., San Anse lmo, CA) was used 

to determine residual lung volume (RV) on each subject using the dosed
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circuit helium dilution method described by Nunneley et al. (61). This 

procedure was modified by using neon as a replacement for helium as the 

principle dilution gas. The RV procedure involved the use of a 2-way 

breathing valve and mouthpiece connected to a pulmonary mixing bag and 

gas analyzer. Immediately prior to RV data collection on each subject, the 

pulmonary mixing bag was evacuated by the interfaced computer system so 

that the mixing bag was void of any gas in the total system. All subjects 

were given a verbal explanation by the investigator of the RV procedure 

prior to data collection. 

During the testing procedure the subject was seated comfortably in front 

of the spirometer with a noseclip secured firmly on the nose and 

mouthpiece in the mouth. Following 3 to 4 normal respirations into the 

mouthpiece, the subject exhaled maximally through the mouthpiece thus 

forcing expired air out of the lungs. 

Immediately following the subject's maximal exhalation, he/she then 

performed a maximal inspiration, taking in the gas mixture containing the 

tracer gas (neon). The volume of the maximal inspiration was recorded. 

The subject then inspired and expired the gas contained in the pulmonary 

mixing bag at a volume two-thirds of their maximal with a ventilatory rate 

of one every 3 seconds. The subject continued breathing in this manner for 

approximately 60 seconds and then was asked by the investigator to expire 

maximally through the mouthpiece. Immediately following the maximal 

expiration and prior to the subject's next breath, the investigator 

terminated the collection process by depressing the computer function key. 

The neon concentrations before and after the rebreathing maneuvers were 

determined by a gas chromatograph, and the difference in concentrations 
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was used to determine residual lung volume. A reliability of ± 0.05 L has 

been previously reported for this procedure (61). The average of 3 trials 

within 50 mL was used to gain a reliable measure of residual volume for 

each subject. 

Hydrostatic Weighing 

Underwater weight was assessed at residual lung volume to determine 

each subject's body density (Db). During this procedure the subject was 

seated on a polyvinylchloride (PVC) chair suspended from a load cell 

(scale) while completely submerged in a large tank of water. The water 

temperature in the tank was maintained near body temperature (35-37°C). 

Prior to entering the hydrostatic tank, each subject showered to remove 

surface dirt and oil. The subject wore a tight-fitting bathing suit during the 

measurement process in order to minimize the effect of air becoming 

trapped between the body and the material of the suit. Prior to the actual 

underwater body weight measurement, the subject stood in the corner of 

the tank, lowered his/her body downward in a squated position until only 

the head remained above water and the body was only in contact with the 

floor of the tank. Following this maneuver, the investigator tared the 

weight of the suspended PVC chair by adjusting the load cell to zero. 

The underwater weighing procedure required the subject to completely 

submerge him/herself underwater immediately following a maximal 

exhalation. The subject remained underwater for 2-3 seconds; the body only 

in contact with the PVC chair. During the 2-3 second submersion period, 

the hydrostatic scale weight of the subject was recorded by the investigator. 
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This was repeated several times, using the methods reported by Bonge & 

Donnelly (6) to gain a reliable hydrostatic weight for each subject. Body 

density (kg/L) for each subject was determined using the formula (Figure 8) 

shown below: 

wt in air (kg) 
Db wt in air wt in H2O (kg) 

residual volume (L)water density (kg/L) 

Figure 8. - Formula for whole body density 

A correction for water density was made based on water temperature at the 

time of data collection. 

Two Component Model 

The Siri formula (79) was used for the determination of percent body fat 

from measured body density values for each subject. This equation (Figure 

1) is based on a 2-component model. 

Four Component Model 

Values for TBW, TBBM, Db and body weight were used to determine 

the criterion percent body fat value. The 4-component model formula 

used, reported by Friedl et al. (26), appears below (Figure 9). 

%Fat = [(2.559/Db) - (0.734 x TBW/wt) + (0.983 x TBBM/wt) - 1.841] x 100 

Figure 9. - 4-component model 
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Height and Weight
 

Baseline variables of height and weight were recorded for each subject. 

Body height in centimeters was assessed through the use of a tape measure 

secured to a wall. Body weight in kilograms was determined by using a 

standard dry land scale. 

Skinfold Measurements 

Skinfold thickness was assessed at 7 anatomical sites on the subject's 

upper and lower extremity and trunk region. These sites were: chest, 

abdomen, thigh, subscapula, suprailiac, midaxilla and tricep. 

Measurements were gathered using Lange skinfold calipers. All 

measurements were completed on the right side of the subject's body. The 

technique involved the investigator grasping with the thumb and index 

finger the subject's skin and underlying subcutaneous fat. The pads at the 

tip of the thumb and finger were used to grasp the skinfold. A skinfold 

measurement was made with the calipers perpendicular to the fold at 

approximately 1 cm from the thumb and index finger. Following the 

proper positioning of the caliper on the skinfold site, the caliper grip was 

released. The caliper dial was read to the nearest 0.5 mm one to two 

seconds after the grip had been released. Three non-consecutive readings 

were made at each of the 7 sites. If the 3 readings varied by more than 1 

mm, a fourth measurement was made. The equations of Jackson, Pollock 

(35) and Jackson Pollock and Ward (38) were used to estimate body density. 
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The Siri equation (Figure 1) was used to convert body density to percent 

body fat 

Bioelectrical Impedance 

A Model 1990B Bio-Resistance Body Composition Analyzer (Valhalla 

Scientific, San Diego, CA) was utilized for determinations of bioelectrical 

resistance (impedance) measured in ohms. Care was taken to comply with 

the manufacturer's recommendations to avoid certain pre-test conditions 

which could invalidate test results. Subjects completed a written survey 

(see Appendix C) as a means of screening for the following conditions: 

a.	 Subject participation in heavy exercise within eight hours of the test 

(water loss, blood flow, and electrolyte concentration changes may 

occur). 

b. Water loss due to hot weather and exercise. 

c Dehydration due to inadequate fluid intake. 

d. Consuming an excessively large meal within 6 hours of the test. 

e. Consuming large amounts of fluid within 4 hours of the test 

(overhydration). 

f.	 More than one hour since voiding. 

g. Consuming heavy amounts of alcohol within 48 hours of the test 

(diuretic effect). 

h. Participating in a quick weight loss diet (fasting) within 72 hours of the 

test (water loss). 

i.	 Excessive water retention due to menses (3 days prior, 7 days 

following). 



57
 

j. Any drugs having a diuretic effect (water loss). 

k. Extremely hot and cold environments (body temperature and blood 

flow). 

1. Consuming caffeine (tea or coffee) 3 hours before the test (diuretic 

effect). 

Manufacturers of the Model 199013 Analyzer also suggest that certain 

clinical conditions may affect the accuracy of bio-impedance 

measurements using the Model 1990B. These clinical conditions included: 

a. Edema 

b. Electrolyte imbalance 

c. Extreme, dehydration 

d. Metabolic disorder 

e. Heart and kidney dysfunction 

f. Extremes in body temperature 

Subjects who failed to meet the pre-test conditions for BIA testing were 

excluded from the study. 

System Calibration 

Prior to data collection on each testing day the 1990B Analyzer was 

calibrated following the procedures described by the manufacturer. 

Subject Positioning 

Bioelectrical impedance testing first involved having the subject void 

their bladder prior to any BIA measurement. Next, the subject was placed 
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in a supine position on a dry, non-conductive surface. The arms and 

hands of the subject were positioned (palms down) directly to the subject's 

side so that direct contact with the rest of the body was avoided. The 

subject's legs were positioned so that direct contact with the opposite leg 

was also avoided during the impedance testing procedure. 

Electrode and Lead Arrangements 

Following the initial positioning of the subject, the right shoe, sock or 

hose was removed from the subject's right foot. Model 1990B bio

impedance electrodes were placed on the right wrist, right hand, right 

ankle and right foot of the subject. The electrode contact area was cleaned 

with a mild body soap and the area was rinsed with tap water and dried 

prior to the placement of the skin electrodes. This cleaning process 

ensured that excess body oils, grease, dust, dirt and dry skin were removed 

from the electrode contact area. Following the cleaning process, the 

electrodes were placed in the target areas as follows: 

Wrist 

Using the right hand an imaginary line was viewed on the dorsal surface 

bisecting the styloid processes of the ulna and radius. The center of the 

electrode was placed in the middle of the imaginary line. 

Hand 

An electrode was placed on a distal metacarpal at least four to five 

centimeters away from the electrode located on the wrist. 
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Ankle 

Using the right foot, an imaginary line was viewed on the dorsal surface 

bisecting the medial and lateral malleoli of the ankle. The center of the 

electrode was placed in the middle of the imaginary line. 

Foot 

The electrode was placed on a distal metatarsal at least four of five 

centimeters away from the electrode located on the ankle. 

After completing the electrode placement procedure, the 1990B 

electrode lead wires were then be attached to the four electrodes. The red 

lead wires were be attached to the wrist and ankle while the black lead 

wires were attached to the hand and foot. These lead wires were used to 

transmit the electrical impedance that occurs between the electrodes to the 

1990B Analyzer via an electrode cable. 

Measurement of Bioelectrical Impedance 

Prior to the measurement process the following data were entered into 

the analyzer: age in years, weight in kilograms, height in centimeters and 

gender (0=male 1=female). During the actual measurement process the 

subject was instructed to remain motionless and relaxed. The arms and 

legs of the subject remained slightly apart, not touching any other part of 

the body. The arms were bent slightly at the elbow, with the palms down. 

The "Run" key and "Yes" key located on the front panel of the 1990B 

Analyzer were depressed by the investigator which then initiated the 

introduction of a low electrical current through the body of the subject (800 

RA at a cycle of 50 kHz). The current passed through the body of the 
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participant in a matter of a few seconds was not perceived by the subject. 

The measured resistance (in ohms) was indicated on the display of the 

analyzer. A display for percent body fat was also provided by the analyzer 

and recorded by the investigator. The coefficient of variation established 

in our laboratory for percent body fat from BIA was 0.7%. 

Statistics 

One way analysis of variance was used to determine whether significant 

mean differences for percent body fat values occurred between the various 

methods for determination of body composition. Fischer's PLSD post-hoc 

analysis was utilized to determine the significance of first order effects 

between the 4-component criterion model and all other methods used for 

determining body composition. Correlations for percent body fat between 

the 4-component model and the various other estimation methods were 

analyzed using the Pearson Product Moment formula. An alpha level of 

.05 was the criteria used for statistical significance. 
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RESULTS AND DISCUSSION 

The results of this study and discussion of the findings are presented 

below. Results were analyzed using the data for all 101 volunteers as well 

as a separate analysis according to gender. The accuracy of the various 

estimates of body composition [hydrostatic weighing (2-component model), 

DEXA, skinfolds and BIA] were determined by comparing mean values of 

percent body fat obtained by each method to estimates derived using the 

hydrostatic weighing (4-component) criterion model. 

Subject Characteristics 

Descriptive data for the fifty-one women and fifty men who successfully 

completed this study are presented in Tables 1 and 2, respectively. 

TABLE 1.
 

Subject Characteristics for Women
 
(n = 51)
 

VARIABLE MEAN S. D. RANGE 
Age (yrs) 53.5 16.5 19 - 82 

Height (cm) 166.2 6.1 151.8 - 181.6 
Weight (kg) 67.5 10.9 46.2 - 98.7 
WhBMC (g) 2359.7 308.6 1627.8 - 3183.7 

Db (g/cc) 1.03 0.02 0.99 - 1.07 
TBW (L) 33.5 4.0 24.9 - 45.7
 

TBW/FFM (%) 72.1 2.3 67.8 - 76.8
 
TMC/FFM (%) 6.2 0.65 5.2 - 8.0
 

WhBMD (g/cm2) 1.16 0.09 0.99 - 1.40 
WhBMC = whole body bone mineral content, Db = whole body density, TBW = total body 
water, TBW/FFM = total body water as a percent of the fat-free mass, TMC/FFM = total 
mineral content as a percent of the fat-free mass, WhBMD = whole body bone mineral 
density 
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TABLE 2.
 

Subject Characteristics for Men
 
(n = 50)
 

VARIABLE MEAN S. D. RANGE 
Age (yrs) 53.7 15.3 22 - 78 

Height (cm) 177.3 6.8 162.6 - 193.4 

Weight (kg) 83.8 12.0 60.3 - 113.5 

WhBMC (g) 2945.6 369.5 2257.4 - 3723.8 

Db (Or) 1.05 0.02 1.02 - 1.09 

TBW (L) 44.2 5.3 32.2 - 59.5 

TBW/FFM (%) 69.1 2.8 59.8 - 74.0 

TMC/FFM (%) 5.6 0.41 4.9 - 6.6 
WhBMD (g/cm2) 1.15 0.10 0.94 - 1.37 
WhBMC = whole body bone mineral content, Db = whole body density, TBW = total body 
water, TBW/FFM = total body water as a percent of the fat-free mass, TMC/FFM = total 
mineral content as a percent of the fat-free mass, WhBMD = whole body bone mineral 
density 

As expected, mean values for height, weight, whole body bone mineral 

content (WhBMC), whole body density (Db), and total body water (TBW) 

were observed to be significantly (p < 0.05) higher for men than for 

women. The mean ages for both groups (53.5 yrs, women vs. 53.7 yrs, men) 

did not differ nor did values for whole body bone mineral density 

(WhBMD). Average values for total body water as a percent of the fat-free 

mass (TBW/FFM), and total mineral content (osseous and non-osseous) as 

a percent of the fat-free mass (TMC/FFM), were found to be significantly 

higher for women than for men. The 4-component model FFM was used 

to determine the ratios for water and body mineral, respectively. In 

deriving total mineral content, it was assumed that osseous mineral 

represents 82.4% of the total mineral content (8). Osseous mineral 

(WhBMC) in grams of hydroxyapatite was assessed by DEXA for each 
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individual in this study. Total mineral content was then estimated using 

the mathematical formula shown in Figure 10 below. 

TMC (g) = WhBMC (g) 
0.824 

Figure 10. - Formula for total mineral content. 

Displayed in Table 3 are descriptive data for TBW /FFM and TMC/FFM 

stratified according to both age and gender. Among men, the relative 

contribution of TBW to the FFM was greater among men aged 22-31 years 

than that observed for men 45-78 years. Conversely, among women, TBW 

accounted for a larger percent of the FFM for those aged 60-82 years than 

that observed for women 19-58 years. Regardless of age, TBW represented a 

higher percent of the FFM among women than that observed for men. 

Gender and age specific results for TMC/FFM (Table 3) revealed that 

women aged 60-82 years had, on average, higher relative TMC values than 

that observed among all other subjects. 

Table 3.
 

Age and Gender Results for Total Body Water and Total Mineral Content
 

as a Percent of the Fat-Free Mass (Mean ± SD)
 

Sample Size Age Range Gender TB W/FFM TMC/FFM 
(n) (yrs) 
10 22-31 men 70.1 ± 3.1 5.6 ± 0.42 
15 45-58 men 68.4 ± 3.6 5.7 ± 0.36 
25 59-78 men 69.1 ± 2.0 5.5 ± 0.44 
11 19-37 women 70.4 ± 2.4 6.1 ± 0.54 
15 40-58 women 71.7 ± 2.2 6.1 ± 0.55 
25 60-82 women 73.2 ± 1.8 6.3 ± 0.74 

TBW/FFM = total body water as a fraction of the fat-free mass, 
TMC/FFM = total mineral content as a fraction of the fat-free mass 
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Percent Body Fat Results 

Percent body fat results (means ± SD) determined by the various 

measurement methods for all subjects are presented in Table 4 and Figure 

11 below. 

TABLE 4.
 

Percent Body Fat Results All Subjects
 

(N = 101)
 

VARIABLE MEAN (%) SD 

4 Component 26.7 8.4 
2 Component 25.2 9.4 

DEXA 23.2* 7.9 

Skinfolds 24.0* 8.5 

Bioelectrical Impedance 23.4* 7.5 
* significantly different from 4-component model, p < 0.05. 

40 

35 - * 

4-comp mean30 
2-comp mean

25  E DEXA mean 
20 Ea SF mean 
15- BIA mean 

10

5
0 

Body Fat Prediction Methods 

Figure 11. - Percent body fat data (mean ± SD) for the various estimation 
methods of body composition for all subjects. * significantly different from 
4-component model, p < 0.05. 
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One way analysis of variance revealed overall significant differences (p = 

0.02) among the five methods used to determine percent body fat using the 

data for all 101 subjects. Fischer's PLSD post-hoc analysis found significant 

mean differences in estimates of percent body fat between the 4-component 

criterion model and DEXA, skinfolds, and bioelectrical impedance (Table 4). 

The latter three prediction methods all underestimated percent body fat 

compared to the mean value derived from the criterion model (Figure 11). 

Significant mean differences between the 4-component model and the 

Siri 2-component model were not found. Simple linear regression analysis 

(Figure 12) revealed a strong positive relationship (r = 0.96, p = 0.0001) 

between the Siri 2-component model and the 4-component criterion model 

for percent body fat using the data from all subjects. 

50 

40 

30 

20 

10

0 
0 10 20 30 40 50 

Percent Body Fat (2-Component) 

Figure 12. - Relationship between the Sin 2-component method and the 4
component criterion method for the determination of percent body fat. 
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Similar results (r = 0.90, p = 0.0001) were observed between DEXA and the 4

component model, as seen in Figure 13. The prediction error associated 

with the Sin 2-component model (SEE ± 2.5%) and DEXA methods 

(SEE ± 3.7%) are less than the 4.0% prediction error that Siri (80) 

hypothesized to be associated with the 2-component hydrostatic weighing 

method in a general population of people. 
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Percent Body Fat (DEXA) 

Figure 13. - Relationship between dual-energy x-ray absorptiometry (DEXA) 
and the 4-component criterion method for the determination of percent 
body fat. 

A strong positive relationship (r = 0.89, p = 0.0001) between the skinfold 

prediction method and the 4-component model (Figure 14) was also found 

to exist for measures of percent body fat. The prediction error associated 
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with skinfolds (SEE ± 3.9%) again is comparable to the reported (80) 

estimation error associated with hydrostatic weighing. 

Figure 15 displays the relationship between bioelectrical impedance 

measures of %BF and the 4-component model. Among all the various 

measurement methods used in this study, bioelectrical impedance 

demonstrated the largest amount of error in predicting 4-component 

percent body fat (SEE ± 4.3%) and displayed the lowest positive linear 

relationship (r = 0.86, p = 0.0001) with the criterion model. 
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Figure 14. - Relationship between the skinf old method and the 4
component criterion method for the determination of percent body fat. 
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Figure 15. - Relationship between the bioelectrical impedance (BIA) 
method and the 4-component criterion method for the determination of 
percent body fat. 

Results by Gender 

The data collected in this study were additionally separated according to 

gender and analyzed to determine if gender-related differences in percent 

body fat existed among the various measurement methods used in the 

study. Percent body fat results (mean ± SD) for the various estimation 

methods are displayed in Tables 5 and 6 for women and men, respectively. 
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TABLE 5. 

Percent Body Fat Results for Women 
(n = 51) 

VARIABLE MEAN (%) SD 

4 - Component 30.4 8.0 

2 - Component 29.9 9.1 

DEXA 28.1 7.3 

Skinfolds 285 8.1 

BIA 27.7 6.8 

TABLE 6. 

Percent Body Fat Results for Men 
= 50) 

VARIABLE MEAN (%) SD 

4 - CoMponent 23.0 7.0 

2 - Component 20.4* 7.1 

DEXA 18.3* 4.9 

Skinfolds 19.4* 6.1 

BIA 19.1* 5.3 
* significantly different from 4-component model, p < 0.05. 

One way analysis of variance revealed a significant overall difference in 

mean percent body fat among the various prediction methods for men 

(p = 0.002), while no significant differences were observed for women 

(p = 0.36). Further review of the data for men using Fisher's PLSD post-

hoc analysis found significant (p < 0.05) mean differences between the 4

component model and all other %BF prediction methods used in the study 

(Table 6). Dual energy x-ray absorptiometry displayed the largest average 
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underestimation of %BF compared to the criterion model (4.7%), followed 

by BIA (3.9%), skinfolds (3.6%), and the Ski 2-component model (2.6%). 

Simple linear regression analysis revealed that the 2-component model 

was slightly more accurate in estimating percent body fat among women 

(r = 0.97, SEE = 2.1%) (Figure 16) than that observed for men (r = 0.92, 

SEE = 2.9%) (Figure 17), although a strong relationship existed between the 

two estimation methods regardless of gender. 

0 10 20 30 40 50 

Percent Body Fat (2-Component) 

Figure 16. - Relationship between the Ski 2-component method and the 4
component criterion method for the determination of percent body fat in 
women. 
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Percent Body Fat (2-Component) 

Figure 17. - Relationship between the Ski 2-component method and the 4
component criterion method for the determination of percent body fat in 
men. 

Positive linear relationships found between DEXA and the 4-component 

model were similar between women (r = 0.90, SEE = 3.5%) (Figure 18) and 

men (r = 0.90, SEE = 3.3%) (Figure 19) respectively. Moreover, percent body 

fat estimation errors for skinfold anthropometry, shown in Figures 20 and 

21, were identical (SEE = 3.9%) between genders. Finally, BIA provided a 

slightly better prediction of body fat in women (r = 0.87, SEE = 4.0%) (Figure 

22) than that observed for men (r = 0.77, SEE = 4.7) (Figure 23). 
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Figure 18. - Relationship between dual-energy x-ray absorptiometry (DEXA) 
and the 4-component criterion method for the determination of percent 
body fat in women. 
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Figure 19. - Relationship between dual-energy x-ray absorptiometry (DEXA) 
and the 4-component criterion method for the determination of percent 
body fat in men. 
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Figure 20. - Relationship between the skinfold method and the 4
component criterion method for the determination of percent body fat in 
women. 
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Figure 21. - Relationship between the skinfold method and the 4
component criterion method for the determination of percent body fat in 
men. 
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Figure 22. - Relationship between the bioelectrical impedance (BIA) 
method and the 4-component criterion method for the determination of 
percent body fat in women. 
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Figure 23. - Relationship between the bioelectrical impedance (BIA) 
method and the 4-component criterion method for the determination of 
percent body fat in men. 
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Discussion of Results 

The original hypothesis was that the methods of body composition 

assessment [DEXA, hydrostatic weighing (Siri 2-component model), 

skinfold measures, and bioelectrical impedance] would differ from the 4

component model in the determination of the mean percent fat for the 

subjects in the study. It was also hypothesized that DEXA and hydrostatic 

weighing (Ski 2-component model) would differ from the 4-component 

criterion model in the determination of the mean percent body fat value to 

a greater extent for women than for men. This hypothesis was based upon 

reports in the literature of significant deviations from the assumed 

constant values of bone mineral content (66) and hydration status (10) in 

women. 

4-Component vs. 2-Component Model 

Results of this study failed to reveal statistically significant mean 

differences between hydrostatic weighing (2-component model) and the 

4-component criterion model for all 101 subjects. As explained previously, 

the difference between the 4-component model and 2-component model is 

the adjustment for body water and bone mineral from concentrations 

assumed using the Ski 2-component formula. The Ski formula is based 

upon the FFM assumptions of the "reference person" (8). Martin and 

Drinkwater (54) reported that a 1 liter shift in TBW will result in a 0.7% 

difference in percent body fat. Brozek et al. (8) reported a value of 73.8% as 

an assumed constant value for TBW as a percent of the FFM (TBW/FFM) 
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among all people. The present study, using data on all 101 subjects, 

revealed a mean value of 70.6% for TBW/FFM, which is 3.2% less than the 

assumed value based on the results of the "reference person" (8). This 

finding is consistent with the results of Werdein and Kyle (93), who 

reported a range for TBW of 63.8 to 74.8% of the FFM among their subjects. 

Additionally, total mineral content was reported as 6.8% of the FFM for the 

"reference person" and is also assumed to be constant among all people (8). 

Results of the present study for 101 subjects found a mean value of 5.9%. 

This finding for TMC/FFM is within the 95% confidence interval (5.9 to 

7.7%) reported by Lohman (44). Using the data on all subjects in this study, 

it appears that the average deviations found in TBW and TMC from that 

assumed by the Siri formula (Figure 1) had no overall effect on the 

estimation of percent body fat by the Ski 2-component model. Water at 

body temperature (97°C) has a lower density (0.99371 g/cc) than the 

assumed density of the FFM (1.10 g/cc). Lower TBW levels than that 

assumed for the "reference person" will have an effect of increasing the 

overall density of the FFM. Conversely, TMC has a higher density 

(2.982 g/cc) than the overall assumed density of the FFM. Thus, lower 

concentrations of TMC from that assumed for the "reference person" have 

an effect of decreasing the overall density of the FFM. It appears that in 

combination, the deviations in TBW/FFM and TMC/FFM offset each other 

and had no overall effect on the assumed FFM density (1.10 g/cc) of the Siri 

formula. 

Examination of the results comparing the 4- versus the 2-component 

model for the estimation of percent body fat according to gender revealed 

significant differences between the two methods for men only. The Siri 
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2-component was found to underestimate the criterion measure by an 

average of 2.6%. This result is reflective of results found in the relative 

contributions of TBW and TMC to the FFM observed among the men. The 

observed mean value for TBW/FFM (69.1%) was significantly less than the 

73.8% value assumed by the Sin 2-component model. Similarly, 

TMC/FFM was found to be significantly less (5.6%) than the 6.8% value 

assumed by the Ski 2-component model. These differences resulted in the 

overall differences seen for percent body fat. As shown in Table 3, the 

assumptions of the "reference person" for TBW and TMC as a percent of 

the FFM were not, on average, achieved by the men regardless of age. 

The differences between actual and assumed values for TBW and TMC 

as a percent of the FFM for the men are in the same direction as those 

observed for all subjects involved in the study. However the magnitude of 

the differences between actual and assumed values for TBW/FFM (4.7%) 

and TMC/FFM (1.2%) were larger than the differences (TBW/FFM = 3.2% 

and TMC/FFM = 0.9%) observed for all subjects. It appears that the reduced 

TBW fraction more than offset the lower than assumed TMC/FFM value. 

Subsequently, a higher FFM density than that assumed by the Sin formula 

resulted in an underestimation of percent fat by the 2-component model. 

Previous studies examining the relative contributions of TBW and 

TMC to the FFM in men have also found considerable variations in these 

FFM subfractions compared to that assumed by the 2-component model 

(34, 62). Osserman et al. (62) measured TBW in 81 male subjects aged 18-46 

years and found that TBW ranged from 66 - 79% of the FFM. The large 

variability in TBW/FFM reported by Osserman and colleagues is similar to 
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results for men in in the current study whose relative TBW ranged from 

59.8-74.0% of the FFM. 

Likewise, Heymsfield et al. (34) estimated TMC using a 4-component 

model in a group of 5 men aged 42-94 years and found that on average 

TMC comprised only 6.1% of the FFM. While this observed value for TMC 

was higher than that observed in the current study for men, it was 

significantly less than the 6.8% assumed by the 2-component model. 

The average age of the male participants in the current study (mean = 

53.7 years) is significantly older than the average age (- 35 years) of the 

cadavers used in the early dissection studies used to derive the FFM 

assumptions of the 2-component model. Watson et al. (92) reported a 

gradual dedine in TBW after the early years of adulthood. Similarly, 

epidemiological evidence (55) indicates that declines in BMC begin during 

the third decade of life for both men and women. Therefore, it is not 

surprising that the relative contributions of TBW and TMC to the FFM in 

this study for men were different from that assumed by the Sin 2

component model. Examination of current findings for TBW/FFM 

showed men aged 22 - 31 years more closely appoximated the assumptions 

of the "reference person" (70.1 ± 3.1%) than that observed for men aged 45 

58 years (68.4 ± 3.6%) and men aged 59 - 78 years (69.1 ± 2.0%). However, 

the fact that the younger men did not more fully approach the assumed 

values for TBW/FFM and TMC/FFM indicates that regardless of age, the 

FFM assumptions developed by Brozek et al. (8) are not always universally 

achieved. 

The body fat results observed for all men in this study are similar to 

previous research findings which have compared 2- versus 4-component 
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models in the estimation of body composition. Williams et al. (96) used a 

4-component criterion model to assess the body fat prediction accuracy of 

the Siri formula in a group of 91 men aged 59.9 ± 10.5 years. Results of this 

study found that the 2-component model on average overestimated (2.7%) 

the percent body fat of these men. While the direction of the estimation 

error is opposite of the present findings, the magnitude of the error is quite 

similar. Values for TBW and TMC as a percent of the FFM were not 

reported by Williams et al., therefore, it is not possible to determine if the 

overestimation in body fat by the 2-component model occurred as a result 

of deviations in the relative contributions of TBW and TMC to the FFM. 

Additionally, Se linger (77) found among 68 college-aged males an error 

range between -20 to +3.0% for estimates of percent body fat derived from 

densitometry and the Brozek 2-component model (8) as compared to a 4

component criterion model. However, unlike the current study, Se linger 

reported values for various components of the FFM that were similar to 

the assumed constants of the "reference person" (8). The chemical 

composition of the FFM (mean ± SD) for these subjects was 72.4 ± 1.3% 

water, and 4.5 ± 0.48% bone mineral, while the density of the FFM was 

1.09865 ± 0.00358 g/cc. It was concluded that "individual variation of the 

density of the FFM contributed to the error in body fat estimation observed 

for densitometry." 

In contrast to the previously mentioned studies for men, Penn et al. (64) 

found no differences in estimated levels of body fat between the Siri 2

component model and a 4-component model in 10 white male recreational 

runners and 10 matched controls aged 18-40 years. These findings reflect 

the fact that measured values (mean ± SD) for TBW (runners = 73.5 ± 0.8%, 
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controls 72.7 ± 1.6%) and TMC (runners = 6.5 ± 0.6%, controls 6.5 ± 0.5%) as 

a percent of the FFM were similar to the assumptions of the 2-component 

model for TBW (72.3%) and TMC (6.8%). These findings by Penn et al. are 

not surprising, since the age of the participants in the study were similar to 

that of the cadavers used in the early dissection studies used to derive the 

FFM assumptions of the 2-component model. 

Results by Osserman et al. (62) and Heymsfield et al. (34) are consistent 

with the current findings which indicate that the assumptions of the 2

component model for TBW and TMC as a percent of the FFM are not 

consistently met in all men. Studies comparing 2- versus 4-component 

model estimates of percent fat have generally observed the same 

magnitude of error associated with the 2-component model as seen in the 

present study. Finally, results by Penn et al. (64) provide evidence to 

suggest that the 2-component model is a valid measure of body 

composition when the assumptions of the model are achieved. 

Among all women in the study, the mean relative contributions of 

TBW (72.1%) and TMC (6.2%) to the FFM observed closely approximated 

the assumptions of the Siri 2-component model. Additionally, current 

findings (Table 3) showed that women aged 60 - 82 years more closely 

appoached the assumptions of the "reference person" for TBW/FFM and 

TMC/FFM than that observed for the younger women aged 19-58 years. 

Furthermore, no statistically significant mean differences in percent body 

fat were observed between the 2- and 4-component models. These results 

are contrary to the initial hypothesis of the study, which expected larger 

differences in percent body fat between the 2- and 4-component models 

among the women than the men. This hypothesis was based upon reports 
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in the literature of significant deviations from the assumed constant 

values of bone mineral content (66) and hydration status (10) in women. 

Results of the present study for women are in contrast to the findings of 

Williams et al. (96), who found among 116 women aged 35-84 years that 

the Siri 2-component model, on average, overestimated (4.3%) 

4-component model estimates of percent body fat. For women aged 35-39 

years, no significant mean differences in percent body fat were found 

between the two models. However, for women 70-84 years of age, the Siri 

2-component model overestimated percent body fat by an average of 6.0%. 

While values for TBW and BMC as a fraction of the FFM were not 

reported, it is assumed that the inaccuracy of the 2-component model in 

predicting body composition was due to deviations in these FFM 

components from that assumed by the 2-component model. Results of 

Williams et al. (96) are consistent with the results of previous research 

which suggest that BMC and TBW decline with age (59, 88, 92), and thus 

older persons are more likely to deviate from the assumptions of the 2

component model. 

In the current study, it is speculated that selection bias might explain 

why the women, unlike the men, closely met the assumptions of the 2

component model for the density of the FFM. The majority of older 

women who volunteered to participate in the study did so primarily as a 

means of determining their bone mineral content status. These female 

participants were apparently healthy, and were more health conscious, and 

physically active than the average woman in society. Thus, these women 

were not representative of the population of women expected to deviate 
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from the FFM assumptions of the "reference person". As a consequence, 

the generalizability of these results for women may not be as 

straightforward as they would have been had an adequate cross-section of 

women been recruited to participate in the study. 

4-Component Model vs. DEXA 

Differences in percent body fat were found between the 4-component 

model and dual energy x-ray absorptiometry for all subjects in the study. 

As mentioned previously, few studies have attempted to determine the 

accuracy of the Ho logic QDR-1000/W in estimating percent body fat. Of the 

studies performed, none have compared DEXA against an adequate 

criterion measure. Results of this study for all subjects revealed a 

significant mean underestimation in percent body fat of 3.5% for DEXA as 

compared to the 4-component model. Comparisons between the 

4-component model and DEXA according to gender found a significant 

mean underestimation of %BF by DEXA as compared to the criterion 

model for men (Table 5), while no significant differences between methods 

were observed for women (Table 4). These results are in contrast to the 

findings of Kohrt et al. (41), who found no significant differences between 

the hydrostatic weighing 2-component model and Hologic DEXA 

measurements for men; however, among the women DEXA 

underestimated the 2-component model by 7.0%. Snead and co-workers 

(83) compared DEXA (Ho logic Inc.) vs. a 3-component model (hydrostatic 

weighing corrected for BMC) and found an underestimation in percent 

body fat of 4.8% among men over 60 years; a result which is similar to the 
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mean underestimation by DEXA (4.7%) of the 4-component model 

estimate for men in the current study. Snead et al. additionally found 

among women a mean percent fat underestimation of 4.2% by DEXA 

compared to the 3-component model; results which were not observed 

between DEXA and the 4-component model for women in the current 

study. 

The differences found between the present study and previous studies 

may be related to the criterion measure which was used to compare DEXA 

against, in addition to differences in Ho logic Inc. soft tissue software 

packages. Currently, Ho logic Inc. manufactures two separate software 

packages (standard and enhanced) used to estimate body composition (FM, 

FFM and %BF). In this study, the 4-component model was chosen as the 

criterion model since, theoretically, it provides the best estimation of body 

composition. The present study is the only investigation to date which has 

used a proper criterion model to evaluate the ability of the Ho logic QDR

1000/W to estimate soft tissue body composition. 

While this study and the research by Snead et al. (83) both used the 

Ho logic QDR-1000/W to acquire DEXA soft tissue results, different DEXA 

soft tissue software versions were used to estimate percent body fat. The 

current study used the Ho logic standard soft tissue software, while results 

by Snead and co-workers were derived using Ho logic enhanced software. 

Future research, comparing both software versions to a 4-component 

model in a single group of subjects is needed to establish whether 

differences between software estimates of body composition exist, in 

addition to determining the accuracy of each software version. 
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4-Component Model vs. Additional Indirect Methods 

Finally, it was of interest to make comparisons of percent body fat 

determinations between the 4-component criterion model, skinfold 

measures, and bioelectrical impedance. As stated previously, the latter two 

procedures are additional indirect methods of determining body 

composition. They are commonly used in fitness and clinical settings due 

to the low cost and simplicity of their procedures. 

Results of this study for skinfold anthropometry using data on all 

subjects indicated a significant mean underestimation of percent body fat by 

skinfolds (2.7%) as compared to the 4-component model (Table 3). Results 

according to gender failed to reveal significant differences between skinfold 

and 4-component model estimates of percent body fat for women, although 

a mean underestimation of 3.6% by skinfolds was observed for men. The 

skinfold formulas used in this study (35, 38) had been previously validated 

using hydrostatic weighing (2-component model) as the criterion 

measurement. In this study the sum of seven skinfold measurements for 

each individual was inserted into the appropriate gender-specific skinfold 

formula to estimate whole body density. Values for whole body density 

were then inserted into the Sin 2-component formula (Figure 1) to provide 

an estimate of percent body fat. According to Lohman (44), as much as one-

half of the error associated with skinfold estimates of percent body fat may 

be due to the error associated with using the 2-component model to 

estimate body fat. This is particularly true when the density of the FFM 

component deviates from that assumed by the 2-component model. As 

seen in Table 5, among the men in the study, skinfolds accurately estimated 

the Siri 2-component model measure of percent body fat but failed to 
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accurately estimate the 4-component model. This underestimation error 

was similar to that observed for hydrostatic weighing (2-component 

model), which resulted as a consequence of mean deviations in TBW and 

TMC relative to the FFM among these subjects. Based on the fact that 

skinfold and hydrostatic weighing (2-component model) methods were 

within 1% of each other in body fat prediction accuracy, it is suspected that 

the majority of the skinfold estimation error observed among the men was 

due to the failure of the male subjects, on average, to meet the FFM 

assumptions of the 2-component model and not due to technical error 

associated with the measurement of skinfolds or the performance of the 

skinfold regression formula used to predict body density. 

Sldnfold results seen among the women in this study supports this 

hypothesis. For the females, skinfold estimates and the Siri 2-component 

model were both accurate estimates of percent body fat compared to the 

4-component criterion model. These results are related primarily to the 

fact that these women on average met the assumptions of the 2-component 

model for the density of the FFM. Findings of this study therefore indicate 

that skinfold anthropometry can provide accurate estimations of percent 

body fat when proper skinfold measurement techniques are used and 

when the assumptions of the 2-component model are met. 

Bioelectrical impedance also significantly underestimated percent body 

fat for all subjects as compared to the 4-component model (Table 4). The 

results for BIA according to gender indicated slightly greater 

underestimations for men (Table 6) as compared to women (Table 5). 

Bioelectrical impedance estimates of body composition are derived from 
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BIA formulas that were developed from studies which used hydrostatic 

weighing (2-component model) as the criterion measurement. The 

relationship between hydrostatic weighing (2-component model) and BIA 

for all subjects (r = 0.88, SEE = 4.5%) was similar to the relationship 

observed between the 4-component model and BIA displayed in Figure 15 

(r = 0.86, SEE = 4.3%). Segal and colleagues (75) showed a higher positive 

correlation between hydrostatic weighing and BIA for percent body fat (r = 

0.93) but also reported a 6.1% standard error of the estimate, which was 

larger than that observed in the current study. 

Gender-specific relationships between hydrostatic weighing 

(2-component model) and BIA were almost identical to relationships 

observed between the 4-component model and BIA for women (Figure 22) 

and men (Figure 23), respectively. The accuracy of BIA in estimating 

hydrostatically determined percent fat in women (r = 0.87, SEE = 4.6%) and 

men (r = 0.78, SEE = 4.5%) in the present study was less than gender-specific 

findings observed by Lukaski et al. (50). Lukaski and colleagues found 

slightly higher positive correlations and lower standard errors for both 

men (r = 0.91, SEE ± 2.9%) and women (r = 0.88, SEE ± 3.1%), respectively. 

In this study, average differences in percent body fat between BIA and 

the Siri 2-component model were smaller than differences observed 

between BIA and the 4-component model (Tables 5 and 6). This was 

particularly true among the men, who on average deviated from the 

assumed "reference person" values in BMC and TBW. Therefore, these 

findings indicate that BIA is a good predictor of body fat derived by 

hydrostatic weighing (2-component model), but, more importantly, these 
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results reinforce the need to re-establish the accuracy of BIA through the 

use of multicomponent criterion models. 
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SUMMARY AND CONCLUSIONS 

Summary 

Accurate determinations of body composition, fat mass (FM) and fat-

free mass (FFM) are of interest to scientists as well as many individuals 

who serve as health and fitness practitioners. Currently, researchers and 

practitioners use a variety of indirect methods to determine body 

composition. Traditional methods of estimating percent body fat include 

hydrostatic weighing, skinfold anthropometry and bioelectrical impedance. 

Dual energy x-ray absorptiometry (DEXA), utilized most commonly to 

determine bone mineral content, has recently been proposed to be an 

accurate measure in the assessment of body composition. Ho logic Inc., 

manufacturers of the QDR-1000/W bone densitometer, have developed 

tissue composition software which can be used to estimate percent body fat 

in humans. Although the Ho logic QDR-1000/W has been extensively 

evaluated for its accuracy in measuring tissue composition in "vitro", "in 

vivo" measurements of body composition have been few. Therefore, the 

purpose of this study was to evaluate the accuracy of the Ho logic QDR

1000/W in determining human body composition by comparing values for 

percent fat from DEXA to values derived using a multicomponent 

criterion measure of body composition in a group of 51 women and 50 men 

aged 19-82 years. Additionally, it was of interest to make comparisons of 

percent body fat determinations between the multicomponent criterion 

model and hydrostatic weighing, skinfold measures and bioelectrical 

impedance. 
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It was hypothesized that the methods of body composition assessment 

[DEXA, hydrostatic weighing (Ski 2-component model), skinfold measures, 

and bioelectrical impedance] would differ from the 4-component model in 

the determination of the mean percent fat for the subjects in the study. It 

was also hypothesized that DEXA and hydrostatic weighing (Ski 2

component model) would differ from the 4-component criterion model in 

the determination of the mean percent body fat value to a greater extent for 

the women as compared to the men in the study. All subjects completed 

the various body composition procedures used to estimate percent body fat 

DEXA, hydrostatic weighing (2-component model), skinfold 

anthropometry and bioelectrical impedance. The multicomponent 

(4-component) criterion model procedures included hydrostatic weighing 

(body density), DEXA whole body scanning (bone mineral content), and 

deuterium oxide (D20) dilution in respiratory water (total body water). 

Results of this study failed to reveal statistically significant mean 

differences between hydrostatic weighing (2-component model) and the 4

component criterion model for all 101 subjects. However, differences in 

percent body fat were found between the 4-component model and dual 

energy x-ray absorptiometry, skinfold anthropometry and bioelectrical 

impedance. The lack of significant differences in percent body fat between 

the 4- and 2-component models was unexpected based upon prior research 

that has criticized the assumption of the 2-component model that the 

density of the FFM (1.1 g/cc) is constant among all people (2, 15, 54). 

Conversely, the differences between the 4-component model and DEXA, 

skinfold method and BIA was hypothesized. 
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The most surprising findings of this study were the results according to 

gender. For women, hydrostatic weighing (2-component model), DEXA, 

skinfold anthropometry, and bioelectrical impedance all provided accurate 

estimates of percent body fat. However, each of the various indirect 

methods used to predict body composition underestimated percent body fat 

in men. 

Among the women in the study, the mean relative contributions of 

TBW (72.1%) and TMC (6.2%) to the FFM observed dosely approximated 

the assumptions of the Siri 2-component model. As a result, no 

statistically significant mean differences in percent body fat were observed 

between the 2- and 4-component models. These results are contrary to the 

initial hypothesis of the study, which expected larger differences in percent 

body fat between the 2- and 4-component models among the women than 

the men. This hypothesis was based upon reports in the literature of 

significant deviations from the assumed constant values of bone mineral 

content (66) and hydration status (10) in women. It is speculated that 

selection bias might explain why the women in the current study dosely 

met the assumptions of the 2-component model for the density of the FFM. 

All female participants were apparently healthy, and were more health 

conscious, and physically active than the average woman in society. Thus, 

these women were not representative of the population of women 

expected to deviate from the FFM assumptions of the "reference person". 

Finally, the lack of significant differences between the criterion model 

and DEXA, skinfold methods, and BIA in women were contrary to the 

hypothesis stated in the introduction of this manuscript. The hypothesis 
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was based upon previous studies which have shown DEXA (41, 83), 

skinfold anthropometry (96) and BIA (69) to be inaccurate in women. 

Among the men, the Siri 2-component model was found to 

underestimate the criterion measure by an average of 2.6%. This result is 

reflective of results found in the relative contributions of TBW and TMC 

to the FFM found among the men. The observed mean value for 

TBW/FFM (69.1%) was significantly less than the 73.8% value assumed by 

the Siri 2-component model. Similarly, TMC/FFM was found to be 

significantly less (5.6%) than the 6.8% value assumed by the Siri 2

component model. These differences resulted in the overall differences 

seen for percent body fat. Previous studies examining the relative 

contributions of TBW and TMC to the FFM in men, have also found 

considerable variations in these FFM subfractions compared to that 

assumed by the 2-component model (34, 62). Therefore, mean differences 

in percent body fat estimation between the 4- and 2-component models 

were expected. Likewise, comparisons between the 4-component model 

and DEXA, skinfold methods, and bioelectrical impedance in men revealed 

a significant mean underestimation of %BF by all three indirect methods 

as compared to the criterion model. Again these findings were 

hypothesized prior to the initiation of the study. 

Conclusions 

Body composition results observed between the 4- and 2-component 

models in men demonstrate the potential error associated with hydrostatic 

weighing (2-component model) and emphasize the importance of using 
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multicomponent models when validating new methods of predicting body 

composition. This study was the first to properly determine the accuracy of 

the Ho logic QDR-1000/W in estimating human body fat "in vivo" by 

comparing DEXA results to a 4-component model which accounted for 

individual variations in hydration status and bone mineral concentrations. 

Results indicate that DEXA provides more accurate estimates of percent 

body fat in women than that observed in men. 

Among the men, skinfold anthropometry and bioelectrical impedance 

underestimated criterion measures of body composition. Moreover, both 

field measurements more closely predicted densitometrically determined 

percent fat (2-component model) than that observed between each 

estimation technique and the 4-component criterion model. These 

findings reflect the fact that both BIA and skinfold anthropometry 

prediction methods were developed using hydrostatic weighing (2

component model) as the criterion measurement and emphasize the need 

to re-establish the accuracy of skinfold anthropometry and BIA through the 

use of multicomponent criterion models. 

Future Research 

Proper screening and evaluation of obesity-related health risks rely on 

accurate determinations of body composition. The 2-component model 

was once accepted as the "gold standard" for indirect determinations of 

body composition but is no longer universally accepted as valid among all 

persons (2, 15, 54). Improved "in vivo" methods used to assess TBW and 
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BMC have led to the establishment of multicomponent models which may 

serve to more accurately determine body composition. 

Future research should be directed toward improving upon the 

limitations and knowledge gathered from this study. The major 

limitations of this study was the small number of subjects in any specific 

age category as well as the lack of a proper cross-sectional sample of 

women. The small number of subjects in any specific age category 

precluded the analysis of data according to age-specific categories. Future 

multicomponent research should be directed toward increasing the 

number of subjects in each age category; specifically an increase in the 

number of women who are more likely to deviate in TBW and BMC from 

that assumed by the 2-component model. Those populations should 

include blacks, elderly, as well as individuals with renal and bone mineral 

disorders. 

Finally, more research should be directed toward evaluating the 

accuracy of pre-existing methods used to estimate body composition by 

comparing these methods to a 4-component criterion model. 

The emphasis should include using the 4-component model to develop 

more accurate anthropometric equations as well as studies cross-validating 

these new population-specific formulas. 
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108
 

Health and Physical Activity History 

Last name First name Middle Date of birth 

Address, street work (phone) home 
M F (circle one) 

City, State Occupation and/or sports team
Circle your ethnic group 

pounds ft inches Caucasian, Asian, Asian-American, 
Mexican, 
Weight Height Hispanic American, African, African American, 

American Indian, Alaskan Native 
Please list your present medications and dosages here 
(include birth control pills/vitamins): 

************************************************************************
 
PAST HISTORY (Check if yes) FAMILY HISTORY (Check if yes)
 
Have you ever had? Have your grandparents, parents or
 

siblings had? 

High cholesterol Diabetes 
Rheumatic fever Heart attacks 
Heart murmur High blood pressure 
High blood pressure High cholesterol 
Heart trouble Congenital heart disease 
Disease of arteries Heart operations 
Varicose veins 
Lung disease Other 
Operations 
Back injury 
Other musculoskeletal injury 
or problems Date of last medical exam? 
Epilepsy 

Physician: 
If yes to any of the above, please explain 

************************************************************************
 
PRESENT SYMPTOMS REVIEW (Check if yes)
 
Have you recently had?
 

Chest pain Other
 
Shortness of breath
 
Heart palpitations
 
Cough on exertion
 
Coughing blood
 
Back pain
 
Painful, stiff or swollen joints
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HEALTH HABITS 

Smoking YES NO 
Do you smoke? 
Cigarettes How many/day? How many years? 
Cigar How many/day? How many years? 
Pipe Times/day? How many years? 

If you have quit smoking, when did you quit? How many yrs did you smoke? 

Alcohol Consumption
 
Do you drink alcohol daily? Y N (circle one) If yes, how many drinks/week?
 

Consumption of calcium-rich daily products
 
How many 8 oz glasses of milk do you drink per day? per week?
 
How many servings of cheese (1 oz) do you eat per day? per week?
 
How many servings of yogurt (1 cup) do you eat per week?
 

Body Weight
 
What was your weight 1 month ago? What was your weight 2 months ago?
 

Cola Beverages
 
How many cola beverages do you drink daily?
 
How many years have you been drinking cola beverages on a regular basis?
 

PHYSICAL AMLI=
 
LIST ALL SPORTS OR ACTIVITIES IN WHICH YOU HAVE PARTICIPATED DURING THE
 
PAST YEAR: (Examples include aerobics, tennis, golf, softball, dance, football, weight training,
 
rowing, hiking, swimming, cycling, etc) Use the back of this paper if necessary
 

ACTIVITY AVE # HRS/WK AVE # MONTHS/YR 
Ex. Aerobics 1 2 

LIST YOUR INVOLVEMENT IN SPORTS ACTIVITIES FOR 4 YEARS PRIOR TO ABOVE:
 
(Use back if necessary)
 
ACTIVITY # HRS/WK # MONTHS/YR # YEARS
 

Ex. Volleyball 10 4 3 

briefly describe your involvement in physical activity since high school . 
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OSTEOPOROSIS RISK FACTORS 
Please circle true or false for the following. If you think a statement may apply to you but are not 
sure, place a question mark (?) by that statement. 

1. true false I have a history of rheumatoid arthritis. 
2. true false I have been treated with cortisone or similar drugs. 
3. true false I have a close relative with osteoporosis. 
4. true false I have a history of an overactive thyroid gland. 
5. true false I have a history of overactive parathyroid gland. 
6. true false I have a history of alcoholism. 
7. true false I have a history of chronic liver disease. 
8. true false I have a history of multiple myeloma. 
9. true false I have a history of the blood tumor, leukemia. 
10. true false I have a history of stomach ulcers. 
11. true false I have lactase deficiency (inability to digest milk). 
12. true false Some of my stomach has been surgically removed. 
13. true false I take anabolic steroids now or have in the past. 
14. true false I avoid milk and other dairy products. 
15. true false I usually eat meat at least twice a day. 
16. true false I drink more than 2 cups of coffee or tea daily. 
17. true false On average, I drink 2 or more soft drinks daily. 
18. true false I have about 3 or more alcoholic beverages daily. 
19. true false I follow a vegetarian diet and have so for years. 
10. true false I am of Caucasian (white race) ancestry. 
21. true false I am of Asian (Oriental race) ancestry. 
22. true false I am of African-American (black) ancestry. 
23. true false I am of Mexican-American or Hispanic ancestry. 
24. true false I am not very physically active most of the time. 
25. true false I have lost more than 1 inch in height. 
26. true false I take or have taken thyroid hormone pills. 
27. true false I took phenobarbitol or dilantin for over a year. 
28. true false I use Maalox or Mylanta antacids frequently. 
29. true false I have taken furosamide (Lasix) for over one year. 
30. true false I have been treated with lithium for over one year. 
31. true false I have been treated with chemotherapy for cancer. 
32. true false I take or have taken cyclosporin A (Sandimmune). 
33. true false I have received an organ transplant (kidney, etc.). 
34. true false I have had trouble with anorexia nervosa or bulimia. 
(Women only) 

35. true false I lost my period fora year or more before it came back. 
36. true false I have had irregular menstrual periods. 
37. true false My menstrual period did not begin until after age 16. 
39. true false I have a medical history of endometriosis. 
40. true false I lost my periods when I was exercising heavily. 
41. true false I have had both ovaries surgically removed. 
42. true false I have breast fed a baby for one month or more. 
43. true false I take tamoxifm as treatment for breast cancer.. 
44. true false I went through menopause before age 50. 
45. true false I have gone through menopause (change of life). 
46. true false I have received estrogen treatment after menopause. 

If you take estrogen, for how many years?
 
How many children have you given birth to?
 
What was the date of your last menstrual period?
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INFORMED CONSENT FORM
 

Accuracy of Hologic QDR 1000/W in Determination of Body Tissue Composition: A 
Comparison with Hydrostatic Weighing Using Two and Four Compartment Models. 

Investigators: Michael Wegner M.A, Christine Snow-Harter, Ph.D, Anthony Wilcox, Ph.D 

Purpose: The primary purpose of this study is to evaluate various indirect methods of 
determining body composition. 

I have been asked to participate in this investigation in addition to my willingness to 
participate as a subject in the study of muscle strength and bone mass. 

I have received an oral explanation of the study procedures and understand they entail: 

1. Determination of Total Body Water 

I will orally ingest 30 grams of D20 diluted in normal tap water. Prior to, and two 
and three hours following the ingestion of 1320, I will breath continuously for a 20 
minute period into a mouthpiece connected to a device that will collect my expired 
breath. 
I will also provide a urine sample upon arrival to the lab. I then will be asked to 
abstain from food and drink and refrain from urinating during a 3 hour period to allow 
the 1320 to equilibrate in the body fluids. Following the 3 hour period, I will again 
provide an additional microliter urine sample. These procedures are performed to 
determine the amount of water in my body. During the 3 hour equilibration period, 
the other measures of this study will be taken (anthropometric, bioelectrical 
impedance, residual volume, and hydrostatic weighing). 

2. Anthropometric Measurements 

I will participate in an assessment of my height, weight and skinfold measurements. 
My height will be measured through the use of a tape measure secured to a wall. My 
body weight will be collected by using a standard weight scale. Skinfold 
measurements will be collected at 7 sites on my body (chest, upper arm, stomach, hip, 
back, leg, and midline of the body). Measurements will be gathered using skinfold 
calipers. A skinfold measurement will be made with the calipers in contact with the 
skin and subcutaneous tissue for a few seconds. 

3. Bioelectrical Impedance 

During this procedure I will lie comfortably on my back on a cot. I will remain fully 
clothed with the exception that both my shoes and socks will be removed. An 
aluminum foil spot electrode will be positioned on my right wrist, hand, ankle, and 
foot.The bioelectrical impedance analyzer will introduce a very low electrical 
current through my body. The current will last for a few seconds and will be entirely 
imperceptible to me. The passage of the current through my body is affected by the 
amount of fat in my body. 
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4. Measurement of Residual Lung Volume 

This procedure will require me to maximally exhale into a mouthpiece connected to a 
measuring device. Subsequent to that procedure I will breath pure oxygen for a period 
of one or two minutes. I will then exhale maximally into the mouthpiece. This 
procedure is performed to determine the residual amount of air remaining in the lungs 
following a voluntary maximal exhalation. 

5. Hydrostatic Weighing 

This procedure makes use of a large tank of water. The water in the tank will be near 
body temperature (35-37°C). I will be seated at chin level in the water on a chair 
that is suspended from a scale. During this procedure I will submerse myself at the 
end of a maximal exhalation and remain underwater for 2-3 seconds while the scale is 
read. I will repeat this procedure 8 to 10 times. 

6. Risks 

Each procedure involves minimal risk of injury or illness from participation. All of 
the procedures to be performed in this study have been used extensively in prior 
research without any reports of sickness or injury. All testing will be administered by 
trained personnel. 

7. Benefits 

I will benefit from this study by contributing to scientific research in addition to 
gaining an accurate assessment of my body composition and total body water level. 

8. Confidentiality 

I understand that my rights of confidentiality will be maintained at all times. At no 
time will my name appear on any record form or in computer files in reference to the 
study. A code number will be used to identify my data and all records shall be kept 
using the code number. I will not be identified in any publication or presentation that 
results from this study. 

9. Agreement 

I understand that my participation in the study will involve approximately 4 hours. 
I also understand that the University does not provide a research subject with 
compensation or medical treatment in the event a subject is injured as a result of 
participation in the research study. The researchers have offered to answer any 
further questions that I may have. I understand that my participation in this study is 
completely voluntary and that I may withdraw from the study at any time without 
prejudice or loss of benefits to which my participation entitles me. Questions about 
the research or any aspect of my participation should be directed to Dr. Snow-Harter 
at 737-6788. I have read the foregoing and agree to participate. 
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Subject Signature Date 

Address 

Investigator's Signature Date 
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OREGON STATE UNIVERSITY BONE RESEARCH LABORATORY 

Informed Consent for: BONE MINERAL DENSITY EVALUATION IN
 
APPARENTLY HEALTHY MEN AND WOMEN
 

It has been explained to me that the purpose of this study is to evaluate the role of 
physical activity in reducing the incidence of osteoporosis. Osteoporosis is a bone 
disease characterized by fractures of the vertebrae, wrist, and proximal femur (hip). 
The disease affects men and women, but is more prevalent in women, afflicting one in 
four women over the age of 60 in this country. The bone loss which leads to fractures 
begins early in the twenties in the axial skeleton (vertebrae, hip) and in later adulthood 
in the appendicular skeleton (wrist). Osteoporosis is caused by a number of factors 
which include genetics, reproductive hormone levels, calcium intake and physical 
activity. Although current knowledge suggests that athletes have stonger bones, the 
mode/s of exercise that best promote an increase in bone mass remain/s controversial. 
The long-term objectives of this study are: 1) to determine whether athletic populations 
experience normal, age-related bone loss and 2) identify the types of exercise which can 
be safely prescribed for improving bone density and reducing bone loss in men and 
women across the lifespan. These objectives will be met by studying the relationship 
between exercise training and bone mineral density values in men and women of 
different ages who have a broad range of physical activity patterns. 

I have been invited by Dr. Christine Snow-Harter to participate in this evaluation of
bone mineral density of my whole body. It has been explained to me that the 
instrument used to measure my skeleton (a bone densitometer) uses very low levels of 
radiation to assess mineral content. Additional information on my body composition 
percent muscle and fat tissue) will be derived from the data collected during the whole 
body scan. I have been selected because I am healthy, not pregnant and have no 
history of medical conditions that would affect my skeleton. It has been explained to 
me that if I am years or older, I may be asked to have a lateral scan of my lumbar spine 
to determine whether or not I have any aortic calcification. This assessment is in lieu of 
a series of standard x-rays and delivers far less radiation. The procedure requires that I 
lie on my back for approximately 15 minutes. Prior to the bone density evaluation, I 
understand that I will be asked to complete a health and activity questionnaire. 

I understand that, unless I am on birth control pills, I will have the testing conducted 
during my menstrual flow or within one week of onset. I have been informed that if I 
am pregnant or plan to become pregnant, I should not participate in this study. Further, 
if I become pregnant, I will be asked to inform the researchers immediately and 
withdraw from the study. 

I have been informed that the scan requires that I lie quietly on a table for 15 minutes 
for whole body bone mineral determination. 
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This technique used to assess bone mineral content gives an accurate measure of bone 
density with a very low exposure of radiation. It has been explained that this radiation 
deose is considered safe to administer on several occasions to women/men in my age 
group provided tha the women are not pregnant. The external beam is the only ionizing 
radiation to which I will be exposed. No injections are given and there no known 
hazards from radiation at such a low level. By extrapolation from effects known to 
occur at high doses, there is less than one chance in a million of causing either 
malignancy or heritable disease. 

The only studies that have shown statistically detectable increases in malignance risk 
from radiation in children have been at radiation levels more than 1000-fold greater than 
the doses used here. The calculated radiation exposure with this procedure per scan is 
approximately 2-5 millirads for a spine and hip scan and 15 millirads for a whole body 
scan. For comparison, aperson can be expected to receive about 40 millirads from a 
standard 2-position chest x-ray. Therefore, risk from participation in this study is 
negligible. I further understand that I will experience no discomfort from the 
procedures. 

I understand that this measurement of bone mineral density will give me an accurate 
indication of my bone density and strength in addition to knowledge of my body 
composition. This information will be valuable to me, to my doctor and to Dr. Snow-
Harter and her associates for the determination of bone mineral densities in athletes and 
healthy individuals across many ages. Further, this evaluation is offered at no charge. 
The average cost of bone density assessment is $250-300 and a body composition 
analysis is $20. I have been informed that this evaluation is not diagnostic and that any 
questions regarding my bone mineral density report should be directed to my physician. 

I understand that I am to participate in this study without monetary compensation and 
that there will be no cost to me for my participation in this study. If I have any 
questions about the research or my rights, I understand that Dr. Snow-Harter at 737
6788 will be happy to answer them. 

I understand that anonymity will be accomplished by a number coding system and that 
only the researchers will have knowledge of my name. I have been informed that the 
results of the study may be published in scientific literature and that any data that may 
be published in scientific literature and that any data that may be published in such 
journal will not reveal my identity. 

I understand that my decision whether or not to participate will not cause prejudice 
toward me. If I decide to participate, I am free to withdraw my consent and to 
discontinue participation at any time without penalty or loss of benefits to which I am 
entitled. 

Signature Date 

Witness 
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Hydration Status Questionnaire 

Pretest Considerations Circle One 

1. Have you participated in heavy exercise within the past 12-hours? YES NO 

2. Have you used diuretics within the last seven days? YES NO 

3. Have you consumed heavy amounts of alcohol within the last 48 hours? YES NO 

4. Have you consumed an excessively large meal within the last 6 hours? YES NO 

5. (Females only) Are you currently menstruating? YES NO 

6. Are you currently participating in a quick weight loss diet? YES NO 

7. Has it been longer than 1-hour since voiding? YES NO 

8. Have you consumed an excessive amount of water in the last 4-hours? YES NO 

9. Have you consumed large amounts of caffeine in the last 4-hours? YES NO 

10. Do you have any illness or condition that could influence the results 
(Kidney, electrolytes imbalance, cancer, etc.) 
If yes please explain 
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APPENDIX D
 

INFRARED SPECTROPHOTOMETER CALIBRATION CURVES
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Figure 24. - 7/10/93 Calibration of the Infrared Spectrophotometer (temperature 320C) 
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Figure 25. - 7/11/93 Calibration of the Infrared Spectrophotometer (temperature 320C) 
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Figure 26. - 7/17/93 Calibration of the Infrared Spectrophotometer (temperature 320C) 
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Figure 27. - 8/7/93 Calibration of the Infrared Spectrophotometer (temperature 330C) 
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Figure 28. - 8/14/93 Calibration of the Infrared Spectrophotometer (temperature 33°C) 
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Figure 29. - 8/21/93 Calibration of the Infrared Spectrophotometer (temperature 330C) 
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APPENDDC E
 

RAW DATA FOR ALL SUBJECTS
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