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ABSTRACT 

The objective of this investigation was to identify the appropriate isotopic 

fractionation factor for total body water (TBW) from 2H20 enrichment in 

respiratory water vapor (RW) compared to serum (S), then to use the RW 

technique to estimate absolute TBW volumes and TBW relative to fat-free body 

mass (FFB) in three age groups (prepubescent. PP, age = 5-10 y; young adult, 

VA, age = 22-39 y; older adult, OA, age = 65-84 y) of healthy white males and 

females. The effects of analytical technique (infrared spectrophotometry, IR 

versus isotope-ratio mass spectrometry, IRMS) and ambient relative humidity on 

estimates of TBW were also investigated. The composition of the FFB was 

estimated using a mUlti-component statistical model (body density, TBW and 

bone mineral density), and the errors associated with the traditional two

component formula for percent fat from body density were calculated. Our 

results demonstrated a significant (p < 0.0001) 2H20 fractionation effect of 0.971 

± 0.005 (mean ± SEM, n = 36) for TBW from RW compared to S. Analysis by IR 

and IRMS were highly correlated (R2 = .999) but IR values were significantly(p 

< 0.001) higher than IRMS. Deuterium enrichment in RW s,amples collected at' 

ambient RH (== 20%) was significantly higher (L\ = 20.2 ± 4.5 ppm, mean ± SEM, 

P < 0.0005) than in RW samples collected at 100% RH, roughly equivalent to a 

1.2 L (3.2%) difference in TBW. Total body water relative to FFB mass (W/FFB) 

was lower (p < 0.01) in VA males (71.0 ± 1.0%) and females (70~2 ± 1.3%) than 

in PP (boys = 73.1 ± 1.6%; girls = 72.2 ± 1.4%, mean ± SO). In OA, W/FFB was 

higher (p < 0.05) than in VA (OAM = 72.6 ± 1.1 %; OAF = 72.2 ± 1.4%). The 

density of the ,FFB was 1.0996 and 1.0839 g/ml in OAM and OAF, respectively. 
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Percent fat from density plus TBW and BMD was lower than from density alone 

in all groups but VA males, where it was 2.4 percent fat higher. In PP, the Siri 

density formula resulted in an overestimate of 5.8 ± 2.6 percent fat (mean ± SD, 

range = 1.4 to 13.6%). In OA females, the density formula overestimated 

percent fat by 4.4 ± 2.8% (range = 0 to 10.4%). In conclusion, RW corrected for 

isotopic fractionation will' provide acceptable estimates of TBW, although the 

effects of analytical technique and RH should be controlled. The existence of 

age-related differences in FFB composition causes errors when the two

component model is used to estimate percent fat in PP and- OA females. 



CHAPTER 1 

Introduction 
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Assessment of body composition allows scientists and clinicians to 

monitor nutritional status, to identify obesity as well as optimal weight for health 

and athletic performance, and to study the effects of genetics, diet and activity 

on changes in bone, muscle, fat and body water (1,2). Fat-free mass better 

represents actively metabolizing tissue than body weight or body surface area, 

thereby providing a superior reference point for physiological measurements 

such as oxygen uptake, cardiac output and caloric requirements, as well as 

facilitating the prescription of appropriate drug dosages (3). Because there are 

no direct methods for assessing body composition in living human subjects, and 

because only limited data exist from tissue analysis and cadaver dissection, 

indirect methods for assessing whole-body human composition have been 

utilized. The development of body density (Db) and isotope dilution techniques 

in the 1940s were enhanced by equations to calculate body fat and lean body 

mass in the 1960s (4). In the 1980s and 1990s, there has been increased 

understanding that the assumptions on which these methods are based may 

not be appropriate for groups other than young adult white males (4). 

Significance 

Inherent to the assessment of body composition by densitometry is the 

assumption that the densities of the subject's fat and fat-free tissues do not differ 

from those of reference man. This premise allows body fat to be estimated by 

the traditional two-component model, separating the body into fat mass and fat

free body mass (FFB) (5). Biological variability in fat density is minimal (6), but 
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the proportions of the components of the FFB can differ significantly between 

individuals (2,7-13). Bone mineral is a small fraction of the FFB which is 

substantially more dense (= 3.0 g/ml) than fat-free tissue as a whole (= 1.10 

g/ml). In contrast, body water is much less dense (0.9937 g/ml at body 

temperature) than the FFB, but it comprises the largest fraction (73.8%) of that 

tissue (5). Therefore, a small difference from the assumed constant for either 

bone mineral or water content can exert a major influence on the density of the 

FFB (DFFB) and invalidate the assumptions on which the two-component model 

for estimation of body composition is based. 

, Multi-component models like those of Heymsfield et al (12) and 

Baumgartner et al (13) which utilize Db plus mineral measures, density plus 

water measures, or all three can reduce errors based on two-component 

assumptions, but the required equipment and additional accurate 

measurements make routine mUlti-component body composition testing 

impractical. Pierson et al (14,15) noted that age-related increases in adipose 

tissue, as we" as in the hydration of that tissue, make hydration constants for the 

FFB age-, sex- and race-specific. Appropriate constants to utilize the two

component formula have been developed for children and youth based on 

more accurate mUlti-component approaches (2,10). If similar calculations could 

made for older adults, the errors associated with densitometry would be 

minimized. Furthermore, since body water is present nearly exclusively in fat

free tissue, FFB mass and percent fat can be estimated by TBW analysis alone 

once appropriate 'conversion factors have been identified for each group. Thus, 

the TBW technique can provide a simple and accurate method for body 
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composition assessment in subjects of all ages, and may be the best option for 

non-ambulatory subjects and others unable to tolerate other methods. 

Previous studies 

Isotopic fractionation 

When TBW is estimated in vivo by isotope dilution, a known dose of a 

labelled water (2H20, 3H20, H2180) is allowed to reach equilibration with the 

body water pool, then the concentration of that isotope is determined in a 

biological fluid collected from the subject. Traditionally, the fluid collected has 

been serum or plasma (16-18) but saliva (18) and urine (18-20) have also been 

used. Deuterium is concentrated in saliva, thus saliva samples are often not 

representative of the in vivo 2H20 abundances. Tracer concentrations in 

collected urine are diluted by fluid preexisting in the bladder, and thus are 

inappropriate until the third void (21,22). Although tracer levels in serum and 

plasma are well accepted as representative of whole body concentrations (22), 

they require serial venipunctures, and like urine and saliva, must be purified 

prior to analysis by infrared (IR) spectrophotometry (16,23). 

Wong et al (24) described a cryogenic technique for collecting respiratory 

water vapor (RW), a fluid which requires no sample purification. The procedure 

was subsequently used by Szeluga et al (17) for TBW determinations using 

3H20, and by Van Loan and Mayclin (1) with 2H20. Schoeller (25) criticized 

. both studies for failing to account for isotopic fractionation at the lung. 

Fractionation is the mass-dependent process by which an isotope of water 

enters the vapor phase at the surface of the lung more slowly than does water 

(25). The kinetic ,differences between water and the 2H20 or 3H20 dose cause 

lower baseline and post-dose tracer levels in RW samples than exist in the 
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body, and thus an overestimate of TBW occurs. Deuterium fractionation factors 

have been estimated in vitro (26) and in vivo (18,27), but have been determined 

based on analysis in small samples (Appendices C-D). Furthermore, these 

fractionation effects were determined for baseline, pre-dose abundances in 

plasma, which may not reflect isotope enrichment after equilibration with the 

tracer dose. 

Szeluga and her colleagues (17) reported no fractionation effect in their 

comparison of 3H activity in RW and plasma, but failed to account for the mass 

of solids present in plasma samples. Had they done so, a 3-6% TBW 

overestimate would have been observed (22). When the results of Van Loan 

and Mayclin (1) were questioned (25), they responded (28) by demonstrating 

that the resulting W/FFB values were within the expected physiological range 

(males = 72%; females = 71 %). The application of the 6% correction suggested 

by Schoeller (25) would have changed those W/FFB fractions to 66% and 65% 

for males and females, respectively, values considerably lower than expected 

for normally hydrated adults. 

Initial work in our laboratory (19) demonstrated significant overestimates 

of TBW and W/FFB from 2H20 abundances in RW compare~ to 2H20 analysis in 

urine samples. The magnitude of the overestimate was 1.99 L, but these 

observations were based on a sample of only 6 subjects. Becque et al (20) 

reported errors in TBW measurements exceeding 20 L in individual cases using 

the RW technique, and concluded that the technique did not work. Since a 

typical TBW volume for an adult male is only 41 L (29), these errors were 

suspiciously large. Unfortunately, Becque and his associates' criterion method 

utilized urine ~amples collected two hours post-dose which, furthermore, were 
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collected during the subject's first void. Because equilibration in urine occurs 

slowly (30) and is not complete until at least the third void (21,22), the 

conclusions of Becque et al (20) are invalid. 

Non-aqueous hydrogen exchange 

When hydrogen isotopes in water (2H20, 3H20) are used to estimate total 

body water (TBW), the true measurement is kg of exchangeable hydrogen (31). 

Total exchangeable hydrogen is then expressed as dilution space or as TBW 

based on the assumption that nearly all of the exchangeable hydrogen pool is 

present in the body fluid space. However, the tracer isotope will also exchange 

with nonaqueous hydrogen atoms within the hydroxyl, carboxyl, sulfhydryl (31), 

amino and imino (32) groups of protein, carbohydrate and fat. Although it is 

generally accepted that isotope dilution spaces are greater than TBW due to 

this nonaqueous hydrogen exchange, the magnitude of the error introduced 

has not been resolved (21). 

Theoretical estimates of the total exchangeable nonaqueous hydrogen 

(ENH2) pool have been proposed (5,32) and adjusted to reflect that portion 

which can be expected to undergo isotope exchange within the dilution period 

(33). Empirical estimates of the ENH2 have been calculated from dilution 

studies followed by desiccation in laboratory animals (34), and by comparing 

hydrogen isotope to oxygen-18 dilution spaces in laboratory animals and in 

human subjects (21,35). 

Hevesy and Jacobsen (36) estimated the exchangeable nonaqueous 

hydrogen to be 0.5 to 2.0% of body weight in humans, roughly equivalent to 1-

3.5% of TBW. Schloerb (5) further attempted to quantify the ENH2 pool. He 

estimated proteins to be 15% of body weight and noted that hydrogen atoms 
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compose about six percent of protein, yielding a protein hydrogen mass 

representing 0.9% of body weight. Schloerb then suggested that because 5-

14% of these hydrogen atoms were exchangeable, the protein portion of the 

ENH2 pool was about 0.1 % of body weight or a water volume equivalent to 

about 1 % of body weight. Similarly, the 300-400 g of carbohydrate present 

includes 35 g of hydrogen. Of this 35 g, the exchangeable 42% (15 g) would 

represent a water volume of 0.2% of body weight. Schloerb considered the 

exchangeable hydrogen in lipids to be negligible. Combining the protein and 

carbohydrate contribution yields an ENH2 pool estimate of about 1.2% of body 

weight (about 2% of TBW for a man 20% fat). 

Culebras and Moore (32) examined data on the molecular structure of 

tissues to propose a theoretical maximum exchangeable hydrogen in protein, 

carbohydrate and fat. They calculated the exchangeable hydrogen fraction for 

each amino acid, then applied these factors to the relative mass of each amino 

acid present in collagen. The result was an average exchangeable hydrogen 

factor of 1.83% of collagen weight. Similar calculations were performed for 

actin (1.33%), tropomyosin (1.40%) and myosin (1.40%). Culebras and Moore 

(32) then calculated the exchangeable hydrogen percent in monohexoses 

(2.78%), disaccharides (2.33%) and non-branched polysaccharides (1.85%). 

Since branched polysaccharides would have variable exchangeable hydrogen 

values of less than 1.85%, a mean value of 1.85% by weight was selected to 

represent carbohydrates. A value of 0.35% was similarly calculated for fatty 

acids and triglycerides. Subsequent to determining the exchangeable 

hydrogen fraction for these tissues, Culebras and Moore (32) calculated the 

ENH2 pool for four different reference men (70 kg, 20% fat, all protein assumed 
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to be either actin, myosin, collagen or tropomyosin). The mean value for these 

four models yielded a nonaqueous exchangeable hydrogen pool of 5.22% of 

body weight (77.25% of this pool in proteins, 19.12% in fat and 3.63% in 

carbohydrates). 

Although some investigators have used this 5% nonaqueous hydrogen 

exchange as the appropriate correction for the overestimate of TBW (12), 

Culebras and Moore (32) point out that this theoretical maximum exchange has 

not been demonstrated in vivo. They suggested that although nearly all 

carbohydrate hydrogens would exchange with 2H20 from the dose, lipid 

hydrogens will demonstrate very little isotope exchange due to their relative 

insolubility. The hydrogen exchange rates in proteins (the greatest potential 

site for exchange) have been investigated by Blout et al (33). Blout and his 

associates noted that even after 24 hours, much of the amide hydrogen present 

in many proteins had not exchanged with deuterium, but complete exchange 

was accomplished after heating. The investigators suggested that the steric 

configuration of proteins may create areas surrounded by hydrophobic bonds 

which inhibit isotope exchange. These hydrogens were labeled "hard-to

exchange amide hydrogens" (HEAH) by Blout and his colleagues, and were 

subsequently quantified in 10 different proteins. Hard-to-exchange amide 

hydrogens ranged from less than 10% in globulin to 60% in insulin. Culebras 

and Moore (32) pointed out that the presence of HEAH in man would reduce the 

theoretical maximum ENH2 factor (5.22%) by 10-60%. 

Errors in dilution technique nearly always result in loss of isotope and a 

subsequent overestimate of TBW. In contrast, most errors in the criterion 

desiccation method are caused by incomplete drying, resulting in an 
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underestimate of fluid space. Culebras et al (34) reported that the effect of 

these opposite errors may be compounded to overestimate dilution space

desiccation differences. To test their hypothesis, Culebras and his associates 

performed exacting tritium dilution studies on 21 rats, followed by constant 

temperature (90°C.) drying of the carcasses. To ensure complete desiccation, 

all tissues were "tediously" cut into one cm3 pieces and all major bones and the 

skull were broken to expose the marrow. Mean (± SO) TBW values for the 

animals were 158.49 ± 54.6 and 161.13 ± 55.12 ml, or 70.20 ± 1.5 and 71.38 ± 

2.44 percent of body weight for desiccation and isotope dilution, respectively. 

This 1.7 percent difference in TBW was markedly lower than values previously 

reported in the rat (6.6%, n = 10; 6.5%, n = 7) by Foy and Schneider (37) and 

(12.0%, n = 32) by Tisavipat et al (38). 

Another approach to examining the nonaqueous hydrogen exchange is 

to simultaneously measure dilution space using doubly-labeled (180 and 2H) 

water. Schoeller et al (21) performed such measurements in human subjects 

and determined the 180:2H dilution space difference to be 3.0 ± 2.8% (mean ± 

SO, n = 8). The range of these differences encompassed the 1.7% factor for the 

dilution:desiccation comparison by Culebras et al (34). In an animal model, 

Lifson et al (35) reported a 180:2H dilution space difference of 7.0 ± 2.5% (mean 

± SO, n = 6). Schoeller and Jones (22) proposed a standardized approach to 

. correcting TBW estimates for ENH2. They cited an unacceptably wide range of 

6-23% for the overestimate of TBW based on published dilution-desiccation 

comparisons, although they noted that most fell within 1-6%, and reported a 3-

4% overestimate .of TBW from 180:2H dilution space contrasts. Although 

Schoeller and Jones (22) concluded that the 2H20 dilution space based on 
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these data was is 4 ± 1 % (SD) greater than TBW, the theoretical estimates for 

ENH2 of Hevesy and Jacobsen (36) (1-3.5%) and Schloerb (5) (1.2%), the 

calculations of Culebras and Moore (32) corrected for the HEAH estimates of 

Blout et al (33) (2.0-4.7%), and the careful experimental work of Culebras et al 

(34) (1.7%), suggest that a slightly smaller TBW correction may be appropriate. 

Multi-component body composition models 

Siri (39) summarized the theoretical calculations for Db based on the 

decimal proportion and density for each component. The same principles can 

be applied to the determination of the density of the FFB (DFFB). The FFB 

calculations for the adult reference man described by Siri utilized the density 

constants for fat (f), water (w), protein (p) and mineral (m) shown in Figure 1, 

and an FFB composition of 0% fat, 72% water, 21 % protein and 7% mineral. 

Using these constants, DFFB was calculated to be 1.100 glml (Figure 1). By this 

formula, a man with 15% fat would have a Db of 1.065 glcc, and the percent fat 

equation developed for a two-component model using Siri's determination of 

DFFB of 1.10 glcc would yield an estimate of 14.8% (Figure 2). 
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1 f w p m - = -+ -+ dp +-
dFFB df dw dm 

1 .00 .72 .21 .07 - = -+ -+ + 
dFFB .900 .993 1.340 3.000 

-'- .00 + .725 + .157 + .023 dFFB 

- = .905 
dFFB 

dFFB = 1.10 

Figure 1: DFFB for reference man (39). 

1 FFB 1-FFB - = + 
4.50J X 100 db dFFB df f = t 4.950 

1 .85 .15 
db 

- = + 
db 1.100 0.90 

= t4
.
950 

- 4.50J X 100 f 

.772 .167 
1.065 

db = + 

f = .148 X 100 
1 - = .939 

db f = 14.8 % 

db = 1.065 

Figure 2: Body density and % fat calculations for reference man. 
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If the water content of the FFB is different from 72% in the elderly 

population, DFFB will decline with age, and the ability of Siri's percent fat 

equation to accurately estimate fat from Db will be compromised. Boileau et al 

(40) illustrated the effect of increased water content and reduced mineral 

content on DFFB (Table 1). 

Table 1: Changes in DFFB with reduced mineral and increased water fractions. 

Adapted from Boileau et al (40). 

1.116 

1.100 

1.083 

1.067 

Mineral 

Content 

8.8 

6.8 

4.8 

2.8 

Body Water Protein 

Content Content 

71.8 19.4 

73.8 19.4 . 

75.8 19.4 

77.8 19.4 

When water, protein and mineral fractions characteristic of this 

chemically-immature human (bold type above) were introduced into Siri's 

model, the DFFB was greatly reduced (Figure 3). Body density, again at 15 % 

fat, but with the increased water and reduced mineral content reported by 

Boileau et al (40) resulted in a significant overestimate of percent fat (6.9%) 

using Siri's (41) two-component formula developed for adult reference man 

(Figure 4). 
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f w p m 
= -+ -+ dp + 

dm dFFB df dw 

.00 .758 .194 .048 
- = -+ -+ - + 
dFFB .900 .993 1.340 3.000 

1 - = .00 + .763 + .145 + .016 
dFFB 

1 
.924 - = 

dFFB 

dFFB = 1.082 

Figure 3: DFFB in chemical immaturity. 

FFB 1-FFB 

4.50J x 100 db 
= dFFB 

+ d f = t 4.950 f 

.85 .15 
db 

db 
= + 

- 4.50J x 100 
1.082 0.90 = t 4.950 f 

1 
.786 .167 

1.049 
db = + 

f = .219 x 100 

db 
= .953 

f = 21.9 % 

db = 1.049 Error = 2 1. 9 - 15.0 = 6.9 % 

Figure 4: Db and percent fat calculations in chemical immaturity. 
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When Boileau and his associates (9) quantified the effect of these 

relatively small changes in hydration on estimates of percent fat using 

densitometry and adult formulae on children, a child with a density of 1.050 g/ml 

and 75.3% FFB hydration was estimated to be 21.4% fat using the Siri (41) 

equation. In contrast, utilization of their formula derived for prepubescent 

children provided an estimate of 17.7%, a difference of nearly 4% fat. 

Our understanding of the effects of altered mineral and water fractions of 

the FFB on two-component models for estimating body composition in children 

is improving. Lohman et al (10) stated the need for new constants and models 

in children, and subsequently (42) proposed a set of constants appropriate for 

children from birth to young adulthood (Appendix J). Yet in older adults, the 

influence of altered mineral and potentially different hydration constants for the 

FFB, compared to the assumed constants in the Siri formula, are not well 

established. 

Norris et al (43) proposed a FFB composition model for a reference 80 

year-old man characterized by 5.4% mineral, 14.5% cell mass, and 80.1 % 

water. When these theoretical constants were entered into the general formula 

for DFFB, the resulting DFFB was 1.072 g/ml (Figure 5). As seen in the model 

representing chemical immaturity, DFFB (1.072 g/ml) was quite different from 

reference man (1.065). Using the Siri (41) two-component formula developed 

for adult reference man, again at at 15% fat, but with the increased water and 

reduced mineral contents suggested by Norris and his colleagues (43), resulted 

in a significant overestimate of percent fat (10.0%) (Figure 6). 



28 

f w p m 
= -+ -+ + 

dFFB df dw dp dm 

.00 .801 .145 .054 - = -+ -+ + 
dFFB .900 .993 1.340 3.000 

1 - = .00 + .807 + .108 + .018 
dFFB 

- = .933 
dFFB 

dFFB = 1.072 
... 

Figure 5: DFFB in a reference 80 year-old man (43). 

FFB 1-FFB 

4.50J x 100 db = dFFB 
+ df = t 4.950 f 

.85 .15 
db 

db = + 
1.072 0.90 = t 4.950 - 4.50J x 100 f 

1 
.793 .167 1.042 

db = + 

.f = .250 x 100 
1 - = .960 

db f = 25.0 % 

db = 1.042 Error = 25.0 - 15.0 = 10.0 % 

Figure 6: DFFB and percent fat calculations for a hypothetical 80 year-old man. 
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These types of OFFB changes have also been identified in adult women 

who experience large weight fluctuations, presumably hydration changes, 

associated with menstrual cycle (11). Bunt and her associates (11) concluded 

that densitometric analysis of percent fat in these women may be inaccurate 

during periods of weight gain due to water retention. 

The water content of the' FFB 

Pace and Rathburn (44) are well known for proposing that fat-free tissue 

is 73.2% water. This value was determined by combining the FFB water 

constant of 72.4 ± 2.11 % (SO) in 50 guinea pigs with the data available at that 

time for rat, rabbit, cat, dog and monkey, which increased this "mammalian 

constant" to 73.2% (Range = 70-76%). Sheng and Huggins (3) published a 

comprehensive review of body composition studies in animals and humans 

which emphasized the measurement of TBW and fat. They confined their 

review of animal studies to those which had simultaneously 'estimated TBW by 

indirect isotope dilution techniques and directly by desiccation in the same 

animals and noted hydration factors significantly different from 73.2% (Table '2). 

Table 2: Water content of the animal FFB (3). 

Species N 

Rat 32 
Pig 55 

Beagle (pup) 25 
Beagle (adult) 1 8 

Goat 11 
Goat 10 

Sheep 9 

WIFFB Reference 
(mean ± SEM) 

75.8 ± 0.5% 
83.7 ± 0.1% 
74.4 ± 0.7% 
63.0 ± 0.7% 
73.8 ± 0.5% 
75.6 ± 0.4% 
77.0 ± 1.6% 

Tisavipat et al (38) 
Setiabudi et al (45) 
Sheng and Huggins (46) 
Sheng and Huggins (46) 
Panaretto and Till (47) 
Panaretto (48) 
Panaretto (48) 
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Sheng and Huggins (3) reported th~t the guinea pigs studied in Pace 

and Rathburn's (44) investigation were evicerated, and noted that eviceration 

decreases body weight by about 25%. If the composition of the vicera were 

identical to the FFB as a whole, no effect would be apparent. Sheng and 

Huggins estimate, based on their review of 17 studies on evicerated, gut 

emptied or entire animals, that eviceration resulted in a 2-3% underestimate of 

TBW expressed as a percentage of FFB. 

Although is is often assumed that the W/FFB constant for animals is 

appropriate for adult humans, direct measurements of TBW expressed as a 

percentage of the FFB are limited to 8 cadavers (3) and range from 69.4 to 

82.0% (Appendix F). Furthermore, it is unlikely that cadavers analyzed as a 

result of terminal illness accurately represent the hydration and composition of 

living human tissue. However, the W/FFB of 8 cadavers was 74.8 ± 1.68% 

(mean ± SEM), and for the 5 cadavers generally reported was 71.6 ± 0.78%. 

Although, COincidentally, the mean of these two values was 73.2%, neither 5 nor 

8 cadavers is adequate to fully document the hydration of the FFB in normal 

adults. 

FFB hydration in children and youth 

Haschke et al (49) published data describing the body composition of a 

9-year old reference boy. The most notable differences between their reference 

boy and Brozek et al (50) reference man (expressed as a fraction of FFB mass) 

were increased water (75.2 vs 73.8%) and reduced mineral (5.0 vs 6.8%) 

contents. The reported protein fractions were essentially identical (19.2 vs 

19.4%). Fomon et al (7) used Haschke's constants with the 50th percentile 

values for weight and height from the National Center for Health Statistics data 
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(51) and TBW, total body potassium and total body calcium data from the 

literature to describe whole body and FFB composition from birth to 10 years of 

age. According to their model, W/FFB content decreased from 80.6% at birth to 

75.1 % (boys) and 76.9% (girls) at age 10. Heald et al (52) also found higher 

W/FFB in 12-13 year old boys compared to young adults, and reported a 

decrease with age. Lohman (2) further illustrated the differences in W/FFB in 

children and young adults based on the data of Farnan et al (7), Boileau et al (9) 

and Haschl<e (8). 

. Lohman et al (10) applied the Siri (39) density-water formula for percent 

fat to the Heald et al (52) data on boys and Young and associates' (53-56) data 

on girls. Calculations of TBW expressed as a percent of this mUlti-component 

estimate of FFB yielded values of 75.5% for boys and a range of 73.6 to 80.2% 

for girls. Boileau et al (9) measured TBW by deuterium dilution and FFB by 

densitometry in 292 subjects, age 8-30 years. They classified subjects by 

gender and race (black versus white), and well as by four maturation levels; 

prepubescent, pubescent, post-pubescent and adult. Analysis of variance for 

W/FFB within groups identified significant effects of maturation stage and sex, 

with prepubescent W/FFB greater than mean W/FFB values for pubescent, post

pubescent and adult combined; pubescent W/FFB greater than mean post

pubescent and adult, and females (mean = 74.2%) greater than males (mean = 
73.5%). The change in W/FFB from prepubescence to adulthood was similar for 

males (-2.9%) and females (-2.8%), and showed a decline of 0.4% per year of 

age. 
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FFB hydration in adults 

In contrast to the substantial evidence supporting an increased W/FFB 

content in children relative to adults, research evaluating the hydration and 

chemical composition of fat-free tissue in older adults is limited and the present 

findings are somewhat equivocal. Most of the data on FFB and water changes 

are based on the two-component model and thus give absolute changes in 

body composition rather than the composition relative to FFB mass. 

Forbes (57) demonstrated a mean FFB loss of 0.32 kg per year using 

longitudinal K-40 measures of FFB (n = 25). Edelman et al (58) demonstrated a 

curvilinear decline in TBW as a percent of body weight with age, based on 2H20 

analysis in 110 subjects aged 2 days to 86 years. Parker et al (59) reviewed 

changes in the body water compartments with age. They concluded that TBW 

and intracellular water decreased, and body solids, most likely fat, increased 

with age. Extracellular fluid was unchanged relative to body weight but was 

increased relative to the TBW pool. Pierson et al (60) reported a decrease in 

TBW of about 1 % each 3 years based on cross-sectional data for body water in 

170 adults. When the compensating effects of increasing fatness were 

controlled, the slope of the regression was closer to -1 % each 5 years. 

Unfortunately, none of these investigations incorporated measures of both TBW 

and FFB. 

Reid at al (61) examined TBW and fat-free carcass weight in 256 cattle 

over a wide age range (1 to 4,860 days) using chemical analysis of carcasses. 

They identified significant correlations between the water, protein and ash 

fractions of the FFB, and the age of the animal (Table 3). 
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Table 3: Composition of the bovine FFB (61). 

Fraction Mean ± SD Linear Regression Correlation 

Water/FFB: 72.91 ± 2.01 % %W = 73.74 - 0.00116 Age r = -.46 

Protein/FFB: 21.64 ± 1.53% %P = 21.01 + 0.00095 Age r = +.44 

Ash/FFB: 5.34 ± 0.95% %A = 4.95 + 0.00058 Age r = +.43 

The mean FFB composition values in cattle were remarkably similar to 

the human constants (water 73%; cell mass 21 %; mineral 6%) reported by Keys 

and Brozek (6). Reid and his colleagues described curvilinear increases in ash ... 

and protein and a curvilinear decrease in water (% FFB) as functions of age. 

Lesser et al (62) measured TBW and FFB mass in rats during growth 

from 300 to 715 days. In contrast to changes seen in cattle, growth in the rat 

model was associated with equivalent (11 %) increases in both TBW and FFB, 

resulting in no FFB hydration change with age (Table 4). However, rats at 715 

days cannot be considered elderly, and since rats continue to grow throughout 

their lifetime, the effects of aging were confounded by growth-related changes. 

Therefore, changes seen in the rat model may not be applicable to human body· 

composition studies . 

. Table 4: FFB Hydration in five age groups of. rats (62). 

Age (days): 

Number 

W/FFB% 

(SE) 

297 

10 

73.6 

(0.67) 

421 

11 

71.2 

(0.86) 

518 

10 

72.9 

(0.51) 

638 

10 

71.9 

(0.31) 

715 

8 
72.5 

(0.96) 
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Lesser and his associates had previously (63) used inert gas analysis of 

fat to determine FFB, and 3H20 dilution to measure TBW in 15 human subjects 

age 19-68 years. Although there was a trend toward changes in W/FFB with 

age (young adult = 71.4%; middle-aged adult = 70.7%; older adult = 70.5%), it 

was not achieve statistically significant in this small sample. Analysis of body 

water subfractions showed an increase in ECF/FFB (young = 18.2%, n = 3; 

older subjects = 21.0%, n = 5), and a decrease in ICF/FFB with age (young = 

52.9%; older subjects = 49.5%). More recently, Lesser and Markofsky (64) 

expanded their data pool by measuring both TBW (3H20 dUution) and FFB mass 

(body mass minus fat by cyclopropane uptake) in 45 adult males and females. 

Subjects were grouped by age into 17-39 and 59-89 year-old subsamples. In 

this investigation, no significant differences in hydration of the FFB were 

observed among age or gender groups. The authors noted, however, that only 

one subject beyond 80 years of age was included, thereby preserving the 

possibility that humans may demonstrate altered W/FFB with advanced age. 

Recalculation of the mean data reported for 182 women (% fat by 

densitometry, TBW by antipyrine dilution) by Young et al (65) provided W/FFB 

estimates by decade from late teens to 70 y and suggested a lower W/FFB in 

the older age group (Table 5). However, the low W/FFB in the 30-40 year-old 

group and the low correlation between mean TBW and percent fat in this 

sample compromise the internal validity of the study and suggest an inaccuracy 

in the antipyrine method for estimating TBW. 
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Table 5: Body composition in four age groups of women (65). 

Age N Mass % Fat FFB* TBW TBW/FFB x 100** 

16-30 94 59.0 28.7 42.1 30.33 72.1 

30-40 26 59.6 28.8 42.4 28.63 67.5 

40-50 27 63.2 35.3 40.9 30.87 75.5 

50-60 21 62.4 41.9 36.3 26.99 74.5 

60-70 14 63.7 36.4 40.5 28.44 70.2 

* calculated by (Mass x [1.0 - Fat fraction]). 

** calculated by (TBW/FFB x 100). 

Recently, Schoeller (66) reviewed the changes in TBW with age, 

including hydration data from the direct chemical analysis of six adult cadavers 

from two studies (6,67) ranging in age from 25 to 63 y. The water content of the 

FFB was 73 ± 3% (mean ± SD) in these cadavers, and no change with age was 

noted. Data from in vivo analysis showed that W/FFB in 59-89 year-old males 

was 1 % higher compared to 17-39 year-old mal,es (64). No differences were 

reported between groups of similarly-aged females. Cohn et al (68) used 

neutron activation analysis (NAA) and isotope dilution to determine the W/FFB 

factors in males and females from 20 to 80 years of age. Simple regression 

analysis of their W/FFB data versus age did not indicate a significant trend. 

Heymsfield et al (12), reporting initial data from a study in progress, used body 

density (Db) and measures of TBW, bone mineral and total body potassium to 

determine W/FFB values for weight-matched young adult and elderly females. 

The specific method used to correct Db for water, bone and potassium was not 

reported, but their preliminary results identified W/FFB factors of 72.1 % for 
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young adult versus 71.2% for the older ad.ult females. A statistical test for mean 

differences was not reported. 

Baumgartner et al (13) applied a four component model using 

hydrodensitometry, TBW by 3H20 dilution and bone mineral by dual-photon 

absorptiometry (OPA) to body composition assessment in 98 men and women 

aged 65-94 y. In addition to identifying W/FFB fractions of 74.3 ± 4.5% and 74.4 

± 3.9% (mean ± SO) for men and women, respectively, Baumgartner and his 

associates (13) illustrated the relationships between percent fat difference (two

versus four-component model) and the water and mineral contents of the FFB. 

The effects of water, but not mineral, content on inter-model percent fat 

differences were significant (water, p < 0.0001; mineral, p > 0.05), with the inter

model differences becoming larger (two- > four-component) as \N/FFB 

increased from 72% to greater than 80%. 

Limitations 

Body composition estimates for this study used indirect methods that are 

generally accepted, yet are based on validations against very small numbers of 

human cadavers. Bone mineral density (BMD) was measured using single

and dual-photon absorptiometry. Total body bone mineral could not be 

measured using these instruments; rather, BMO at the radius shaft (children) 

and trochanter (adults) sites were assumed to be representative of total body 

bone mineral. Total body water was estimated by 2H20 dilution via infrared 

spectrophotometric analysis of respiratory water (RW) samples. The RW 

technique was corrected for isotopic fractionation of 2H20 based on analysis of 

simultaneously collected RW and serum in a sub-sample of our subjects. A 

further correction was made for exchange of 2H20 with non-aqueous hydrogen 
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atoms, but that correction was not validated in our laboratory. FFB mass was 

estimated from densitometry which was corrected for BMD and TBW using a 

statistical model. 

The subjects for this study were volunteers and were not randomly 

selected. Self-selection may have influenced whether our sample was 

representative of the general population. The study was limited to healthy white 

males and females, therefore the conclusions and constants based on these 

data will not be applicable to other racial groups or subjects in various diseased 

states. 



CHAPTER 2 

Specific aims 
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This was a two-part investigation. The focus of the first segment was 

methodological, examining the ability of deuterium dilution with analysis of pre

and post-dose respiratory water vapor (RW) samples to estimate TBW based on 

deuterium dilution via the traditional analysis of 2H20 enrichment in serum (S). 

The second segment was descriptive research focused on physiological 

differences in FFB hydration associated with age. That investigation utilized the 

RW technique validated in the first segment to estimate TBW, to correct body 

density for variation in TBW and bone, and subsequently to compare 

differences in the water content of the FFB among three age groups of healthy 

white males and females. 

The first purpose of this investigation was to identify an appropriate 

isotopic fractionation factor for TBW from 2H20 enrichment in RW compar~d to 

TBW from 2H20 enrichment in S. Previous studies had reported fractionation 

factors of 0.946 and 0.944 ± 0.004 (mean ± SD) (18,27), but were based on 

analysis of small numbers of subjects (n = 6 and 20) and had examined 2H20 

abundances only in baseline, pre-dose fluid samples. This study compared 

2H20 abundances in post-dose RW and S samples and TBW volumes 

. determined by the analysis of RW and S. Since TBW is calculated from 2H20 

enrichment, i.e., the difference between pre- and post-dose 2H20 

·concentrations, the analysis of fractionation in post-dose samples was crucial. If 

a consistent fractionation factor could be identified, analysis of RW could 
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replace analysis of S, and the time and technical error associated with sample 

purification would be eliminated. 

Analytical techniques differ among laboratories. Isotope-ratio mass 

spectrophotometry (IRMS) was used in the original analysis of fractionation 

effects (18,27), but is expensive, and thus not available for routine use in most 

laboratories. The use of infrared spectrophotometry (IR) was described by 

Byers (23) and Lukaski (16) as an inexpensive, accurate alternative to mass 

spectrophotometry. It is important to know whether IRMS and IR give similar 

readings for 2H20 enrichment in biological fluids. 

Lukaski (69) rejected the use of RW in his laboratory, based on the initial 

results from a pilot study. He speculated that the high, and seasonally variable, 

RH in his midwestern laboratory may have influenced the 2H20 enrichment in 

the RW samples. If this were the case, consistent RW-based 2H20 enrichment 

values should be observed in our desert laboratory, since the RH is consistently 

low. Thus, associated with the first major objective, three hypotheses were 

tested: 

a. Total body water determined by RW will be highly correlated with, but . 

significantly larger than TBW by analysis of S. 

b. Deuterium concentration (ppm) will not be significantly different in 

either RW or S samples when analyzed by IR or IRMS. 

c. Deuterium concentration (ppm) in RW samples collected under 

ambient RH will be significantly greater than 2H20 concentration in 

RW samples collected under saturated RH conditions. 

Chapter 3, "Isotopic fractionation of deuterium in respiratory water vapor", 

addresses these questions. 
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The second purpose of this investigation was to determine if the water 

content of the FFB (W/FFB) differed among three age groups of healthy white 

males and females; prepubescent children (self-assessment of maturation 

stage, age = 5-10 y), young adults (age = 22-39 y) and older adults (age = 65-

84 y). Previous work has demonstrated an increased W/FFB in prepubescent 

children and youth when compared to young adults (8,9), and significant errors 

when the two-component formula for percent fat (41) is used in these groups 

(2,10). Until recently (12,13), the W/FFB for older adults had not been carefully 

investigated, and the results of these recent studies are conflicting. It is 

important to know whether the composition of the FFB in older adult males and 

females differs from that of reference man, since the two-component formula to 

estimate percent fat from density is based on assumed constants for water, 

mineral and protein fractions of the FFB (50). Therefore, associated with the 

second major objective, these questions emerged: 

a. Do percent fat and FFB mass based on mUlti-component body 

composition models (density plus TBW, density plus TBW and BMD) 

differ from percent fat and FFB mass based on densitometry alone, 

and in which age and gender groups? 

b. Do TBW/FFB ratios based on density, TBW and BMD in our sample 

differ from those reported in the literature? 

c. What is the magnitude of the error if the two-component formula (41) 

for percent fat is used for prepubescent children and older adults? 

In an attempt to resolve these questions, four specific hypotheses were 

developed and tested: 
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a. The water content of the FFB in young adults will not be significantly 

different from 73.8%. 

b. The water content of the FFB in prepubescent children will be 

significantly greater than in young adults. 

c. The water content of the FFB will be significantly less in older adults 

than in young adults. 

d. Variability in the water content and in the density of the FFB will result 

in a significant error in estimating percent fat when the Siri formula 

(41) for percent fat is used in prepubescent children or older adults. 

Questions related to this second major focus are discussed in chapter four, 

"Age-related differences in the hydration of the human fat-free body". 



Introduction 

Chapter 3 

Isotopic fractionation of deuterium in 

respiratory water vapor 
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The isotope-dilution technique for estimating total body water (TBW) 

involves introd~cing an isotope of water (2H20, 3H20 or H2180) orally or by 

injection, allowing it to equilibrate with the body water pool, then measuring its 

abundance in some biological fluid, i.e., plasma, urine or saliva (5). The 

abundance of the isotope in the fluid is then used to calculate dilution space 

(OS), or the mass of exchangeable hydrogen (oxygen when 180 is used), which 

can then be converted to TBW. Because H2180 is expensive, and 3H20 is 

radioactive, 2H20 is considered the isotope of choice for investigations involving 

human subjects. Byers (23) described an inexpensive infrared 

spectrophotometric (IR) method for the determination of 2H20 abundance in 

biological fluids. Further modification of this procedure by Lukaski and Johnson 

(16) made estimation of TBW by deuterium dilution technically and 

economically feasible for most research facilities. The use of IR, however, 

requires that all optically-active contaminants be removed from the biological 

fluids prior to analysis, and this time-consuming purification process introduces 

additional technical error to the determination of TBW (19). 

A cryogenic-trapping technique for collecting respiratory water vapor 

(RW), which requires no purification before analYSis by IR, was described in 

1982 by Wong et al (24), and subsequently used by several investigators 

(1,17,19,70). Van Loan and Mayclin (1) used RW sampling in their validation of 

total body electrical conductivity (TOBEC II), but were criticized by Schoeller 
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(25) for failing to account for isotopic fractionation of 2H20 in their samples. 

Schoeller cited the in vivo measurement of hydrogen isotope fractionation by 

Halliday and Miller (27), who reported fractionation factors of 0.945 and 0.944 

for RW compared to plasma and serum (S), respectively, and the in vitro 

fractionation factor of 0.941 from Dansgaard (26). Although Schoeller 

suggested that failure to account for isotopic fractionation in RW would have 

introduced a 6% overestimate of TBW, such a correction in the IR analyzed TBW 

data of Van Loan and Mayclin (1) would have caused the hydration of the fat

free body mass (FFB) to fall outside of the physiological range. Van Loan and 

Mayclin, in their rebuttal, recommended that additional data must be collected to 

evaluate the isotopic fractionation theory (28). Subsequently, Wong et al (18) 

measured 2H20 and H2180 fractionation factors for plasma, urine, saliva, RW 

and expired C02. Their data, based on baseline measurements in 20 subjects 

using isotope-ratio mass spectrometry (IRMS), demonstrated a 2H20 depletion 

in RW compared to Standard Mean Ocean Water (SMOW) similar to that 

reported by Halliday and Miller (27), and a 2H20 RW fractionation factor of 0.944 

± 0.004 (mean ± SD) compared to plasma water. At present, it is unknown to 

what extent, if any, differences in analytical technique affect the magnitude of 

isotopic fractionation of 2H20. 

The isotopic fractionation factors for 2H20 in RW reported by Halliday and 

. Miller (27) and by Wong et al (18) were determined by comparing natural 

abundances of 2H20 in baseline fluid samples. The advantage of this approach 

is that one can be assured that all body fluids are in equilibrium with the 

concentration of 2H20 naturally consumed in foods and drinking water. 

However, since TBW determinations require the analysis of 2H20 enrichment 
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following a dose of labelled water, both baseline and post-dose fractionation 

may contribute to differences among TBW analyses. Fractionation in post-dose 

samples has not been reported, and data on baseline fractionation for 2H20 are 

limited to one analytical technique in two studies of 6 and 20 subjects (18,27), 

respectively. 

Inspired ambient water vapor may change the 2H20 concentration in 

expired respiratory water vapor. This dilution effect should be a function of the 

volume of water vapor inspired which is related to the ambient relative humidity 

(RH). Although some investigators have attempted to control this variable by 

having subjects inspire compressed dry air (20), the effect of RH on RW has not 

been investigated. 

In this investigation, we sought to determine post-dose fractionation of 

deuterium in RW compared to S, and to investigate the confounding influences 

of analytical technique and RH. Herein, we present evidence that the apparent 

fractionation of post-dose RW samples analyzed by IR differs from that 

previously reported for baseline samples analyzed by IRMS (18,27,71). 

Subjects and methods 

Subjects 

Thirty-six healthy white children (n = 6) and adults (n = 30) volunteered 

for the study. All subjects were screened for clinical history and medications 

which might affect normal hydration. The physical characteristics of the subjects 

are summarized by age group in Table 6. Subjects reported to the laboratory in 

the morning after a light breakfast, and no food or water was consumed 

between baseline and final post-dose fluid sampling. Physical activity was 

limited to wal~ing, and consumption of alcohol or caffeinated beverages was 
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not allowed for 12 hr prior to testing. The measurement procedures were 

approved by the University Human Subjects Institutional Review Board, and 

written informed consent was obtained from all subjects and from the guardians 

of the children prior to testing. 
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Table 6: Physical characteristics of the s.ubjects by age and sex. 

Mean SD Range 

Prepubescent males (n = 6) 

Age (y) 8.5 1.3 7-10 

Weight (kg) 31.4 3.6 22.0-47.8 

Height (cm) 133.1 3.5 122.3-147.9 

Density (g/ml) 1.0440 0.0046 1.0297-1.0620 

TBW (L) 19.3 4.1 14.2-26.7 

TBW:Weight (%) 61.9 5.4 52.2-67.1 

Adult females (n = 14) 

Age (y) 58.2 11.6 37-73 

Weight (kg) 61.7 6.6 51.1-73.9 

Height (cm) 161.6 5.2 151.7-173.1 

Density (g/ml) 1.0140 0.0140 0.9890-1.0400 

TBW (L) 29.3 2.7 25.2-33.1 

TBW:Weight (%) 47.9 4.8 40.3-53.8 

Adult males (n = 16) 

Age (y) 62.8 9.2 35-72 

Weight (kg) 78.4 8.3 61.7-91.1 

Height (cm) 177.3 8.0 163.9-188.9 

Density (g/ml) 1.0380 0.0092 1.0240-1.0570 

TBW (L) 43.0 5.5 33.4-51.2 

TBW:Weight (%) 54.9 4.0 48.3-62.0 

TBW = Total body water from deuterium dilution and analysis of respiratory 

water corrected for isotopic fractionation 
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Total body water 

Children consumed a 15 g and adults a 25 g oral dose of 99.8% 

deuterium oxide (Sigma Chemical, St, Louis, MO) mixed in 15 g of tap water. 

The 2H20 dose was followed by three tap water rinses of approximately 10 g 

each. Baseline urine, RW, and S samples were collected prior to ingestion of 

the 2H20 dose~ Post-dose samples were collected after two and three hours. 

Sample collection and analysis 

The procedure for collecting RW samples was based on a modification of 

the cryogenic technique proposed by Wong et al (24) and described by 

Szeluga et al (17). Subjects were instructed to inspire nasally and exhale orally 

into a 2 m length of 13 mm Ld. polyethylene tubing (TygonTM, \/wR Scientific, 

San Francisco) which was partially submerged in a bath of methanol and dry 

ice. Subjects exhaled through a hand-held saliva trap into the tubing, 

minimizing sample contamination and eliminating the need to sterilize the 

polyethylene tubing. An adequate RW sample ("" 1 g) was obtained within 5 to 

1 0 minutes. After collection, the tubing was sealed, the samples were allowed 

to thaw, then transferred to O-ring-sealed polyethylene vials and frozen for later 

analysis. In order to investigate the potential differences associated with 

analytical technique (IR versus IRMS), duplicate aliquots were taken from RW 

samples collected in a subset (n = 8) of the adult subject pool. 

Venous blood samples were obtained by forearm venipuncture, and the 

S extracted by Pasteur pipette following centrifugation (6 min @ 3500 RPM) in 

Vacutainer® collection tubes (Becton-Dickenson, Rutherford, N.J.). Proteins 

and other optically-active contaminants were removed by vacuum sublimation 

according to the procedures of Lukaski (72). Duplicate aliquots were also 
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collected from S samples for a subset (n = 8) of the adult subjects so that the 

effect of analytic technique could be investigated. 

Respiratory water and purified S samples were analyzed in triplicate by 

constant-temperature (Haake FE2, Mess-Technik Co., Karlsruhe, W. Germany) 

fixed filter infrared spectrophotometry (Miran FF-1, Foxboro Co., Foxboro, MA) 

(72). Standard curves to convert absorbance to ppm using samples of known 

2H20 concentration were generated prior to each analysis session, and the 

calibration standards were rechecked following the analysis of the biological 

fluid samples. Post-dose RW samples were corrected for individual baseline 

2H20 abundances; S samples were corrected for a mean pre-dose 2H20 

concentration of -25.5 ppm (SEM = 0.7 ppm, n = 8). Deuterium enrichment for 

each subject was then converted to TBW using the formula of Lukaski and 

Bolunchuk (73). Because nearly all subjects (31 of 36) had reached 

equilibration within two hr, no corrections were made for 2H20 lost during the 

subsequent urine and blood sampling. No corrections were made for 

insensible water loss or metabolic water production because these 

measurements are technically impractical and their effects were expected to be 

negligible within the 2 hr equilibration period. Furthermore, no corrections were 

applied to adjust TBW for 2H20 exchange with nonaqueous hydrogen (ENH2)' 

Although ENH2 is an important consideration which must be applied to convert 

dilution space measures to TBW, its effect is independent of biological fluid 

analyzed or analytical technique, and did not contribute to this comparison. 

In the subsample of 8 subjects, an analytical comparison was made 

between IR in oW laboratory and IRMS at the Stable Isotopes Laboratory of the 

USDAIARS Children's Nutrition Research Center (Houston, TX). One half (n = 
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8) of the duplicate aliquots of RW and S samples were transported by overnight 

mail on dry ice to the USDA Laboratory and analyzed according to the 

procedure of Wong et al (74). A comparison was then made to the matched 

samples analyzed by IR in our laboratory. 

Statistical analyses 

Statistical analyses included the Student's paired t-test for comparisons 

between sample collection conditions, equilibration periods, and biological 

fluids, and simple linear regression analysis to describe the relationship 

between methods. Methodological agreement was assessed by the procedure _. 

of Bland and Altman (75). 

Results 

Equilibration time 

Respiratory water samples were collected on all subjects at 2 and 3 hr 

post-dose. Thirty-one of 36 subjects had reached isotopic equilibration within 2 

hr, as demonstrated by peak 2H20 abundances in the 2-hr samples compared 

to the.3-hr samples. Differences between hours 2 and 3 for the 5 subjects 

reaching equilibration at hour 3 were small, ranging from 2 to 17 ppm. The 

slope (B = 0.999) of the regression between the 2H20 abun(jances of the 2-hr 

. RW samples and the 3-hr samples was not different from 1.0 and the coefficient 

of determination was 99.7, demonstrating the very high relationship between 

samples for each subject (Figure 7). The intercept of the regression line was -

6.7 ppm, representing insignificant loss of the isotope (blood and urine samples 

and insensible water vapor) in the hour between sampling periods 2 and 3. 
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Isotope-ratio mass spectrometry vs IR spectrophotometry 

Duplicate aliquots from RW and S samples (n = 8) were analyzed by 

IRMS at the Stable Isotope Laboratory of the USDA/ARS Children's Nutrition 

Research Center and by IR spectrophotometry in our laboratory. Isotope-ratio 

mass spectrophotometry yields data in delta per mil units (~ 0100) relative to 

Standard Mean Ocean Water (SMOW), which has a 2H abundance of 156 to 

158 ±2.0 (SO) ppm (74,76). Because the IR spectrophotometer was zeroed 

relative to distilled water rather than SMOW, it is conceivable that a systematic 

difference may exist between techniques. The regression of ppm-IRMS versus 

ppm-IR is shown in Figure 8a. Deuterium concentration for the two analytical 

techniques was highly correlated (R2 = 0.999 for all samples; 0.985 for post

dose only). However, separate analysis of 2H20 enrichment (post-dose minus 

baseline) in Sand RW samples revealed differences associated with analytical 

technique in both fluids (Figure 8b). Analysis by IR resulted in larger estimates 

of 2H20 enrichment, and therefore lower estimates of TBW, than IRMS in both S 

(~ppm = 8.9%, P < 0.0001) and RW (~= 7.3%, P < 0.0001) samples. Isotopic 

fractionation factors [(ppm-RW + 100) I (ppm-S + 100)] for this small sample 

were 0.991 ± 0.006 for IR and 1.003 ± 0.005 (mean ± SEM) for IRMS. These 

factors were not significantly different from one another (p = 0.21) nor 

physiologically important. 



->-
I:~ 
o...t-
o...LI.I 
'-I: 
zo 
0~ - ..... 
t-o 
<L~J 
0:::0... 
t-CJ) 
Zen 
LIJCJ) 
0< 
~I: 
o,_ 
I:m 
~CJ) 
0:::-
LIJCJ) ._>-
:::)-' 
~.~.~< az 

< 

52 

I y = .927X + 26.650~ R2 = .999 ~SEE= 11.6 PPM~ N = 32 I 
900 

800 

700 

600 

sao 
400 

300 

200 

100 

-100 
-100 

e RW 
0 SERUM 

·r······················································ ........................................................................................................ . 

0 100 200 300 400 500 600 700 800 900 

DEUTERIUM CONCENTRATION (PPM) 
ANALYSIS BY IR SPECTROPHOTOMETRY 

Figure Sa: Linear regression of the deuterium concentration (ppm) in 

respiratory water (•) and serum (o) samples analyzed by infrared 

spectrophotometry versus isotope-ratio mass spectrometry. 



'" I: 
a. 
a. 
'-J 

z 
52 
I
oCt 
~ 
I
Z 
LLI 
U 
Z 
a 
u 
I: 
2 
~ 
LLI 
I
::l 
LLI 
o 

700 

600 

500 

400 

300 

200 

100 

o ....... 

-100 

.-----:-*----, 

I SERUM Rill i 
INFRARED~ 

SPECTROPHOTOMETRY 

L:ERUM RW I 
ISOTOPE RATIO ~ 

MASS SPECTROMETRY 

* P :S 0.01 

53 

Figure 8b: A comparison of deuterium enrichment in serum (S) and 

respiratory water (RW) samples (n = 8) following a 25 9 oral deuterium dose. 

The base of each bar represents pre-dose 2H20 concentration, the top 

represents post-dose, and enrichment is the difference. Values are means 

(SEM). 
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Deuterium fractionation in RW compared with serum samples 

Figure 9a illustrates the regression of deuterium concentration (ppm) in 

post-dose RW versus S samples. The abundance of 2H20 in both fluids was 

highly correlated (R2 = 0.989). Because the slope exceeded 1.0 (8 = 1.042), yet 

the intercept was nearly zero ( -5.2 ppm), the presence of a fractionation factor 

was suggested. A similar trend was seen in the regression of TBW determined 

by analysis of RW samples against TBW from S (Figure 9b). A slope less than 

1.0 (8 = 0.957) and an intercept of nearly zero (0.47 kg), again supported the 

presence of a fractionation factor. The magnitude of slope differences from 1.0 

were nearly identical in the post-dose ppm 2H20 and TBW regressions (0.042 

and 0.043). Total body water determined by analysis of RW was slightly, but 

significantly, larger than TBW from S (34.8 ± 1.7 vs 33.7 ± 1.7 L, P < 0.0001, 

mean ± SEM) (Table 7). The fractionation factors for 2H20 in RW calculated in 

this sample were 0.968 ± 0.004 (mean ± SEM) based on post-dose ppm 2H20, 

and 0.971 ± 0.005 for TBW. These factors indicate that RW will provide TBW 

determinations approximately 3% greater than those based on analysis of 2H20 

in S. 
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Table 7: Post-dose deuterium concentration (ppm) and total body water 

(TBW) from analysis of respiratory water (RW) and serum (S) samples. 

Post-dose ppm in RW: 

Post-dose ppm in S: 

TBW (L) from RW: 

TBW (L) from S: 

* p < 0.001 

Mean 

624.4 

645.4 

34.8 

33.7 

SEM 

22.9 

24.0 

1.7 

1.7 

N Paired t 

36 -7.68* 

36 6.00* 
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Within our sample, TBW estimates from RW, when corrected for 

fractionation by the factor of 0.971, agreed well with those from analysis of S. 

The differences between TBW from S and corrected RW are illustrated in Figure 

10. The difference between methods was not related to the volume of TBW in 

children and adults. After correction for fractionation, RW- and S-based 

estimates of TBW differed on average by 0.03 ± 0.16 L (mean ± SEM). The 

mean difference, plus and minus two SO ranged from -1.89 to 1.92 L. 
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Figure 10: Comparison of total body water estimated from analysis of 

respiratory water samples corrected for isotopic fractionation (TBW x 0.971) with 

those of serum. The dotted line line represents the mean difference between 

the two body water estimates. The dashed lines represent the upper and lower 

limits of agreement (mean difference ± 2 x SD of the difference). 
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Discussion 

The difficulties associated with the assessment of total body water have 

limited its routine use. The description of an inexpensive infrared 

spectrophotometric analysis technique (16,23) has simplified the determination 

of deuterium dilution space by analysis of deuterium concentration in plasma, 

saliva or urine samples following consumption of a known deuterium dose. 

When the collection of respiratory water vapor samples was proposed (24), the 

errors and delay associated with sample purification prior to IR analysis were 

eliminated. However, at the surface of the lung, the heavier isotopes of water 

enter the vapor phase at a slower rate than does water (36). This isotopic 

fractionation is mass dependent and fractionation factors for 3H20 (0.93) and 

2H20 (0.944) have been presented (18). Investigators have hypothesized that 

failure to compensate for this fractionation will result in a 5.5 to 6% overestimate 

of TBW when 2H20 and RW sampling are utilized (18,25). Because not all 

studies in which RW sampling was used have applied a fractionation correction 

(1,17), and because the proposed 2H20 fractionation factors are based on 

limited data collected only under baseline conditions, there is uncertainty' 

regarding the appropriate fractionation factor to be applied .. Unique to the 

. present study is the estimate of the fractionati~n effect in post-dose samples. 

Wong et al (18) identified a 0.944 ± 0.004 (mean ± SD, n = 20) 2H20 

fractionation factor in RW compared to plasma water based on analysis of 

baseline abundances of 2H20. This factor is remarkably similar to that of 0.946 

proposed by Halliday and Miller (27). In contrast, Szeluga et al (17) found no 

fractionation effect when they compared plasma and RW sampling in TBW 

determinationl? using 3H20. Their results were criticized by Schoeller (25) 
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because they failed to correct for the mass of solids in the plasma. Had they 

done so, a TBW overestimate of 3-6% from RW would have occurred compared 

to the corrected plasma value. Van Loan and Mayclin (1) used RW-based 

determinations of TBW to validate TOBEC-II and did not apply a correction 

factor for isotopic fractionation. When that study was criticized for this potential 

source of error (25), the'authors responded (28) by demonstrating that their 

TBW data, expressed as a fraction of the FFB, was in the expected range. The 

application of the 6% fractionation factor would have reduced the observed 

TBW:FFB ratio from 0.72 and 0.71 for males and females, respectively, well 

accepted values for hydration of the FFB, to 0.66 and 0.65, which are 

considerably lower than expected for the normal adult hydration state. 

The results of our study on 2H20 fractionation in RW in 36 healthy, white 

men, women and children demonstrated a fractionation factor of 0.971 ± 0.005 

(mean ± SEM). Our calculation was based on comparisons of 2H20 

abundances in both baseline and post-dose RW and S samples. After 

application of this 2.9% correction faCtor, mean differences between TBW from 

RW and TBW from S were 0.030 L. Our 2.9% fractionation factor agreed with 

that suggested by Schoeller (25) for the data of Szeluga et al (17). A 2.9% 

correction to the RW data of Van Loan and Mayclin (28) would have resulted in 

TBW:FFB ratios of 0.68 and 0.69 for men and women, respectively, still below 

expected values, but more reasonable than if a 6% correction had been 

applied. 

The difference between RW- and S-based estimates of TBW, plus and 

minus two SD, ranged from -1.89 to 1.92 L (Figure 10), equivalent to ± 5.5% of 

our mean TBW (Table 7). The analysis of S samples is not without error, thus 
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part of this difference is associated with each fluid. If we assume that half of the 

difference results from analysis of RW, 95% of the estimates would fall within a ± 

3.9% error, and 67% within ± 2.0%. 

Because initial work on RW fractionation of 2H20 in our laboratory (19) 

using IR analysis of fluid samples suggested a different fractionation factor than 

those of Halliday and Miller (27) and Wong et al (1S) who utilized IRMS, we 

investigated the effects of analytical technique. Duplicate Sand RW samples (n 

= S) were analyzed by IR in our laboratory and by IRMS under the guidance of 

Dr. William Wong at Baylor. The fractionation factor for baseline RW samples 

compared to S in our laboratory for the S subjects was only 0.9S0 ± 0.003 

(mean ± SEM), significantly smaller than that previously reported. When the 

same samples were analyzed by IRMS, a nearly identical fractionation effect, 

0.990 ± 0.0003 (mean ± SEM), was observed. These data, and the excellent 

agreement shown in Figure Sa, suggested that analytical technique was not 

responsible for differences in RW 2H20 fractionation between our laboratories. 

However, when deuterium enrichment (post-dose minus baseline) was 

compared between IR and IRMS for each fluid, significant differences were 

found (Figure Sb). Deuterium enrichment was greater in both Sand RW 

samples analyzed by IR compared to IRMS (p < 0.0001), therefore, TBW was 

less when determined by IR than by IRMS for both RW (TBWIR = 33.1 ± 2.9 L 

versus TBWIRMS = 35.5 ± 3.2 L, mean ± SEM) and S (TBWIR = 32.7 ± 2.S L 

versus TBWIRMS = 35.6 ± 3.1 L, mean ± SEM). Because IRMS requires no 

separate sample preparation prior to analysis, while S samples, but not RW, 

must be purified by vacuum sublimation for IR, tracer lost during sublimation 

may account for some of the observed analytical differences. Additional study 
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with a larger sample size is needed to determine whether analytical technique 

may contribute to estimated differences in 2H20 fractionation factors for RW 

among laboratories. Furthermore, the possibility exists that differences in RW 

collection procedures and/or conditions may contribute to variability in 

fractionation factors. 

One hypothesis is that ambient relative humidity may influence the 2H20 

abundance in. RW samples. Collection in dry conditions, such as those 

consistently encountered in our desert laboratory, would not cause expired 

water vapor relatively rich in 2H20 to be diluted by inspired water vapor lacking 

2H20 to the extent that might occur in other geographic locations with higher 

relative humidities. We examined this effect by collecting post~dose RW 

samples in 15 adult subjects under ambient (RH "" 20 %) and saturated (RH = 

100%) conditions. The results of that comparison are shown in Figure 11. 

Respiratory water samples collected· under saturated conditions were 20.2 ± 4.5 

(mean ± SEM) ppm lower than their ambient counterparts (p < 0.0005). Itis 

unlikely that any laboratories collect data under saturated RH conditions. 

However, if the humidity effect was decreased by 50%, a 10 ppm reduction in 

our mean post-dose 2H20 abundance (624 ppm following a 25.0 g dose, Table 

7) would still increase the estimated TBW from 36.3 to 36.9 L (1.0%). The 

additive fractionation effects of our observed 2.9% fractionation factor plus a 

1.0% humidity factor would result in 2H20 fractionation for RW of 3.9%. These 

initial data suggest that additional studies under different RH conditions need to 

be conducted among and between laboratories. 
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In addition to correction of deuterium dilution space for isotopic 

fractionation, a second correction is needed to calculate actual TBW. When 

isotopes of hydrogen are used to estimate TBW, the unit of measurement is kg 

of exchangeable hydrogen (31). Total exchangeable hydrogen is then 

expressed as dilution space or TBW, based on the assumption that nearly all of 

the exchangeable hydrogen pool is present in the body fluid space. However, 

the tracer isotope also exchanges with. nonaqueous hydrogen atoms in protein, 

carbohydrate and fat (31,32). Although it is generally accepted that isotope 

dilution spaces are greater than TBW, the magnitude of the error introduced by 

nonaqueous hydrogen exchange (ENH2) has not been resolved (21). 

Schoeller and Jones (22) proposed a standardized approach to correcting TBW 

estimates for ENH2. and they cited the unacceptably wide range of 6-23% for 

the overestimate of TBW based on published dilution-desiccation comparisons. 

They pointed out, however, that most dilution-desiccation differences are within 

1~6%, and reported a 3-4% overestimate of TBW from 180:2H dilution space 

contrasts. Schoeller and Jones concluded that the 2H20 dilution space is 4 f 

1 % (SD) greater than TBW; however, the theoretical estimates for ENH2 of 

Hevesy and Jacobsen (36) (1-3.5%) and Schloerb (5) (1.2%), and the careful 

experimental work of Culebras et al (34) (1.7%), suggest that a slightly smaller 

TBW correction may be appropriate. 

In summary, this study was conducted to determine the fractionation 

factor for 2H20 in RW based on analysis of pre- and post-dose fluid samples. 

We demonstrated a significant (p < 0.0001) fractionation factor of 0:971 ± 0.005 

(mean ± SEM) for TBW from RW compared to TBW from S. We conclude that a 

3% correction for fractionation is needed to correct deuterium dilution from RW 
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to TBW. Differences in 2H20 enrichment in Sand RW samples analyzed by IR 

and IRMS, and in 2H20 abundance in RW samples collected at ambient and 

saturated RH contribute to the differences in fractionation factors observed 

among laboratories and need further investigation. 
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In .1945, Pace and Rathburn (44) reported a constant of 73.2% for the 

hydration of mammalian fat-free tissue. Similar values were used by Keys and 

Brozek (6) (73%) and by Siri (39,41) (72%) in developing their formulae to 

convert body density (Db) to percent fat. An age-related decline in TBW was 

reported by Edelman et al (58), Parker et al (59) and Norris et al (43). Norris 

extrapolated the FFB constants from Keys and Brozek (6) to develop a model to 

represent the FFB composition of a hypothetical reference 80 year-old man. In 

their model, an absolute decline in TBW with age (0.0459 L per year) was 

accompanied by losses in cell mass and mineral such that the relative water 

content of fat-free tissue (W/FFB) was higher than in young adults (80.1 %). 

Lesser et al (63) measured TBW and FFB mass in 15 human subjects 

aged 19-68 y. Although there was a trend for the W/FFB to be lower in middle

aged and older adults than in young adults, it was not statistically significant in 

their small sample. Subsequently, Lesser and Markofsky (64) performed a 

similar study in 45 males and females grouped into 17-39 and 59-89 year-old 

groups. No differences were found in W/FFB among age or gender groups. 

Recently Schoeller (66) reviewed the change in TBW with age, including 

cadaver (6,67) and in vivo (64) studies. The cadaver constant for W/FFB was 

73.3 ± 3% (mean ± SO) and no age differences were observed. Schoeller's 

analysis of Lesser and Markofsky's (64) data showed a 1 % higher W/FFB in the 

older adult versus young adult group. MUlti-component models to estimate 
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body composition were used by Cohn et al (69), Heymsfield et al (12) and 

Baumgartner et al (13). Cohn concluded that W/FFB was not different between 

young and older adults, while Heymsfield showed W/FFB constants of 72.1 and 

71.2% in young and older adult females, respectively. Baumgartner (13) 

reported W/FFB factors of 74.3 ± 4.5 and 74.4 ± 3.9% (mean ± SO) in 65-94 

year-old males and females. 

Evidence to support a single W/FFB constant in adults is lacking. 

Although TBW changes with age have been reported in cross-sectional human 

data (43,58-59) and in longitudinal animal studies (61), the results are based on 

measurement techniques with technical limitations and the findings are 

somewhat equivocal. Estimates of age-related differences in human W/FFB 

based on a mUlti-component model are needed. The purpose of this 

investigation was to use body density (Db), TBW and bone mineral density 

(BMD) to estimate FFB mass and differences in W/FFB among prepubescent, 

young adult and older adult males and females. The effects of variation in 

W/FFB and FFB composition on the two-component model for estimating 

percent fat and FFB mass were also examined. Herein we report cross

sectional data which demonstrate significant age-related differences in W/FFB 

and their associated body composition estimation errors. 

Subjects and methods 

Subjects 

One hundred twenty-one healthy prepubescent white children (PP, n = 

28), young adults (VA, n = 31) and older adults (OA, n = 62) volunteered for the 

study. Prepubes.cent children were identified by self-assessment of maturation 

using the Tanner stage (77). All subjects were screened for clinical history and 
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medications which might affect normal hydration and bone mass. The physical 

characteristics of the subjects are summarized by sex and age group in Table 8. 

Subjects were asked to refrain from eating prior to reporting to the laboratory in 

the morning, and no food or water was consumed during the testing session. 

Physical activity was limited to walking, and consumption of alcohol or 

caffeinated beverages was not allowed for 12 hr prior to testing. The 

measurement procedures were approved by the University Human Subjects 

Institutional Review Board, and written informed consent was obtained from all 

subjects and from the guardians of the children prior to testing. 
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Table 8: Physical characteristics of the subjects by age group and sex. 

Prepubescent Young adult Older adult 

Mean (SO) Mean (SO) Mean (SO) 

Males n = 17 n = 12 n = 30 
Age (y) 8.5 (1.0) 31.1 (6.3) 69.8 (3.7) 

Weight (kg) 27.0 (4.1) 75.1 (10.7) 77.9 (12.0) 

Height (cm) 130.4 (4.5) 177.9 (7.0) 174.5 (7.4) 

L 4SF (mm) 32.2 (9.4) 40.0 (9.3) 63.9 (19.3) 

Density (g/ml) 1 .0530 (0.0130) 1.0670 (0.0080) 1.0340 (0.0100) 

TBW (L) 17.0 (1.8) 44.7 (5.4) 40.3 (4.9) 

TBWIWt (%) 63.0 (5.2) 59.4 (3.2) 51.9 (4.0) 

RS (g/cm2) 0.408 (0.043) 

T (g/cm2) 0.882 (0.118) 0.821 (0.126) 

% Fatd 20.0 (6.1) 14.0 (3.5) 28.7 (4.4) 

% Fatdw 16.5 (6.2) 16.8 (3.7) 29.0 (4.9) 

% Fa~wb 13.8 (6.2) 16.4 (3.4) 28.6 (4:9) 

FFBdwb (Kg) 23.1 (2.5) 62.6 (7.5) 55.2 (6.9) 

L 4SF = Sum of triceps, subscapular, abdomen and calf skinfold thicknesses 

TBW = Total body water by deuterium dilution 

TBW/VIJt = Total body water (Kg) as a percent of body weight 

RS = Radius mid-shaft bone mineral from single photon absorptiometry 

T = Trochanter bone mineral from dual photon absorptiometry 

%Fatd = Percent fat from density alone 

%Fa~w = Percent fat from density corrected for water 

%Fa~wb = Percent fat from density corrected for bone and water 

FFBdwb = Fat-free body mass from density corrected for bone and water 
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Table 8: continued. 

Prepubescent Young adult Older adult 

Mean (SO) Mean (SO) Mean (SO) 

Female n = 11 n = 19 n = 32 
Age (y) 8.4 (1.7) 32.6 (6.0) 70.0 (4.7) 

Weight (kg) 30.0 (5.8) 59.6 (8.0) 65.2 (10.2) 

Height (cm) 132.4 (10.0) 166.2 (5.2) 162.6 (6.3) 

L 4SF (mm) 50.9 (15.0) 67.8 (18.2) 87.9 (23.4) 

Density (g/ml) 1.0402 (0.0110) 1.0400 (0.0130) 1.0100 (0.0130) 

TBW (L) 17.1 (2.7) 31.2 (3.2) 29.8 (3.2) 

TBWIWt (%) 57.2 (4.7) 52.3 (4.1) 46.0 (4.6) 

RS(g/cm2) 0.416 (0.043) 

T (g/cm2) 0.743 (0.101) 0.440 (0.099) 

% Fatd 26.0 (5.0) 26.1 (5.9) 40.2 (6.5) 

% Fatdw 23.6 (5.6) 27.5 (5.5) 38.5 (6.0) 

% Faldwb 20.8 (5.6) 25.5 (5.4) 35.8 (6.1) 

FFBdwb (Kg) 23.6 (3.8) 44.1 (4.2) 41.4 (4.2) 

2. 4SF = Sum of triceps, subscapular, abdomen and calf skinfold thicknesses 

TBW = Total body water by deuterium dilution 

TBWIWt = Total body water (Kg) as a percent of body weight 

RS = Radius mid-shaft bone mineral from single photon absorptiometry 

T = Trochanter bone mineral from dual photon absorptiometry 

%Fatd = Percent fat from density alone 

%Faldw = Percent fat from density corrected for water 

%Faldwb = Percent fat from density corrected for bone and water 

FFBdwb = Fat-free body mass from density cor.rected for bone and water 
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Total body water 

Total body water was estimated from deuterium enrichment of respiratory 

water vapor following a 15 (children) or 25 g (adults) oral dose of 99.S% 

deuterium oxide (Sigma Chemical, St, Louis, MO) mixed in 15 g of tap water. 

Respiratory water samples (17) were analyzed in triplicate by infrared 

spectrophotometry according to the procedures of Lukaski and Johnson (16), 

and corrected for isotopic fractionation (factor = 0.971) and isotope exchange 

with non-aqueous hydrogen (factor = 0.9S). Total body water was converted 

from L to kg by dividing by the density of water at body temperature (factor = 

0.9937). 

Bone mineral density 

Bone mineral density (BMD in g/cm2) was assessed for the radius shaft 

(children and adults) and the lumbar spine and femur (adults) using single- and 

dual-photon absorptiometry (Lunar SP2 and DP3, Lunar Radiation Corp, 

Madison, WI) according to the procedures of Mazess and Cameron (7S) and 

Mazess et al (79). Bone mineral density was determined for the 1/3 radius shaft 

(RS), lumbar vertebrae 2-4 (L2-4) and the femoral neck (FN), Ward's triangle 

(WT) and trochanter (T) sites. 

Body density 

Body density (Db) was estimated by hydrodensitometry using under

water weight corrected for a simultaneous measurement of functional residual 

capacity (FRC). Under-water weight (UWW) was measured using the system 

reported by Akers and Buskirk (SO) and FRC using oxygen dilution as reported 

by Wilmore (S1). These methods allowed valid determinations of Db even in 

subjects who were unable or unwilling to consistently exhale to residual lung 
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volume, and thus were particularly appropriate for the very young and elderly. 

Body density values were based on the mean of three trials. 

Fat-free body mass and FFB hydration 

The Siri density (41) and density-water (39) equations were used to 

convert Db into percent fat. The associated estimates of FFB were then 

calculated from the difference between body mass and the mass of the fat 

fractions from the respective models (Db and Db plus water). 

A statistical model was used to adjust the density of the fat-free body for 

variation in bone mineral content (82,83). The effects of body fatness on body 

density were controlled for each group by forcing the sum of four skinfolds 

(L4SF) into a multiple regression analysis with Db as the dependent variable. 

Each BMD site was then individually entered into the regression equation to 

assess the effect of BMD on Db after the influence of body fatness had been 

controlled. For each subject, the difference between measured and reference 

BMD (young adult male, T = 0.930 g/cm2) (78,84) was adjusted by the site

specific regression coefficient (B) for that group, and the resulting bone 

correction factor subtracted from Db. This adjusted Db was entered into the Siri 

density-water formula (39), to derive percent fat and FFB from density, water 

and bone (FFBdwb). TBW (kg) was divided by FFBd, FFBdw and FFBdwb for each 

subject to calcul~te the water content of the fat-free tissue (W/FFB) from the 

three body composition models. In both male and female subjects, Db was 

adjusted using the trochanter BMD norm for young adult males, since the Siri 

(39) equation was derived using constants appropriate for VA males (79). The 

magnitude of the BMD correction was a function of both the slope of the 

regression (DI? predicted from T) and the absolute difference in T BMD for each 
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subject. In VA and OA males, the difference was small (VA = 0.882, OA = 0.821 

versus VA norm = 0.930 g/cm2), but in females, especially OA, the relative 

reduction in BMD was app-arent (VA = 0.743, OA = 0.440 g/cm2). Thus, the 

correction was greater in OAF than in the other groups. 

Because spine and femur measurements were not performed on PP, 

bone corrections for this'group were based on RS BMD (Table 9). The bone 

site most related to Db in adults was trochanter (T) for VA males and females 

and OA males, and Ward's triangle (WT) in OA females (Tables 10-13). The 

trochanter BMD was used in all adult corrections, since even in OA females, B 

values were similar for WT (B = 0.041) and T (B = 0.044), and both sites were 

significant (p< 0.05) predictors of Db (Table 13). Fat-free body mass values 

using the mUlti-component model are reported for each group in Table 8. 

Db (VA d') = - 0.000487 l:SF + 0.042 BMDT + 1.049 
Db (VA ~ ) = - O.000574l:Sf + 0.055 BHDy + 1.038 

Db (OA ci') = - 0.000385 l:Sf + 0.017 BHDy + 1.045 
Db (OA ~ ) = - 0.000436 :ESf + 0.044 BHDy + 1.020 

..----~------, 
Db ADJ = Db - B [ BNDy - 0.930] 

Figure 12: The adjustment of body density for trochanter BMD. 
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Table 9: Multiple regression of skinfolds and bone mineral on body density 

in prepubescent children. 

B L4SF (mm) 

B RS (g/cm2) 

Intercept 
R2 x 100 

SEE 

N 

Multiple Regression Analyses 

Dependent Variable: Body Density 

Skinfolds Skinfolds 

alone plus RS 

-0.000728 -0.000754 
(0.001 ) (0.001 ) 

0.031 
(0.479) 

1.077 1.065 
60.8 61.6 

0.0089 0.0090 

28 28 

L 4SF = Sum of triceps, subscapular, abdomen and calf skinfold thicknesses 

RS = Radius shaft from single photon absorptiometry 

p values are in parentheses 
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Table 10: Multiple regression of skinfolds and bone mineral on body density 

in young adult males. 

Multiple Regression Analyses 

Dependent Variable: Body Density 

Skinfolds Skinfolds Skinfolds Skinfolds Skinfolds Skinfolds 

alone plus RS plus L2-4 plus FN plus WT plus T 

B L4SF (mm) -0.00059 -0.00056 -0.00071 -0.00052 -0.00053 -0.00049 

(0.016) (0.035) (0.011 ) (0.003) (0.006) (0.004) 

B RS (g/cm2) -0.012 

(0.734) 

B L2-4 (g/cm2) 0.016 

(0.268) 

B FN (g/cm2) 0.037 

(0.003) 

B WT (g/cm2) .027 

(0.009) 

B T (g/cm2) 0.042 

(0.003) 

Intercept 1.091 1.099 1.073 1.049 1.064 1.049 

R2 x 100 45.8 46.6 53.1 81.2 75.4 81.1 

SEE 0.0063 0.0066 0.0062 0.0039 0.0045 0.0039 

N 12 12 12 12 12 12 

L 4SF = Sum of triceps, subscapular, abdomen and calf skinfold thicknesses 

RS = Radius shaft from single photon absorptiometry 

L2-4 = Lumbar vertebrae 2-4 from dual photon absorptiometry 

FN = Femoral neck from dual photon absorptiometry 

WT = Ward's triangle from dual photon absorptiometry 

T = Trochanter from dual photon absorptiometry 

p values are in parentheses 
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Table 11: Multiple regression of skinfolds and bone mineral on body density 

in young adult females. 

Multiple Regression Analyses 

Dependent Variable: Body Density 

Skinfolds Skinfolds Skinfolds Skinfolds Skinfolds Skinfolds 

alone plus RS plus L2-4 plus FN plus WT plus T 

B L4SF (mm) -0.00051 -0.00054 -0.00077 -0.00057 -0.00057 -0.00057 

(0.006) (0.001 ) (0.001 ) (0.001 ) (0.001 ) (0.001 ) 

B RS (g/cm2) 0.041 

(0.447) 

B L2-4 (g/cm2) 0.039 

(0.038) 

B FN (g/cm2) 0.037 

(0.009) 

B WT (g/cm2) .032 

(0.013) 

B T (g/cm2) 0.055 

(0.007) 

Intercept 1.074 1.048 1.041 1.044 1.052 1.038 

R2 x 100 52.4 54.2 63.9 69.2 67.9 70.5 

SEE 0.0091 0.0092 0.0081 0.0075 0.0077 0.0074 

N 19 19 19 19 19 19 

L 4SF = Sum of triceps, subscapular, abdomen and calf skinfold thicknesses 

RS = Radius shaft from single photon absorptiometry 

L2-4 = Lumbar vertebrae 2-4 from dual photon absorptiometry 

FN = Femoral neck from dual photon absorptiometry 

wr = Ward's triangle from dual photon absorptiometry 

T = Trochanter from dual photon absorptiometry 

p values are in parentheses 
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Table 12: Multiple regression of skinfolds and bone mineral on body density 

in older adult males. 

Multiple Regression Analyses 

Dependent Variable: Body Density 

Skinfolds Skinfolds Skinfolds Skinfolds Skinfolds Skinfolds 

alone plus RS plus L2-4 plus FN plus WT plus T 

B L4SF (mm) -0.00036 -0.00037 -0.00040 -0.00038 -0.00038 -0.00039 

(0.001 ) (0.001 ) (0.001 ) (0.001 ) (0.001 ) (0.001 ) 

B RS (g/cm2) 0.012 

(0.454) 

B L2-4 (g/cm2) 0.008 

(0.190) 

B FN (g/cm2) 0.012 

(0.238) 

B WT (g/cm2) .015 

(0.182) 

B T (g/cm2) 0.017 

(0.096) 

Intercept 1.057 1.049 1.049 1.048 1.049 1.045 

R2 x 100 54.0 55.0 56.9 56.4 57.0 58.6 

SEE 0.0066 0.0066 0.0065 0.0065 0.0065 0.0064 

N 30 30 30 30 30 30 

L 4SF = Sum of triceps, subscapular, abdomen and calf skinfold thicknesses 

RS ;::: Radius shaft from single photon absorptiometry 

L2-4 = Lumbar vertebrae 2-4 from dual photon absorptiometry 

FN = Femoral neck from dual photon absorptiometry 

wr = Ward's triangle from dual photon absorptiometry 

T = Trochanter from dual photon absorptiometry 

p values are in. parentheses 

... 
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Table 13: Multiple regression of skinfolds and bone mineral on body density 

in older adult females. 

Multiple Regression Analyses 

Dependent Variable: Body Density 

Skinfolds Skinfolds Skinfolds Skinfolds Skinfolds Skinfolds 

alone' plus RS plus L2-4 plus FN plus WT plus T 

B L4SF (mm) -0.00037 -0.00036 -0.00038 -0.00041 -0.00041 -0.00044 

(0.001 ) (0.001 ) (0.001 ) (0.001 ) (0.001 ) (0.001 ) 
B RS (g/cm2) 0.022 

(0.278) 

B L2-4 (g/cm2) 0.007 

(0.404) 

B FN (g/cm2) 0.041 

(0.028) 

B WT (g/cm2) .041 . 
(0.010) 

B T (g/cm2) 0.044 

(0.025) 

Intercept 1.042 1.029 1.035 1.016 1.022 1.020 

R2 x 100 42.2 44.5 43.6 51.2 54.1 51.6 

SEE 0.0100 0.0100 0.0100 0.0100 0.0093 0.0100 

N 32 32 32 32 32 32 

L 4SF = Sum of triceps, subscapular, abdomen and calf skinfold thicknesses 

RS = Radius shaft from single photon absorptiometry 

L2-4 = Lumbar vertebrae 2-4 from dual photon absorptiometry 

FN = Femoral neck from dual photon absorptiometry 

WT = Ward's triangle from dual photon absorptiometry 

T. = Trochanter from dual photon absorptiometry 

p values are in parentheses 
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Statistical analyses 

Mean differences in W/FFBdwb by sex and age group were assessed by 

ANOV A. The Newman-Keuls post-hoc test corrected for harmonic mean to 

account for different group sizes was then used to identify significant differences 

among means (85). The student's t-test (paired, two-tailed) was used to 

evaluate differences between percent fat from density and percent fat from the 

mUlti-component models, and to compare W/FFBd to W/FFB from each mUlti

component model. The relationship between W/FFB and hydration status (urine 

osmolarity) was examined using simple regression analysis, and between 

W/FFB and age using polynomial regression analysis (Statview 512+™, 

Brainpower, Inc., Calabasas, CA). 

Results 

Total body water 

Total body water volume was significantly (p < 0.01) less in PP than in 

adults (Table 8). No differences in TBW were seen between PP males and 

females, but TBW volumes in VA and OA males were significantly greater (p < 

0.01) than in females (Figure 13). Total body water was less in the OA than in 

VA males (40.3 ± 4.9 versus 44.7 ± 5.4, mean ± SD, P < 0.05) but not in females 

(OA = 29.8 ± 3.2 versus VA = 31.2 ± 3.2, mean ± SD). 
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Figure 13: Mean total body water in prepubescent, young adult. and 
older adult males (•) and females (o). Error bars represent 1 SD. 

Significant sex differences are indicated by *, p < 0.01. 
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Percent fat and FFB mass 

Percent fat for each group, estimated using three models of increasing 

complexity (density, density plus TBW and density plus TBW and BMO), is 

shown in Table 8. In all groups except OA males, percent fat by density plus 

TBW was significantly different (p < 0.005) than from density alone, although it 

was lower in PP and OA females, and higher in VA. Percent fat from density 

plus TBW and BMO was lower than from density alone in all groups but VA 

males, where it was 2.4 percent fat higher. These differences were not 

significant in VA females or OA males (p > 0.05). The magnitude of the 

difference in percent fat from the four-component minus percent fat from the two

component model was greatest in PP (L\ , M = -6.3 ± 3.1 % fat, L\, F = -5.2 ± 2.2 % 

fat, mean ± SO), but still important in VA males (L\ = 2.5 ± 2.4% fat) and OA 

females (L\ = -4.4 ± 2.8% fat). Fat-free body mass was calculated using body 

mass and percent fat by each model so that W/FFB could be determined. The 

four-component estimate of FFB mass for each age and gender group is shown 

in Table 8. 

Hydration of the fat-free body 

The incorporation of the mUlti-component models to estimate FFB 

resulted in W/FFB values that were significantly different from those based on 

the two-component model in all sex and age groups except OA males (Figure 

14). In PP males and females, water as a percent of FFBdw and FFBdwb was less 

(p < 0.001) than from density alone. This trend was also seen in OA females. In 

VA, W/FFB from density and water was greater than from density alone. When 

the correction for BMC was applied, the W/FFB value was reduced. However, 
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the mUlti-component based W/FFB was higher than W/FFB from density alone in 

Y A males but not females. 

Differences between groups in the water content of the mUlti-component 

FFB (density, water and bone) by age are illustrated in Figure 15. 

Prepubescent and OA males and females exhibited higher FFB water fractions 

than did VA males and females. Within each age group, no gender differences 

in W/FFB were noted, although W/FFB in males was significantly greater (p < 

0.01) than in females when subjects from all age groups were combined. 

Figures 16a and 16b illustrate the polynomial regression of W/FFB 

versus age in males and females, respectively. Both the linear and quadratic 

functions of age were significant independent variables (p < 0.01) showing 

higher W/FFB in PP and OA subjects. 

The four-component (hydrodensitometry, TBW and DPA) model used to 

palculate FFBdwb was designed to correct for the effects of individual deviations 

in the water and bone mineral from the assumed constants built into the 

traditional two-component model. Figure 17 illustrates the regression of W/FFB 

versus urine osmolarity (range = 164-1211 mosm/L) for all subjects. Because 

such a wide range of osmolarities was found, the data were grouped into 

tertiles, and the mean W/FFB determined for each group. Mean W/FFB did not 

differ among the groups, the slope of the regression line for all subjects was not 

different from 0.0, and no relationship between urine osmolarity and W/FFBdwb 

was found (R2 = 0.001). When a linear regression between urine osmolarity 

and W/FFB from density alone (two-component, not adjustment for hydration) 

was performed, a non significant (p = 0.15), but negative, slope was found 

[W/FFBd = (-0,0027 x urine osmolarity) + 76.1, R2 = 0.017,n = 121]. These 
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findings suggest that the mUlti-component model was able to adequately 

account for individual hydration differences as indicated by urine osmolarity 

within this sample. 
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Figure 14a: Mean water content of the fat-free body determined 

by three models in prepubescent, young adult and older adult males. 

Values are mean ± SD. Significant differences compared to W/FFB 

from density are indicated by *., p < 0.01. 
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Figure 14b: Mean water content of the fat-free body determined 

by three models in prepubescent, young adult and older adult 

females. Values are mean ± SD. Significant differences compared to 

W/FFB from density are indicated by *, p < 0.01. 
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Figure 15: Mean water content of the fat-free body (0/o) from 
measures of density, water and bone in prepubescent, young adult 
and older adult males and females. Values are mean ± SO. 
Significant differences are indicated by *, p < 0.01. 
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Figure 16a: Regression of water content of the fat-free body from 

measures of density, water and bone versus age in males. 
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Figure 16b: Regression of water content of the fat-free body from 

measures of density, water and bone versus age in females. 
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Figure 17: Linear regression of water content of the fat-free body 
from measures of density, water and bone versus urine osmolarity. 
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Discussion 

Cross sectional data utilizing a mUlti-component model to estimate body 

composition have identified significant age-related differences in TBW and the 

water content of the FFB, which result in significant errors when the two

component model to estimate percent fat and FFB is used in prepubescent 

children and older adult females. The observation in this study that 

prepubescent children have a higher W/FFB fraction than young adults is in 

agreement with the findings of other investigators (7-10). Although different 

units were used for the bone correction for PP in the present study (BMD, g/cm2) 

than. in the work of Lohman et al (10) (BMC, g/cm), and a different slope (BBMD = 

0.031 versus BBMC = 0.017) was identified, when the relationship between 

radius bone mineral content (g/cm) and Db was examined in our sample, an 

identical B (0.017) was observed. Unlike the findings of Lohman et al (10), RS 

was not a significant predictor of Db in PP in the present investigation (Table 9). 

The small homogeneous sample in our study differs from the sample in Lohman 

et al (10), which combined prepubescent, pubescent, post-pubescent and 

young adult subjects. While the observation of an increased W/FFB in PP 

relative to adults is not new, it lends support to these previous investigations 

and demonstrates the internal validity of the mUlti-component model used in the 

present study. 

The W/FFB fractions for young adult males (71.0%) and females (70.2%) 

estimated by our model were similar to values based on the data of Cohn et al 

(68) reported by Schoeller (66), but were lower than most estimates previously 

reported for cadavers (6,67) and in living subjeCts (12,13,50). Part of this 

observation may be due to the methods employed to estimate TBW and Db. We 
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utilized deuterium oxide (2H20) dilution and analyzed 2H20 enrichment in 

respiratory water vapor. Our results were corrected for isotopic fractionation of 

2H20 at the surface of the lung, and for the exchange of the isotope with 

nonaqueous hydrogen atoms (ENH2) in protein, carbohydrate and fat, both of 

which reduce the volume of TBW. The data of Heymsfield et al (12), but not 

Cohn et al (68) applied an ENH2 correction. The hydrodensitometry apparatus 

used during this investigation measured functional residual capacity (FRC), 

rather than residual lung volume (RV), simultaneous to the determination of 

under-water weight (UWW). Because each trial matched FRC to UWW, 

measured body density was consistent whether subjects expired to normal end

tidal volume or to RV, a feature particularly important when testing PP and very 

elderly subjects. Thus, the estimates of TBW and Db may have been more 

accurate than in previous investigations. 

Polynomial regression analysis for W/FFB versus age in our cross

sectional data show a relative decline in W/FFB from prepubescence to young 

adulthood and a subsequent rise for older adult males and females (Figure 16). 

Since data are missing for youth and middle-aged adults, these regression 

equations are not appropriate for the prediction of W/FFB as a function of age; 

rather, they are provided to illustrate the major change in FFB hydration relative 

10 three stages of the life cycle. This apparent age-related change in W/FFB is 

. in contrast with both the conclusions of Schoeller (66) who noted that although 

TBW decreases with age, the water content of the FFB remains constant 

through adulthood, and the work of Heymsfield et al (12) which demonstrated a 

lower W/FFB in an elderly female sample than in a young adult sample. 
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The model for estimating FFB developed for the present investigation 

was similar to that employed by Heymsfield et al (12) who corrected Db for water 

from 3H20 dilution and mineral from DPA in their evaluation of FFB composition 

in young (age = 29.0 ± 3.9 y, mean ± SD, n = 55) and older (age = 74.5 ± 5.9 y, 

n = 61) adult women, although the exact method of their correction was not 

presented. They noted greater fat and lower FFB masses in the older group 

compared to the young, as was seen in our subjects. In contrast to Schoeller 

(66), Heymsfield et al (12) reported age-related FFB hydration differences, 

although they were opposite in direction to those observed in our investigation. _. 

The mean W/FFB in the older females studied by Heymsfield and his associates 

was 71.2% compared to 72.1 % for the younger group. This lower W/FFB was 

accompanied by a lower mineral content of the FFB (OA = 5.9% versus VA = 
6.5%), but was offset by a larger estimated protein fraction (OA = 23.0% versus 

VA = 21.4%). The calculated densities of the FFB were 1.101 and 1.099 for the 

younger and older females, respectively. We found a similar W/FFB fraction in 

older females (71.6 ± 1.6%, mean ± SD), but a lower constant for younger adult 

females (70.2 ± 1.3%), and substantially different DFFB values (OA = 1.0839 g/ml. 

versus VA = 1.0985 g/ml). 

The DFFB was estimated for our groups using the mean observed Db, the 

mean fat fraction estimated using our mUlti-component model and equation 1 

from Siri (41). 

1 f ffb -=-- + 
Db DF DFFB 

(1) 
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When the whole-body densities for each age group (e.g., 1.010 in OAF, Table 7) 

and the density of fat (0.90 g/ml) were entered into equation 1, OFFB could be 

calculated using equation 2. 

1.0 - f 

1 f 
(2) 

----
Db 0.90 

Calculated OFFB values were 1.1073 and 1.0996 g/ml for young and older 

adult males, and 1.0985 and 1.0839 for young and older females, respectively. 

Subsequently, the bone and mineral sub-fractions of the FFB were estimated 

using the calculated OFFB, the water content of the FFB from the mUlti

component model, and equation 3. 

w m p 
- - ---::~- + + --=---

DFFB - Dw DM Dp 
(3) 

Utilization of density constants for water and protein (41) and the density of the 

mineral component calculated from data for Brozek and his colleague's (50) 

reference body [47.4 g osseous mineral (82%, 0 = 2.982 g/ml); 10.5 g non

osseous mineral (18%, 0 = 3.317 g/ml)], resulted in equation 4. 

w m (t.O-w)- m 
DFFB = 0.9937 + 3.041 + 1.340 

(4) 

Since OFFB was known from equations 1 and 2, and the water content of the 

FFB (w) had been estimated using the mUlti-component model, only one 
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unknown (m) remained, and the mineral and protein sub-fractions of the FFB 

could be estimated (Table 14). 
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Table 14: Whole body and fat-free body densities, and the FFB components 

in young and older adult males and females by two models. 

Group Model Db Fat FFB DFFB W/FFB MlFFB P/FFB 

#1 g/ml % % g/ml % % % 

YAM Db,B+W 1.0670 16.4 83.6 1.1073 71.0 6.7 22.3 

OAM Db,B+W 1.0340 28.6 71.4 1.0996 72.6 6.1 21.3 

YAF Db,B+W 1.0400 25.5 74.5 1.0985 70.2 4.4 25.4 

OAF Db,B+W 1.0100 35.8 64.2 1.0839 71.6 2.4 26.0 

Group Model Db Fat FFB DFFB W/FFB MlFFB P/FFB 

#2 g/ml % % g/ml 0/0 % % 

YAM Db,W,B 1.0670 16.4 83.6 1.1073 71.0 6.7 22.3 

OAM Db,W,B 1.0340 28.6 71.4 1.0996 72.6 6.1 21.3 
YAF Db,W,B 1.0400 26.0 74.0 1.1001 70.7 5.1 24.2 

OAF Db,W,B 1.0100 36.4 63.6 1.0860 72.3 3.2 24.5 

YAM = young adult males (age = 22-39 y) 

OAM = older adult males (age = 65-84 y) 

YAF = young adult females (age = 22-39 y) 

OAF = older adult females (age = 65-84 y) 

Db,B + W = body density corrected for BMD after body fatness (I. 4 skinfolds) 
had been controlled, entered into the Siri (39) density-water 
equation 

Db,W,B = body density corrected for BMD after body fatness (I. 4 skinfolds) 
and hydration (TBW/wt) had been controlled, entered into the 
Siri (39) density-water equation 
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Disregarding the contributions of carbohydrate and other unknown FFB 

sub-fractions to the density of the FFB, this model allowed non-invasive 

estimates of FFB composition within age and gender groups. The FFB fractions 

for water, bone, and protein were reasonable for males, as was the DFFB in 

these subjects. In contrast, the bone mineral contents for females (VA = 4.4%, 

OA = 2.4%), and the protein fractions by difference (VA = 25.4%, OA = 26.0%), 

were unexpectantly low and high, respectively. An important limitation of the 

present investigation was the correction of Db for BMD based on regional rather 

than whole-body estimates. Although the use of single- and dual-photon bone 

absorptiometry (DPA) to determine BMD is well established, it is unknown how 

well radius shaft BMD in children and trochanter BMD in adults reflect total body 

mineral. Recently, instrumentation capable of estimating total body mineral 

(dual-energy X-ray absorptiometry, DEXA) has become available. In a 

subsample of our subject pool (n = 16), trochanter BMD (g/cm2) from DPA was 

highly correlated with total grams of mineral from DEXA (R2 x 100 = 61.2). The 

incorporation of DEXA-based estimates of bone mineral, with the TBW and Db 

measurement techniques, and the statistical model employed in this study, may 

provide a better estimate of FFB composition, and is currently under 

investigation. 

The mineral contents in young and older adult females (4.4 and 2.4%, 

. Table 14) were much lower than the adult value of 6.8% reported by Lohman 

(2), suggesting that in spite of the high correlation between T and DEXA (n = 
16), either the trochanter site or the model used for bone correction for Db was 

too great in VA and OA females, resulting in an underestimate of the DFFB and in 

the mineral content of the FFB in these groups. This may have been further 
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compounded by somewhat low W/FFB contents observed in the adult groups, 

and the high protein fractions estimated by difference. Therefore, we 

investigated a second mUlti-component model in which Db was the dependent 

variable in a stepwise multiple regression analysis. The sum of four skinfolds 

(r,4SF) were forced into the regression to account for the effects of fatness on 

body density. Unlike the first model, the effects of hydration were controlled 

before the influence of BMD on Db was examined. Forcing TBW as a percent of 

body mass (W/WT) into the equation reduced the effect of r,4SF on Db, since 

W/WT is highly correlated with body fatness. Finally, the trochanter (T) BMD 

was entered into the regression. The regression coefficients (8) for each 

independent variable are shown in Tables 15-18. Body density was corrected 

for T BMD within age and gender groups as before, and each resulting adjusted 

Db was entered into the Siri (39) density-water equation to estimate percent fat 

and FFB mass. The FFB composition estimates from both mUlti-component 

models are compared in Table 14. Although the mineral content of the FFB was 
\ 

still low in VA females (5.1 %) and OA females (3.2%) compared to the expected 

adult value of 6.8% (2), mean mineral fractions in VA and OA males were 6.7 . 

and 6.1 %, respectively (Figure 18). 
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Table 15: Multiple regression of skinfolds, water as a fraction of weight and 

bone mineral on body density in young adult males. 

Multiple Regression Analyses 

Dependent Variable: Body Density 

B L4SF (mm) 

B WIWt (%) 

B T (g/cm2) 

Intercept 

R2 x 100 

SEE 

N 

Skinfolds 

alone 

-0.000592 

(0.016) 

1.091 

45.8 

0.0063 

12 

Skinfolds 

plusWIWt 

-0.000228 

(0.525) 

0.131 

(0.231 ) 

0.999 

54.2 
0.0061 

12 

Skinfolds 

plusWIWt & T 

'-0.000126 

(0.496) 

0.130 

(0.037) 

.0.042 

(0.001) 

0.958 

89.4 
0.0031 

12 

L 4SF = Sum of triceps, subseapular, abdomen and calf skinfold thicknesses 

WfWt = Total body water/body weight 

T = Trochanter from dual photon absorptiometry 

p values are in parentheses 
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Table 16: Multiple regression of skinfolds, water as a fraction of weight and 

bone mineral on body density in young adult females. 

Multiple Regression Analyses 

Dependent Variable: Body Density 

B L4SF (mm) 

B WIWt(%) 

B T (g/cm2) 

Intercept 

R2 x 100 

SEE 

N 

Skinfolds 

alone 

-0.000509 

(0.001 ) 

1.074 

52.4 

0.0091 

19 

Skinfolds 

plus WIWt 

-0.000017 

(0.940) 

0.262 

(0.015) 

0.902 

67.5 

0.0077 

19 

Skinfolds 

plusWIWt & T 

-0.000192 

(0.369) 

0.183 

(0.059) 

0.042 

(0.026) 

0.926 

76.9 

0.0067 

19 

. L 4SF = Sum of triceps, subscapular, abdomen and calf skinfold thicknesses 

WIWt = Total body water/body weight 

T = Trochanter from dual photon absorptiometry 

p values are in parentheses 

-. 
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Table 17: Multiple regression of skinfolds, water as a fraction of weight and 

bone mineral on body density in older adult males. 

Multiple Regression Analyses 

Dependent Variable: Body Density 

13 L4SF (mm) 

B WIWt (%) 

B T (g/cm2) 

Intercept 

R2 x 100 

SEE 

N 

. Skinfolds 

alone 

-0.000363 

(0.001 ) 

1.057 

54.0 

0.0066 

30 

Skinfolds 

plus WIWt 

-0.000051 

(0.471 ) 

0.190 

(0.001 ) 

0.939 

79.0 

0.0045 

30 

Skinfolds 

plus WIWt & T 

.. 0.000075 

(0.258) 

0.188 

(0.001 ) 

0.016 

(0.191 ) 

0.928 

83.1 

0.0041 

30 

L 4SF = Sum of triceps, subscapular, abdomen and calf skinfold thicknesses 

WIWt = Total body water/body weight 

T = Trochanter from dual photon absorptiometry 

p values are in parentheses 
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Table 18: Multiple regression of skinfolds, water as a fraction of weight and 

bone mineral on body density in older adult females. 

Multiple Regression Analyses 

Dependent Variable: Body Density 

B L4SF (mm) 

B W/Wt (%) 

B T (g/cm2) 

Intercept 

R2 x 100 

SEE 

N 

Skinfolds 

alone 

-0.000369 

(0.001 ) 

1.042 

42.2 

0.0100 

32 

Skinfolds 

plus W/Wt 

-0.000033 

(0.771 ) 

0.247 

(0.001 ) 

0.893 

65.0 

0.0081 

32 

Skinfolds 

plusW/Wt & T 

-0.000051 

(0.648) 

0.228 

(0.001 ) 

0.034 

(0.032) 

0.888 

70.4 

0.0076 

32 

L 4SF = Sum of triceps, subscapular, abdomen and calf skinfold thicknesses 

WIWt = Total body water/body weight 

T = Trochanter from dual photon absorptiometry 

p values are in parentheses 
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In contrast to growth-related changes in the composition of the FFB (7-

10), data characterizing changes associated with advanced age are limited, 

although osteoporotic bone loss in humans is well documented. The Reid et al 

(61) longitudinal data for dairy and beef cattle showed increased ash and 

protein, and decreased water fractions of the FFB with age. The bone and 

water changes in their animal investigation are opposite in direction to those of 

the present study where lower bone mineral and higher water fractions of the 

FFB were shown in the older human sample. 

Fat-free body fractions estimated in this investigation differ from the 

constants built into the Siri (41) equation to convert Ob to percent fat, thus 

significant differences were observed when percent fat and FFB mass values 

from the two- and mUlti-component models were compared (Table 8, Figure 14). 

The influence of variations in both BMO and FFB hydration on estimates of 

percent fat from body density was reported by Bunt et al (11,82). Percent fat 

estimated using the Siri (41) density equation was significantly higher (p < 0.01) 

than estimated using the density-water (39) and our four-component model in 

PP and in OA females. In PP, the Siri (41) density formula resulted in percent 

fat overestimates of 5.8 ± 2.6% (mean ± SO, range = 1.4 to 13.6%). The Siri 

(39) density-water formula overestimated percent fat by 3.0 ± 2.6% (range = 0 to 

10.5%). In OA females, overestimates from the density and density-water 

formulae were 4.4 ± 2.8% (range = 0 to 10.4) and 1.7 ± 2.3% (range = 0.2% 

underestimate to 7.1 %), respectively. 

Pierson et al (15) reported that differences in W/FFB were associated 

with changes in extracellular water in adipose tissue with age, and concluded 

that hydration constants for FFB were age-, gender- and race-specific. Pierson 
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and his colleagues (14) compared hydrodensitometry, TBW, DPA, bioelectric 

impedance analysis, total body potassium, TOBEC, skinfolds, and body mass 

index methods in 156 male and 233 female healthy white subjects. Their 

purpose was to provide a translational table which would allow data from each 

estimation method to be converted into any other over a wide age range. The 

results of the present investigation which show an interaction of age and gender 

on estimates of body composition demonstrate that simple conversions 

between methods are not possible. Because each of the methods used by 

Pierson et al (14) is itself a two-component technique or was developed against _. 

a two-component criterion, the intermethod linear regression equations are 

inappropriate for all but subjects at the mean age of their sample. 

In summary, the use of a mUlti-component model to estimate FFB mass 

and 2H20 dilution to estimate TBW, showed age-related differences in the water 

content of the FFB in healthy white children and adults. Thus, the use of the Siri 

(41) formula will result in errors when Db is used to estimate percent fat in 

prepubescent children and older adult females. Additional research is needed 

to validate our mUlti-component model and these results. The use of cross

sectional Db, TBW and whole body bone mineral data using DEXA should 

improve our understanding of age-related differences in FFB composition. 

Longitudinal investigation using these methods will determine when these 

differences occur, enable a more accurate estimation of the magnitude of these 

age-related changes within individuals, and allow for the evaluation of 

intervention programs. 
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The specific aims of methodological section of this investigation were to 

determine an appropriate 2H20 fractionation factor for respiratory water vapor 

(RW) compared to serum (8), to evaluate potential systematic differences in 

2H20 abundance in biological fluids associated with analytical technique, and 

to characterize the influence of ambient relative humidity (RH) on 2H20 

abundances in RW samples. 

In the physiological portion, RW and the infrared spectrophotometric 

technique were used with the correction for isotopic fractionation to estimate 

total body water (TBW) in three age groups of healthy white males and females; 

prepubescent children (PP, self-assessment of maturation stage, age = 5-10 y), 

young adults (VA, age = 22-39 y) and older adults (OA, age = 65-84 y) and to 

assess potential differences in FFB hydration in the young and old as compared 

to the young adult value. The TBWvolumes were used in conjunction with body 

density (Db) and estimates of bone mineral density (BMD) from single- and 

dual-photon absorptiometry to estimate fat-free body mass (FFB) based on a 

mUlti-component model. Differences in the water content of this multi

component model-based FFB (W/FFB) were compared among the age and 

gender groups. The effects of age-related differences in W/FFB on percent fat 

and FFB mass estimates among groups were quantified. 

These questions were investigated by testing the following 'hypotheses: 

a. Total body water determined by RW will be highly correlated with, but 

significantly larger than TBW by analysis of 8. 
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b. Deuterium concentration (ppm) .will not be significantly different in 

either RW or S samples when analyzed by infrared 

spectrophotometry (IR) or isotope-ratio mass spectrometry (IRMS). 

c. Deuterium concentration (ppm) in RW samples collected under 

ambient RH will be significantly greater than 2H20 concentration in 

RW samples collected under saturated RH conditions. 

d. The water content of the FFB in young adults will not be significantly 

different from 73.8%. 

e. The water content of the FFB in prepubescent children will be 

significantly greater than in young adults. 

1. The water content of the FFB will be significantly less in older adults 

than in young adults. 

g. Variability in the water and mineral content and in the density of the 

FFB will result in a significant error in estimating percent fat when the 

Siri (41) formula for percent fat is used in prepubescent children or 

older adults. 

As anticipated, TBW from analysis of RW samples was highly correlated 

with TBW from analysis of S (R2 = 0.991, n = 36). Respiratory water-based 

estimates of TBW were significantly (p < 0.0001) greater than TBW from S (34.8 

± 1.7 versus 33.7 ± 1.7 L, Mean ± SEM), and an isotopic fractionation factor of 

0.971± 0.005 (mean ± SEM) was identified. This factor was subsequently 

applied to all TBW estimates reported throughout this investigation. 

Post-dose 2H20 abundances by IR and IRMS were highly correlated in 

both S (R2 = 0.989) and RW (R2 = 0.990) samples. Analysis by the student's t

test demonstrated a significant (p < 0.005) difference between the two methods 
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for S, and a nearly significant (p = 0.055) difference for RW. When post-dose 

samples were corrected for baseline 2H20 abundances, as required for the 

estimation of TBW, the differences between IR and IRMS were highly significant 

(p < 0.0001). Total body water estimates from IRMS were 2.4 L (RW) and 2.9 L 

(S) greater than from IR, suggesting that direct comparisons of data generated 

by IR and IRMS are not appropriate. 

The effects of RH on 2H20 abundance in RW samples was both 

statistically and physiologically significant. Deuterium abundances collected at 

ambient (RH ::;: 20%) relative humidity were 20.2 ± 4.5 ppm (mean ± SEM) 

higher than those collected in saturated (RH = 100%) conditions (p < 0.0005). 

Although no laboratories are likely to collect data under saturated conditions, at 

least one half of this effect may be observed in some geographic locations. For 

an average post-dose 2H20 abundance (::;: 625 ppm following a 25.0 gram 2H20 

dose), a 10 ppm decrease (50% of the observed effect) associated with RH 

would have increased estimated TBW by 1.0%. 

The water content of the FFB differed significantly (p < 0.05) among 

individual age, but not gender, groups. As previolJsly reported (8,9), the W/FFB 

in prepubescent children was higher than that observed in young adults. As a 

result of these W/FFB differences in combination with observed mineral fraction 

differences in PP versus VA, the mUlti-component models for estimating percent 

fat and FFB mass gave significantly different values than the two-component 

model based on measurement of density alone. 

The mammalian constant of 73.8% for the water content of the FFB (44) 

did not fall within W/FFB values determined during this investigation for VA 

males (71.0 ± 1.0%, mean ± SO) or females (multi-component model 1 = 70.2 ± 
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1.3%, multi-component model 2 = 70.7 ± 5.1). This finding was not expected. It 

is likely that part of the difference in W/FFB is related to differences .in the in vivo 

techniques used in this investigation compared to the desiccation method used 

in the animal studies. The ability of the mUlti-component models used in this 

investigation to fully account for the effects of BMD or hydration on Db are 

limited by the model and by the sample on which the regression coefficients 

were derived. Although there is no reason to suspect that the sample was not 

representative of the YA population, the corrections were based on samples of 

12 (YAM) and 19 (YAF) subjects. 

Calculated DFFB values were 1.1073 and 1.0996 g/ml for young and older 

adult males by either mUlti-component model. In YA females, DFFB values were 

1.0985 and 1.1001 g/ml by mUlti-component models 1 and 2, respectively. All 

of these estimates are similar to the 1.1000 g/ml constant built into the Siri (41) 

Db-to-percent fat formula. Older adult females had DFFB values of 1.0839 (multi

component model 1) and 1.0860 g/ml (mUlti-component model 2). These 

estimates are similar to those reported for 13-14 year-old girls by Lohman (42). 

although the calculated composition of the FFB differed between OA and 13-14 

year-old females in terms of water and mineral fractions (Table 14, Appendix J). 

In OA, W/FFB values were significantly higher than in YA males (p < 0.05) 

or females (p < 0.01). This was another unexpected observation, and is in 

contrast to age-related differences reported by Heymsfield et al (12), and may 

also reflect differences in analytical technique and in the methods used to 

correct Db for variation in TBW and BMD measurements. As observed for PP 

males and femal.es, the use of the Si ri's (41) two-component model to convert 



Db into percent fat, resulted in fat overestimates for OA females, but not in 

males. 

Conclusions 
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This investigation has demonstrated that 2H20 dilution and analysis of 

respiratory water vapor will give satisfactory estimates of TBW after corrections 

have been made for isotopic fractionation of 2H20 and the exchange of 2H20 

with non-aqueous hydrogen. Measures of ppm 2H20 will be higher, and thus, 

estimates of TBW will be lower, when infrared spectrophotometry is used to 

analyze samples compared to mass spectrometry. The relative humidity under 

which RW samples are collected may influence the 2H20 abundances therein. 

The water content of the FFB varied among age groups. Prepubescent 

children and older adults exhibited higher W/FFB values than did young adults. 

These differences, along with differences in the mineral fraction of the FFB 

resulted in significant errors when the Siri (41) two-component equation was 

used to estimate percent fat from body density in these groups. Data from two

component body composition models, and from field techniques validated using 

such models, should be viewed with caution for young children and older' 

adults, particularly females. 

Implications for future research 

Additional research is needed to investigate the relationship between RH 

and 2H20 abundances in RW samples. If a predictable relationship exists, 2H20 

abundances in RW could be consistently reported following correction by the 

appropriate factor. The consistent difference in ppm 2H20 associated with 

analytical technique (IR versus IRMS) observed during this investigation will 

confound inter-laboratory data comparisons, and requires additional study. 
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The statistical model described in this investigation and others 

(11,82,86,87) requires further evaluation. Its apparent major limitation, the 

relationship between regional BMD from dual-photon absorptiometry and 

whole-body mineral, could be eliminated by using the total body bone mineral 

estimates now available from dual-energy X-ray absorptiometry (DEXA). 

Forcing TBW as a fraction of body mass into the regression analysis to account 

for hydration effects on Db before BMD, appeared to improve the model in 

adults, but not prepubescent children. Isotope dilution and DEXA techniques 

should be used with these mUlti-component models to better estimate FFB 

composition in young adult males in order to evaluate the constants currently 

built into the Siri (41) formula for percent fat from body density. Similar 

investigation should be repeated for children and youth « 16 years) (42) and 

applied to the elderly (> 65 years) to determine appropriate constants for 

density-to-percent fat formulae for these age groups. Finally, FFB composition 

determinations and constants for converting Db to percent fat and FFB mass 

need to be performed for each of the major ethnic groups. 

Continued research to develop inexpensive, accurate field techniques for 

the assessment of human body composition should be continued. Before new 

methods and formulae can be used in the young and in older adults, they must 

be validated using mUlti-component models and careful laboratory 

measurements including total body water and bone mineral. 
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Appendix A: Human Subjects Informed Consent. 

PARENT/GUARDIAN INFORMED CONSENT 
BODY COMPOSITION DEVELOPMENT IN CHILDREN AND YOUTH 

You (your child) are being invited to participate in a research study to measure 
body size and make-up in growing children and to compare the size of the body to its fat 
content. You (your child) have been asked to participate because you (your child) are a 
healthy individual between the ages of 7 and 15. 

If you (your child) agree to participate, your child will be asked to come to the 
Exercise and Sport Sciences Laboratory one time only. At this time, a number of body 
measurements will be taken. These include: skinfold thickness, body circumference, 
body width at several places, and body density. Prior to this time, you and your child 
will be visited by a staff member or invited to a meeting and asked to complete health and 
activity questionnaires so that we may learn more about your family. 

The skinfold measurement will be taken by gently pinching your skin at different 
locations with a special instrument that will give a thickness measurement. Also, 
ultrasonic measurements will be taken on the children to determine fat distribution 
from high frequency sound waves. The body circumference measurement will be taken 
with a tape measure. The body width will be measured at several locations using a 
measuring device where two pieces of metal are placed beside the section of the body to 
be measured and the distance between these metal pieces is recorded. 

The body density measurements involve measuring your weight while you are 
completely under water. After the weight is recorded, you will be asked to blow all the 
air out so that we can see how much air you leave in your lungs. In addition, we need to 
measure the amount of bone minerals in a small section of your forearm. For this 
measurement, a small amount of radiation is delivered to a one-half inch section of the 
forearm. This amount of radiation is the same a 1/100 delivered in a typical x-ray of 
the forearm. Lastly, to complete the body density measurements, the amount of water in 
the body will be measured. This will be done by giving you a small amount of deuterium 
oxide (heavy water) mixed with a glass of drinking water. The dilution of deuterium 

. oxide in the body will be assessed by obtaining urine and blood specimens from the 
participants. Blood specimens will be obtained from a vein with a small needle. No more 
than 30-40 milliliters (3 tablespoons) of blood will be drawn. Also water vapor in the 
expired air will be collected three times for each subject by breathing through a tube. 
Heavy water is found in all drinking water in small amounts but has been found to be 
poisonous in laboratory animals when administered continuously for several days at 
levels 100-150 times greater than the levels used in this study. However, because the 
tracer doses of deuterium oxide are low and are almost totally removed (95%) from the 
body through natural turnover of body water within 6 weeks (half life of 9 days), it has 
been widely used for determination of body water in both children and adults. 

Bioelectrical impedance in this study will be measured using a four-terminal body 
surface electrode Impedance analyzer (RJL systems, Detroit, MI). The subject will not 
eat or vigorously exercise for three hours before the impedance measurement is made. 
The subject will lay on his/her back on a horizontal table with the arms adjacent to the 
body, but not touching the body, and the legs adjacent to each other but not touching. Two 
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of the four surface electrodes will be placed on each hand and the remaining two 
electrodes will be placed on, each foot. A standard conduction current signal (800 uA at 
50 kHz), that is so small that it cannot be felt by the subject, will be sent by the 
impedance analyzer through the four electrode system. The resistance of body tissues to 
this signal will be measured by the impedance analyzer. 

There may be minimal risl<s, whether physical or psychological. Some participants 
may experience discomfort associated with pinching of the skin during skinfold thickness 
measurements or due to breathing under water during the underwater weighing 
procedure. In our experience in working with heavy water in over 400 children during 
the past five years we have had no bad effects or reports from the children or parents. 

The benefits of this study to the participants involve a rather precise estimate of 
growth and body composition status. However, the significance of the study lies in 
potentially better understanding the growth and development of children, adolescents and 
young adults at different age levels as well as the ability to better measure fat and fat
free body weight in the clinical setting. You/your child will not be paid for participating 
in this study. 

,Participation is completely voluntary and data will be confidentially handled. No 
subject will be forced to continue if he/she wishes to withdraw at any time during the 
study. 

I have read the preceding description and understand the nature of the proposed 
research activity in which my child, , is to be 
involved. I have been informed of the need for the research and the risks involved and 
may withdraw my child from participation at any time throughout the course of the 
research activity. I also understand that- this consent form will be filed in an area 
designated by the Human Subjects Committee with access restricted to the principle 
investigator or authorized representatives of the particular department. A copy of this 
consent form is available to me on request. In addition, I understand that Dr. T.G. 
Lohman (621-2004) will provide more information whenever necessary. I understand 
that I do not give up any of my/my child's legal rights by signing this form. 

Signature of Parent/Guardian 

Dr. Lohman has explained what he wants me to do for him and I understand his 
explanation. 

Child's Signature 

Date 

Date 

I have carefully explained to the subject the nature of the above project. I hereby 
certify that to the best of my knowledge the subject who is signing this consent form 
understands clearly the nature, demands, benefits and risks involved in participating in 
this study. A medical problem or language or educational barrier has not precluded this 
understanding. 

Investigator's Signature Date 
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Appendix B: A comparison of PPM 2H20 in samples purified by 
single- versus double-sublimation. 
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Appendix C: Test-retest reliability for ppm 2H 20 in respiratory 
water samples, and urine purified by vacuum 
sublimation. 
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Appendix 0: Deuterium enrichment in saliva, serum, plasma and 
urine, and deuterium depletion in respiratory water. 
Adapted from Halliday and Miller (27). 

Fractionation of Deuterium in Respect to Hydrogen (%) 
Relative to National Bureau of Standards Water #1 

Subject Urine Plasma Serum Saliva Resp. Water 

---------------------------
1 2.46 2.66 2.81 3.05 -2.79 
2 1.79 2.09 2.23 2.45 -3.56 
3 1.57 1.72 1.96 2.33 -4.14 
4 0.80 1.04 1.14 1.87 -4.44 
5 1.77 1.93 2.04 2.81 -3.76 
6 1.96 2.05 2.14 2.86 -3.53 



Appendbr E: Isotope fractionation factors for deuterium and 
oxygen-18 in urine, saliva and respiratory water. 
Adapted from Wong et al (18). 

Urine 
Saliva 
Resp Water 

Deuterium 

0.997 ± 0.003 
1.004 ± 0.002 
0.944 ± 0.004 

Values" are mean ± SO, n = 20. 

Oxygen-18 

0.999 ± 0.001 
1.000 ± 0.001 
0.989 ± 0.002 

11 7 
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Appendix F: Water content of the FFB in 8 cadavers. Adapted from 
Sheng and Huggins (3). 

Age Sex Mass Water/FFB Remarks 
(Kg) (%) 

35 M 70.5 
25 M 71.8 
42 F· 45.1 
48 M 63.8 
46 M 53.8 
60 M 73.5 

.48 M 62.0 
67 F 46.2 

77.6 
72.5 
73.2 
82.0 
69.4 
70.1 
73.0 
80.8 

Decompensation & failure 
Uremia 
Suicide by drowning 
Infectious endocarditis 
Cerebral injury 
Cardiac failure 
Cardiac & vascular failure 
Carcinoma 
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Appendix G: FFB subfractions in reference man and reference 9 
year-old boy. Adapted from Brozek et al (50) and 
Haschke et al (49). 

Reference Man (Brozek et al (50)) 

Component 

Water 
Protein 
Mineral 
Fat 

% Body Weight % FFB 

62.4 
16.4 

5.9 
15.3 

73.8 
19.4 

6.8 

Reference 9 Year-Old Boy (Haschke et ~I (49)) 

Component 

Water 
Protein 
Mineral 
Carbohydrate 
Fat 

% Body Weight %FFB 

65.4 
16.6 

4.1 
0.5 

13.4 

75.2 
19.2 

5.0 
0.6 
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Appendix H: FFB composition in reference children from 1 to 10 
years of age. Adapted from Fomon et al (7). 

-----------------------------
Boys 

------------------------------
AGE PRO TBW ECF CF 0v1 NOM CHO D-FFB 

----------------------------
Birth 15.0 80.6 49.3 31.3 3.0 0.7 0.6 1.063 
1 mo 15.1 80.5 48.4 32.1 3.0 0.7 0.6 1.064 
2 mo 15.4 80.3 47.4 32.9 3.0 0.7 0.6 1.065 
3 mo 15.6 80.0 46.4 33.6 3.0 0.7 0.6 1.065 
4 mo 15.8 79.9 45.8 34.1 3.0 0.7 0.6 1.066 
5 mo 15.9 79.7 45.2 34.5 3.0 0.7 0.6 1.066 
6 mo 16.0 79.6 44.7 34.9 3.0 0.7 0.6 1.066 
9 mo 16.4 79.3 43.5 35.8 3.0 0.7 0.6 1.068 ... 

12 mo 16.6 79.0 42.5 36.5 3.0 0.7 0.6 1.068 
18 mo 17.1 78.5 40.8 37.7 3.1 0.7 0.6 1.070 
24 mo 17.4 78.1 39.6 38.5 3.2 0.7 0.6 1.072 
3 yr 17.8 77.5 37.8 39.7 3.3 0.7 0.6 1.074 
4 yr 18.2 77.0 36.3 40.7 3.5 0.7 0.6 1.076 
5 yr 18.5 76.6 35.2 41.4 3.6 0.7 0.6 1.078 
6 yr 18.7 76.3 34.2 42.0 3.7 0.7 0.6 1.080 
7 yr 18.9 75.9 33.4 42.6 3.8 0.7 0.6 1.081 
8 yr 19.1 75.7 32.6 43.1 3.9 0.7 0.6 1.082 
9 yr 19.3 75.4 31.8 43.6 4.0 0.7 0.6 1.084 

10 yr 19.5 75.1 31.0 44.1 4.1 0.7 0.6 1.085 

-------------------------------------- . 

PRO = Protein (% of FFB) 
TBW = Total body water (% of FFB) 
ECF = Extracellular fluid (% of FFB) 
CF = Cellular fluid (0/0 of FFB) 
OM = Osseous mineral (% of FFB) 
NOM = Non-osseous mineral (% of FFB) 
CHO. = Carbohydrate (% of FFB) 
D-FFB = FFB density (g/ml) 

------------------------------
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-----------------------------
Girls 

-------------------------------
AGE PRO TBW ECF CF 0Vl NOM CHO O-FFB 

----------------------------

Birth 15.0 .80.6 49.3 31.3 3.0 0.7 0.6 1.064 
1 mo 15.2 80.5 48.3 32.1 3.0 0.7 0.6 1.064 
2 mo 15.5 80.2 47.1 33.1 3.0 0.7 0.6 1.065 
3 mo 15.8 79.9 46.0 33.9 3.0 0.7 0.6 1.066 
4 mo 15.9 79.7 45.2 34.5 3.0 0.7 0.6 1.066 
5 rna 16.1 79.5 44.6 34.9 3.0 0.7 0.6 1.067 
6 rna 16.3 79.4 44.0 35.4 3.0 0.7 0.6 1.067 
9 rna 16.6 79.0 42.7 36.4 3.0 0.7 0.6 1.068 
12 rna 16.9 78.8 41.6 37.1 3.0 0.7 0.6 1.069 
18 rna 17.2 78.4 40.3 38.1 3.0 0.7 0.6 1.070 
24 rna 17.4 78.2 39.5 38.7 3.0 0.7 0.6 1.071 
3 yr '17.7 77.9 38.4 39.5 3.0 0.7 0.6 1.071 
4 yr 17.9 77.7 37.8 40.0 3.0 0.7 0.6 1.072 
5 yr 18.0 77.6 37.3 40.3 3.0 0.7 .0.6 1.073 
6 yr 18.1 77.5 36.8 40.7 3.1 0.7 0.6 1.073 
7 yr 18.3 77.3 36.3 41.0 3.1 0.7 0.6 1.073 
8 yr 18 .. 4 77.2 35.8 41.4 3.1 0.7 0.6 1.074 
9 yr 18.5 77.1 35.4 41.7 3.1 0.7 0.6 1.074 

10 yr 18.7 76.9 34.9 42.0 3.1 0.7 0.6 1.075 

------------------------------
PRO = Protein (% of FFB) 
TBW = Total body water (% of FFB) 
ECF = Extracellular fluid (% of FFB) 
CF = Cellular fluid (% of FFB) 
OM = Osseous mineral (% of FFB) 
NOM = Non-osseous mineral (% of FFB) 
CHO = Carbohydrate (% of F~B) 
O-FFB = FFB density (g/ml) 

------------------------------------
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Appendix I: Changes in FFB hydration from childhood to adulthood. 
Adapted from Boileau °et al (9). 

Group 

Prepubescent: 
Male 

White 
Black 

Female 
White 
Black 

Pubescent: 
Male 

White 
Black 

Female 
White 
Black 

Post-pubescent: 
Male 

White 
Black 

Female 
White 
Black 

Adult: 
Male 

White 
Black 

Female 
White 
Blacl< 

N 

31 
8 

12 
3 

1 1 
1 0 

1 7 
12 

34 
18 

29 
26 

26 
1 9 

21 
15 

Values are mean ± SO. 

Water/FFB (%) 

75.1 ± 2.85 
74.7 ± 2.22 

76.0 ± 3.74 
75.4 ± 2.16 

75.0 ± 3.62 
74.5 ± 3.11 

74.6 ± 3.74 
76.3 ± 3.75 

73.2 ± 3.70 
73.3 ± 3.45 

73.3 ± 3.07 
74.1 ± 3.17 

71.9 ± 3.31 
72.4 ± 3.04 

73.3 ± 2.79 
72.8 ± 2.21 
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Appendix J: FFB composition and density in children and youth. 
Adapted from Lohman (42). 

----------------------------
Male Female 

----------------------------
Age Water Bone D-FFB "Vater Bone O-FFB 

(%) (%) (g/ml) (%) (%) (g/ml) 

----------------------------
1 79.0 3.7 1.068 78.8 3.7 1.069 
1 - 2 78.6 4.0 1.071 78.5 3.9 1.071 
3-4 77.8 4.3 1.075 78.3 4.2 1.073 
5-6 77.0 4.8 1.079 78.0 4.6 1.075 
7-8 76.8 5.1 1.081 77.6 4.9 1.079 
9-10 76.2 5.4 1.084 77.0 5.2 1.082 
11-12 75.4 5.7 1.087 76.6 5.5 1.086 
13-14 74.7 6.2 1.094 75.5 5.9 1.092 
15-16 74.2 6.5 1.096 75.0 6.1 1.094 
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Appendi>( K: Constants for estimation of percent fat from body 
density in children and youth. Adapted from Lohman 
(42). 

Appropriate age-corrected constants to be inserted into 
the Siri (41) Equation: % Fat = (C1/Db - C2) x 100. 

% Fat (young adult) = 4.95/0b - 4.50) x 100 

Male Female 

Age C1 C2 C1 C2 

----------------------------
1 5.72 5.36 5.69 5.33 
1-2 5.64 5.26 5.65 5.26 
3-4 5.53 5.14 5.58 5.20 
5-6 5.43 5.03 5.53 5.14 
7-8 5.38 4.97 5.43 5.03 
9-10 5.30 4.89 5.35 4.95 
11-12 5.23 4.81 5.25 4.84 
13-14 5.07 4.64 5.12 4.69 
15-16 5.03 4.59 5.07 4.64 
Young adult 4.95 4.50 5.05 4.62 



Appendix L: Vacuum sublimation apparatus for purification of 
serum samples prior to analysis by IR 
spectrophotometry. 

SOURCE 

MOISTURE 
TRAP 

HEATING 
ELEMENT 
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