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Abstract

The proportion of fat-free mass (FFM) as body cell mass (BCM) is highly related to whole body
resting energy expenditure. However, the magnitude of BCM/FFM may have been underestimated
in previous studies. This is because Moore’s equation [BCM (kg) =0.00833 x total body potassium
(in mmol)], which was used to predict BCM, underestimates BCM by ~ %. The aims of the present
study were to develop a theoretical BCM/FFM model at the cellular level and to explore the influences
of sex, age, and adiposity on the BCM/FFM. Subjects were 112 adults who had the following
measurements: total body water by 2H,0 or 3H,0 dilution; extracellular water by NaBr dilution:
total body nitrogen by in vivo neutron activation analysis; and bone mineral by dual-energy X-ray
absorptiometry. FFM was calculated using a multicomponent model and BCM as the difference
between FFM and the sum of extracellular fluid and solids. The developed theoretical model revealed
that the proportion of BCM to FFM is mainly determined by water distribution (i.e., E/I, the ratio of
extracellular to intracellular water). A significant correlation (r = 0.90, P < 0.001) was present
between measured and model-predicted BCM/FFM for all subjects pooled. Measured BCM/FFM
[mean (SD)] was 0.584 + 0.041 and 0.529 + 0.041 for adult men and women (P < 0.001), respectively.
A multiple linear regression model showed that there are independent significant associations of sex,
age, and fat mass with BCM/FFM.

Keywords
body cell mass; extracellular water; intracellular water; nutrition status; total body potassium

At the molecular body composition level, fat-free mass (FFM) includes water, protein, bone

mineral, soft tissue mineral, and glycogen. At the cellular level, these FFM compartments are
organized into body cell mass (BCM), extracellular fluid (ECF), and extracellular solids (ECS)
(24). According to Moore et al. (15), BCM is a “component of body composition containing

the oxygen-exchanging, potassium-rich, glucose-oxidizing, and work-performing tissue.”

Both BCM and FFM are considered “metabolically active” components and are often used
interchangeably to adjust for between-individual differences in resting energy expenditure
(REE). Accordingly, interpretation of REE results may vary depending on the adjusting
component BCM or FFM.
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Forbes (6) was one of the first investigators to explore the association between BCM and FFM.
Forbes’s study was based on two assumptions: FFM contains 68.1 mmol of potassium/kg and
BCM contains 120 mmol of potassium/kg. The fraction of FFM as BCM was thus assumed
stable at 68.1/120 or 0.57 (6). However, later studies showed that the potassium concentration
of FFM and the potassium concentration of BCM suggested by Forbes were not accurate. First,
the total body potassium mass (TBK)-to-FFM ratio (TBK/FFM) often differs from the assumed
value of 68.1 mmol/kg. Many investigators have consistently found lower potassium
concentrations in FFM, 54-59 mmol/kg for women and 59-62 mmol/kg for men (4). Second,
the potassium content of BCM is not 120 mmol/kg. Both experimental and modeling estimates
indicate a mean TBK/BCM of 109 mmol/kg (1,27). These observations suggest that the BCM
content of FFM may not be constant.

In addition, a growing number of experimental studies reveal that the proportion of FFM as
BCM varies with some biological factors such as age and adiposity (12,14,19). Gallagher et
al. (9) reported a sex difference in BCM/FFM, with men and women at 0.51 + 0.05 and 0.48
+0.05, respectively. Wang et al. (20) reported differences between African Americans, Asians,
and Caucasians in the fraction of FFM as BCM.

However, all of these previous studies have a now-recognized inherent limitation. BCM was
calculated from TBK using Moore’s equation (15), BCM (kg) =0.00833 x TBK (mmol), which
underestimates BCM by ~ 11% (1,27). Thus previous studies may be inaccurate in their
assessment of the BCM-FFM relationship, notably in underestimating the magnitude of BCM/
FFM.

The aim of the present study was to develop a cellular-level BCM/FFM model that provides
new insights into the quantitative associations between BCM and FFM and to identify the
major determinants of variation in BCM/FFM. Specifically, the present study was designed to
explore the magnitude and variation of the BCM content of FFM in healthy adults.

SUBJECTS AND METHODS

Subjects

The subject pool consisted of male and female adults who were recruited through local sources,
including flyers posted in the medical center and newspaper advertisements. Each subject
completed a medical history, physical examination, and screening blood studies to establish
the absence of disease. Subjects participated in recreational physical activities but were not
actively engaged in any sports training programs. All participants signed an informed consent
that was approved by the hospital’s Institutional Review Board.

Body Composition Measurements

Consenting subjects were studied after an overnight fast. Body weight was measured (0.1 kg)
with a digital scale (Weight Tronix, New York, NY) and height (0.5 cm) with a wall-mounted
stadiometer (Holtain, Crosswell, UK). Each subject completed five studies: 3H,0 or 2H,0
dilution for total body water (TBW); prompt-y in vivo neutron activation (IVNA) for total body
nitrogen (TBN); dual-energy X-ray absorptiometry (DEXA) for body fat and BMC; sodium
bromide (NaBr) dilution for extracellular water (ECW), and whole body 4°K counting for TBK.

TBW—Each subject completed either tritium (3H,0) or deuterium (2H,0) dilution

(17). 3H,0 dilution volume was measured at the Body Composition Unit of St. Luke’s-
Roosevelt Hospital, and 2H,0 dilution volume was measured at the Brookhaven National
Laboratory, Upton, NY. The precision was 1.5% [coefficient of variation (CV)] for dilution
volume estimation at the two laboratories. The 3H,0 and 2H,0 dilution volume (in liters) was
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then converted into TBW mass by multiplying with the correction factor for nonaqueous
hydrogen exchange and water density at 36°C [TBW (kg) =0.96 x 0.994 x 3H,0 or 2H,0
dilution volume (in liters)].

TBN—TBN was quantified using the prompt-y IVNA facilities at Brookhaven National
Laboratory with a CV of 2.7% (3). The TBN (in kg) was then converted to total body protein
(TBPro, in kg) as TBPro = 6.25 x TBN (2).

Bone mineral content—A DEXA scanner (Lunar DPX with software version 3.6; Madison,
WI) was used in this study to estimate bone mineral content (BMC). The technique used X-
rays of two distinct energy levels (40 and 70 keV) that are differently attenuated by BMC, fat,
and fat-free soft tissues (16). BMC measured by DEXA represents ashed bone. Bone mineral
(Mo) produces 0.9582 g of BMC due to loss of labile components, including bound water and
CO, with combustion. BMC was thus converted to bone mineral (Mo) as Mo = BMC/0.9582.
The DEXA system CV is 1.3% for Mo estimation (10).

ECW—ECW was measured by NaBr dilution with a CV of 1.4%. The bromide dilution volume
(in liters) was then converted to ECW (in kg) by correcting for the Gibbs-Donnan effect (0.95),
and the penetration of bromide into the intracellular space of erythrocytes (0.90) [ECW (kg)
=0.95 x 0.90 x NaBr dilution volume (in liters)] (17).

ECW/ICW—TBW is equal to the sum of two compartments: ECW and intracellular water
(ICW). The distribution of water between the ECW and ICW was calculated as the E/I ratio

E/I=ECW/ICW=ECW/(TBW - ECW) (1)

FFM and fat—At the molecular level, FFM can be expressed as the sum of five components:
water, protein, bone mineral, soft-tissue mineral (Ms), and glycogen (24):

FFM=TBW+TBPro+Mo+Ms+glycogen )

where TBW is measured by 3H,0 or 2H,0 dilution (17); TBPro is calculated from TBN
measured by prompt-y IVNA, TBPro = 6.25 x TBN (2); Mo is measured by DEXA (13); Ms
is calculated from TBW as Ms = 0.0129 x TBW (25); and glycogen is calculated from TBN
as glycogen =0.275 x TBN (11). Body fat mass was calculated as the difference between body
weight and FFM.

BCM—At the cellular level, FFM is equal to the sum of BCM, extracellular fluid (ECF), and
extracellular solids (ECS) (24). BCM can thus be expressed as

BCM=(TBW+TBPro+Mo+Ms+glycogen) — (ECF+ECS) 3)

where ECF is calculated from ECW as ECF = (1/0.98) xECW, where 0.98 is the mean hydration
of ECF (21); and ECS s calculated from Mo as ECS = 1.732 x Mo (26). The measurements
of BCM and FFM were then used to calculate the ratio BCM/FFM.

Statistical Analysis

Group results are presented as means (SD). Differences in body composition between men and
women were tested using Student’s t-test, and P < 0.05 was considered statistically significant.
Simple linear regression analysis was used to describe the association between measured BCM/
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FFM and model-predicted BCM/FFM. A multiple linear regression model [BCM/FFM = o +
B1 x sex + B x age + B3 x %fat + €] was applied to analyze the correlation of measured BCM/
FFM with biological factors including sex, age, and percent fat. Effect size was expressed as
n? (eta squared). Means of individual differences between measured and model-predicted
BCM/FFM ratios were tested for significance by Student’s t-tests. Data were analyzed using
SAS v. 8.2 (SAS Institute, Cary, NC).

Development of BCM/FFM Model

At the cellular body composition level, FFM is composed of three compartments: BCM, ECF,
and ECS. The primary BCM/FFM model can be written as

BCM

BCM/FFM=——— ———
BCM+ECF+ECS (4)

In the next stage of model development, our aim was to resolve Eq. 4 into relevant compartment
ratios. ICW and ECW are the largest compartments of BCM and ECF, respectively. As noted
in our previous study (21), BCM can be expressed as ICW/a and ECF as ECW/b, where a and
b are the proportions of BCM and ECF as water, respectively. Similarly, extracellular solids

can be expressed as a function of TBW, ECS = ¢ x TBW = ¢ x (ICW + ECW), where c is the
ratio of ECS to TBW. In addition, both ICW and ECW are water compartments, and ECW can
be expressed as a function of ICW, ECW = (E/I) x ICW, where E/I is the ratio of ECW to ICW.

Equation 4 can thus be converted and simplified to a secondary cellular level BCM/FFM model
as

_ ICW/a
BCM/FFM= ICW/a+ECW/b+c x (ICW+ECW)
ICW/a

~ICW/a+ICW x (E/T)/b+c X (ICWJ{I/CW X E/T)
a

= T/a+(E/D)/b+c+c x (E/T) (5)

Simplified BCM/FFM Model

Equation 5 reveals that BCM/FFM is determined by four factors: fraction of BCM as ICW (a);
fraction of ECF as ECW (b); ratio of ECS to TBW (c); and ratio of ECW to ICW (E/I). Each
of the four determinants may vary within a range for healthy adults (21). The approximate
mean value and variation range of each determinant in adults is summarized in Table 1. One
can thus estimate the influence of each determinant on BCM/FFM value if a determinant takes
its extreme values and the other three determinants take their mean value.

Of the four determinants, as Table 1 shows, water distribution (i.e., E/I) has the largest influence
on BCM/FFM value. Comparatively, the influences of a, b, and ¢ on BCM/FFM are much
smaller than the influence of E/I. Therefore, the mean magnitudes (i.e., a=0.70, b = 0.98, and
¢ =0.14) are assumed for modeling purposes to be stable in healthy adults. Equation 5 can thus
be converted to a simplified model:

1.429

BCM/FFM=
M/ 1.569+1.16 x (E/I) (6)
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Equation 6 shows that BCM/FFM vs. E/I is a concave curve, as shown in Fig. 1. Although this
simplified model is a decreasing nonlinear function, the nonlinear component is small over the
usual range of E/I values.

In the following sections, we use measured BCM/FFM values to evaluate the developed BCM/
FFM model in a sample of men and women.

Sample Characteristics

The study group consisted of 112 adult subjects, 14 men and 98 women, ranging in age from
22 to 74 yr, body weight from 42.1 to 105.7 kg, and BMI from 16.8 to 34.7 kg/m? (Table 2).
The women were overweight as a group, with a BMI of 28.3 + 4.9 kg/m?2, whereas the men’s
BMI was within the normal range, 21.5 + 2.3 kg/m?. Three race/ethnicity groups were
represented in the sample: African American (n = 55), Caucasian (n = 46), and Hispanic (h =
11).

Measured and Predicted BCM/FFM

Association

FFM and BCM were measured on the basis of Eq. 2 and Eq 3, respectively, and water
distribution was calculated on the basis of Eq. 1 (Table 2).

The individual E/I values were applied in Eq. 6 to predict individual BCM/FFM in the men
and women. The model-predicted values of BCM/FFM were highly correlated with the
corresponding measured BCM/FFM values for all subjects pooled (r = 0.89, P < 0.001; Fig.
2). The measured and predicted mean values also did not differ: 0.585 + 0.043 vs. 0.584 +
0.041 (paired t-test, P = 0.76) for the men and 0.530 + 0.044 vs. 0.529 + 0.041 (paired t-test,
P = 0.44) for the women. The variance of the differences between measured and predicted
BCM/FFM in the pooled sample is only 21% that of BCM/FFM, indicating that the simplified
model (i.e., Eq. 6) effectively accounts for ~ 80% of the variability in BCM/FFM.

Between BCM/FFM and Biological Variables After Adjusting for E/I

An interesting question is whether variation in E/I accounts for reported associations of BCM/
FFM with age, sex, fat mass and similar variables (9,12,14,19,20). We first applied a general
linear regression model to analyze the associations of measured BCM/FFM with biological
factors including sex, race (i.e., African American, Caucasian, Hispanic), age, fat mass, and
height. The model accounted for 33% of the total variability, but only fat mass had an
independent significant association with BCM/FFM (P < 0.001). We then added E/I to the
model to determine whether any independent associations persisted after adjusting for E/I. This
model accounted for 89% of the variance. The E/I variable showed the strongest association
by far with BCM/FFM (P < 0.001, n2 = 0.55), but fat mass remained significant (P < 0.001,
n? = 0.09), and height also reached significance (P < 0.002, n2 = 0.01). The significant
coefficients for fat mass and height indicate that there are independent associations of these
variables with BCM/FFM after variation in E/I is taken into account.

DISCUSSION

A theoretical BCM/FFM model was developed in the present study. The model with
empirically derived coefficients indicates that water distribution is strongly associated with
BCM/FFM. This finding helps to explain the subsequent observations of sex, age, and adiposity
effects on BCM/FFM. Another finding of the present study was that the BCM/FFM values are
much higher than those reported by previous studies: 0.584 + 0.041 vs. 0.51 £ 0.05 for men
and 0.529 + 0.041 vs. 0.48 £ 0.05 for women (9).
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E/l and BCM/FFM

Previous studies reported variation in BCM related to FFM. Mazariegos et al. (14) and Kyle
et al. (12) observed a lower BCM/FFM in older adults vs. young adults. Gallagher et al. (9)
and Wang et al. (20) found that the fraction of FFM as BCM appears smaller in women than
in men. With increasing adiposity there was a corresponding reduction in BCM relative to FFM
(19). Although these studies indicate sex, age, and adiposity influences on BCM/FFM,
mechanistic explanations were not provided.

Our simplified model (i.e., Eq. 6) reveals that water distribution is the major determinant of
BCM relative to FFM. When E/I increases from 0.70 to 1.00, for example, BCM/FFM
correspondingly decreases from 0.60 to 0.52 (Fig. 1). Women as a group have a higher E/I
value than men; elderly women may have a higher E/I value than young women; and obese
women have a higher E/I than women with normal body weight. The whole body, as well as
each organ and tissue, is composed of two compartments, cells (including ICW and residuals)
and non-cells (including ECW and solids). The E/I ratio can thus be considered as a substitution
for the ratio of non-cells to cells. As sex, age, and adiposity influence E/I on a group basis,
according to our simplified model, BCM/FFM appears smaller in women than in men, and the
magnitudes of BCM/FFM decrease with increasing adiposity and age in elderly subjects.
Generally speaking, any biological and pathological factors, which affect water distribution,
may influence the BCM/FFM.

BCM/FFM and REE

Body composition has a quantitative association with whole body resting energy expenditure
(REE), a major component of total energy expenditure (23). Whole body REE (in kcal/day)
can be expressed as the sum of energy expended by individual organs and tissues with the
following general model:

REE:Z(ki x M;) -

where M is individual organ-tissue mass (in kg), i is a specific organ-tissue component (i = 1,
2, ... n), and kj is the specific resting metabolic rate of individual organs and tissues (in
kcal-kg~1-day 1) (4). On the basis of Eq. 7, our group measured metabolically active organs
(liver, brain, heart, and kidneys) and two other tissues (skeletal muscle and adipose tissue) by
MRI in a cohort of young healthy adults. The predicted REE was nearly identical to REE
measured by indirect calorimetry (8).

When applied to older subjects, however, the REE predicted by equation 7 was higher than the
measured REE by ~ 11% (P < 0.001) (7). Our previous study found that older subjects have a
smaller fraction of FFM as BCM (14). As multiple regression analysis revealed, the BCM/
FFM value was lower with greater age ( = —0.24, P = 0.005) (17). We added a new variable
(the fraction of FFM as BCM) to equation 7 (22). A modified theoretical REE model was thus
developed as

REE=[ (BCM/FFM)/0.58] x > (ki X M) ®

where 0.58 is BCM/FFM value in Reference Man, and the corresponding BCM/FFM is 0.56
in Reference Women (17). Equation 8 was then applied to predict REE in adult men and women
aged 23-88 yr (22). We found that REE predicted by Eq. 8 was correlated with measured REE
(r=0.92, P <0.001), and the mean difference between measured REE and predicted REE for
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the whole group was not significant. This study shows that the REE prediction model performed
better when BCM/FFM is included.

If age is included as a variable in estimating REE along with the predictions of Eq. 8, the role
of the BCM/FFM model remains highly significant (P < 0.001), indicating that its contribution
to the estimation of REE is independent of its association with age.

In conclusion, the ratio of BCM to FFM is not a constant. According to our modeling analysis,
the variation in BCM/FFM is primarily dependent on water distribution. The larger the E/I,
the smaller the BCM/FFM and vice versa. The magnitude of BCM/FFM is one of the major
determinants of whole body REE.
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Fig. 1.

Proportion of fat-free mass (FFM) as body cell mass (BCM) by the simplified model (i.e., Eq.
6) on the ordinate and the ratio E/I as extracellular water (ECW) to intracellular water (ICW)
on the abscissa.
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Fig. 2.

Proportion of FFM as BCM predicted by the simplified model (i.e., Eq. 6) on the ordinate and
the measured BCM/FFM on the abscissa. Model-predicted BCM/FFM = 0.933 x measured
BCM/FFM +0.037, r =0.90, P <0.001; n = 112 adults. Line of identity is shown in the figure.
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Determinant Mean Magnitude of Variation Range of Influence on BCM/FFM
Determinant Determinant Value

a 0.70 0.69-0.71 0.548-0.541

b 0.98 0.97-0.99 0.542-0.546

c 0.14 0.12-0.16 0.552-0.537

E/l 0.91 0.54-1.40 0.651-0.447

E/l, ratio of extracellular water (ECW) to intracellular water (ICW) (ECW/ICW); a, fraction of body cell mass (BCM) as water (ICW/BCM); b, fraction
of extracellular fluid as water (ECW/ECF); c, ratio of extracellular solids to total body water (ECS/TBW); FFM, fat-free mass. The influence of each
determinant on BCM/FFM value can be estimated if a determinant takes its extreme values and the other 3 determinants take their mean values.
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Table 2
Baseline characteristics and body composition in 112 adult subjects
Total (n =112) Men (n = 14) Women (n = 98) P

Age, yr 43.0 (10.6) 405 (11.2) 43.3(10.5) 0.39
Body wt, kg 73.8 (15.0) 65.1(7.6) 75.1 (15.4) <0.001
Height, cm 164.1(7.7) 174.2 (4.8) 162.6 (6.9) <0.001
BMI, kg/m? 27.1(5.2) 21.5(2.3) 28.3 (4.9) <0.001
%Fat 34.0 (11.7) 125 (6.5) 37.0(8.6) <0.001
TBW, kg 332(5.7) 40,6 (5.2) 32.2 (4.9) <0.001
TBN, kg 1.42 (0.26) 1.76 (0.23) 137 (0.22) <0.001
BMC, kg 256 (0.42) 2.82(0:31) 2,52 (0.42) <0.004
FFM, kg 45.2 (6.8) 55.1 (6.8) 43.8 (5.5) <0.001
ECW, kg 16.0 (2.9) 17.5(3.2) 15.8 (2.8) 0.084
TBK, mmol 2,690 (487) 3,396 (488) 2,589 (396) <0.001
BCM, kg 24.2 (4.5) 322(47) 23.1(3.2) <0.001
EN 0.958 (0.204) 0.765 (0.159) 0.986 (0.195) <0.001
BCM/FFM (measured) 0.535 (0.045) 0.584 (0.041) 0.529 (0.041) <0.001
BCM/FFM (predicted) 0.537 (0.047) 0585 (0.043) 0.530 (0.044) <0.001
A ~0.002 (0.021) ~0.001 (0.009) -0.002 (0.022)

Values are means (SD). BCM, body cell mass; BCM/FFM, proportion of FFM as BCM; BMC, bone mineral content; BMI, body mass index; TBK, total
body potassium; TBN, total body nitrogen. P, Student’s t-test between men and women; A, difference between measured and predicted BCM/FFM.
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