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Abstract

Background/Objectives—Bio-electrical impedance analysis (BIA) is used in population and 

clinical studies as a technique for estimating body composition. Because of significant 

underrepresentation in existing literature, we sought to develop and validate predictive equation(s) 

for BIA for studies in populations of African origin.

Subjects/Methods—Among five cohorts of the Modeling the Epidemiologic Transition Study 

(METS), height, weight, waist circumference and body composition, using isotope dilution, were 

measured in 362 adults, ages 25 to 45 with mean BMIs ranging from 24 to 32. BIA measures of 

resistance and reactance were measured using tetrapolar placement of electrodes and the same 

model of analyzer across sites (BIA 101Q, RJL Systems). Multiple linear regression analysis was 

used to develop equations for predicting FFM, as measured by isotope dilution; covariates 

included sex, age, waist, reactance and height2/resistance, along with dummy variables for each 

site. Developed equations were then tested in a validation sample; FFM predicted by previously 

published equations were tested in the total sample.

Results—A site-combined equation and site-specific equations were developed. The mean 

differences between FFM (reference) and FFM predicted by the study-derived equations were 
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between 0.4–0.6 kg (i.e. 1% difference between actual and predicted FFM) and the measured and 

predicted values were highly correlated. The site-combined equation performed slightly better 

than the site-specific equations and the previously published equations.

Conclusions—Relatively small differences exist between BIA equations to estimate FFM, 

whether study-derived or published equations, although the site-combined equation performed 

slightly better than other. The study-derived equations provide an important tool for research in 

these understudied populations.
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Introduction

Increases in the prevalences of overweight and obesity, often found coexisting with 

undernutrition, are occurring worldwide, prompting researchers to test methods for 

determining body composition in relatively resource-poor settings. Body mass index (BMI) 

is a universally accepted metric for the comparison of body sizes across individuals and 

populations. It correlates fairly well with adiposity and is simple to perform (1), however, it 

may not provide adequate detail regarding body composition for a range of epidemiologic 

inquiries such as assessing the association between physical activity and adiposity.

The gold standard techniques, i.e. isotope dilution or dual X-ray absorptiometry (DXA), 

provide accurate measures of body composition (2), however, the cost and expertise 

required are often unrealistic when conducting large population-based field studies, 

particularly in resource-poor environments. Bioelectrical impedance analysis (BIA) has been 

used as a less expensive alternative for estimating body composition in both adults and 

children (3). The accuracy of BIA is affected by several physiologic variables such as extra- 

and intracellular electrolyte concentrations, limb length, and body water distribution which 

can vary by age, gender and ethnicity (4). The potential for these physiologic variables to 

differ across populations has led investigators to propose that population-specific equations 

be developed when using BIA to estimate body composition.

There are relatively few BIA equations developed specifically for use among healthy 

African-origin populations (5, 6), although the BIA method has been utilized for a number 

of nutritional studies among children (7–11), in pregnancy and lactation (12), as well as in 

disease states such as sickle cell disease (13, 14) and HIV (12, 15–17).

The aim of the present study was to develop and validate an equation for the estimation of 

fat-free mass (FFM) by BIA, using isotope dilution as the reference method, in adults of 

African descent enrolled in the Modeling the Epidemiologic Transition Study (METS) (18). 

METS is a longitudinal examination of the relationships between physical activity, diet and 

other lifestyle factors and the development of obesity and cardiovascular and diabetes risk 

factors among African-origin cohorts of young adults from five countries at differing stages 

of social and economic development.
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Methods

Sampling and other methods used in METS have been described in detail previously (18). 

Briefly, 500 adults, 25 to 45 years (~50% women), were enrolled in each of five study sites 

between January 2010 and December 2011: rural Nkwantakese, Ghana; urban Khayelitsha, 

Cape Town, South Africa; urban Kingston, Jamaica; the island of Mahé, Seychelles; and 

suburban Maywood, Illinois, United States. All of the participants were of predominantly 

African descent in the five countries. The study sites were selected to represent a broad 

range of social and economic development as defined by the UN Human Development 

Index (HDI) 2011: i.e., Ghana as a low middle HDI country [HDI rank 135], South Africa as 

middle [123], Jamaica [80] and the Seychelles as high [52], and the US as a very high HDI 

country [4] (19). The samples are not meant to be representative of the countries as a whole 

but are, however, characteristic of broad lifestyle patterns common to each site. Individuals 

with infectious diseases, including HIV-positive individuals, and pregnant or lactating 

women, as well as persons with conditions preventing normal physical activities, e.g. lower 

extremity disability were excluded from participation in METS. The protocol for METS was 

approved by the institutional review boards or ethics committees of all participating 

institutions and written, informed consent was obtained from all participants by local 

investigators in the local language or dialect (18)

All procedures conducted in METS followed protocols standardized across all sites with 

centralized training completed prior to the start of participant recruitment (18). The sample 

size for these analyses was determined by the requisite sample needed for the comparison of 

total energy expenditure across the METS cohorts, as assessed by the doubly labeled water 

method. Weight was measured to the nearest 0.1 kg using the same model balance at all sites 

(Seca 770, Hamburg, Germany); height was measured to the nearest 0.1 cm (e.g. Invicta 

Stadiometer, Invicta, London, UK). A single-frequency (50 kHz) impedance analyzer 

(model BIA 101Q; RJL Systems, Clinton Township, MI) was used to obtain measures of 

resistance; a tetrapolar placement of electrodes on the right hand and foot was employed 

with the participant in the supine position (20). Total body water was measured as a 

constituent of the measurement of total energy expenditure by doubly labeled water, using 

dilution with stable isotopes, i.e., the average of total body water spaces as measured by 

deuterium and 18oxygen was used as the reference method (21). Fat-free mass was 

calculated from total body water using a hydration constant (0.73) (22).

The participants were randomly divided into an equation development sample (66.7% of 

total) and a validation sample (remaining 33.3% of total) using a random sample generator 

(StataSE, version 12; College Station, TX). Descriptive statistics including means and 

distributions of all variables were calculated. In the equation development sample, multiple 

linear regression analysis was used to develop equations for predicting FFM as measured 

using isotope dilution, from resistance measured by BIA. Because of documented 

differences in anthropometric variables across the five cohorts, e.g., height and adiposity, 

three sets of equations were developed: equation 1 incorporated relevant covariates from all 

sites combined; equation 2 included dummy variables for each site along with covariates; 

equation set 3 resulted from equations being developed with covariates for each site 

individually. Covariates included sex (male = 0 and female = 1), age in years, waist 
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circumference in cm, reactance in ohm and, following well-established convention, height2/

resistance (cm2/ohm) measured by bioimpedance, as well as dummy variables created to 

characterize each site. To determine whether or not site-by-weight interactions terms were 

significant, a partial F test was conducted.

The equations which were derived were tested for predictive ability in the validation sample. 

Three parameters were computed, the coefficient of determination (R2), the mean squared 

error (MSE), and the concordance correlation coefficient (23). Performance of developed 

equations for the prediction of FFM was also tested using all available data (n=362) against 

previously published equations derived using participant samples which were assumed by 

Dioum et al. to consist of at least some ethnically black participants (5, 24–32). Like the 

current study, all of the previously published equations were developed using isotope 

dilution as the reference method (either deuterium dilution alone, the average of deuterium 

and 18O dilution, or tritium dilution) and all but one (Segal; Daninger Medical Technology, 

Columbus, OH) used bioimpedance analyzers from the same manufacturer (RJL Systems). 

The comparison was carried out using four parameters, namely, the average bias (average 

differences between predicted and measured FFM), concordance correlation coefficient 

(measures linear association between predicted and measured FFM, as well as shifts in the 

predicted compared to the measured FFM values), total error (bias standard deviation), and 

pure error (the average squared bias). Furthermore, Bland-Altman plots were used to assess 

the graphical agreement between predicted and measured FFM values.

Results

A total of 362 participants completed the stable isotope protocol, approximately 72 

individuals per site. The participants were randomized to either the equation development 

sample (n=244) or validation sample (n=118). Participant characteristics by site, sex and 

sample group are presented in Table 1. There were no significant differences in 

characteristics between the development sample and the validation sample by site or 

between the total samples (all p>0.10). However, as a result of the design, mean BMI in 

both the development and validation samples varied widely across sites, ranging from a 

combined-gender mean of 24 in Ghana to greater than 30 in the United States (p<0.01 for 

trend). Other anthropometric measures were consistent with the trends in BMI, e.g., the 

Ghanaians were about 8 cm shorter than the United States groups and had much lower body 

weight as well as smaller abdominal circumferences.

Considering the marked anthropometric differences across the five sites and the potential for 

body geometry to influence measurements of resistance and reactance, site-specific 

equations were derived and tested. Three sets of equations were developed for predicting 

FFM from resistance as measured using BIA (Table 2). Age, waist circumference, reactance 

and site-by-weight interactions were found to be not significant and were omitted from final 

models. Equation 1 resulted when all participants regardless of study site were included in 

the modeling; the proportion of variance in FFM explained by these variables (R2) was 89%. 

The second set of equations, 2a – 2e, included all data plus dummy variables for site, 

resulting in site-specific equations; inclusion of the dummy site variables improved the R2 

and MSE modestly (R2: 91%). Each equation in the third set, 3a – 3e, was developed using 
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only those data generated in each site; (R2 varied from 86% to 95%, with a range of 

associated mean square errors).

Mean FFM (reference method) in the validation samples was 48.8 kg, whereas the mean 

FFM estimated by the METS equations were larger by 1%, i.e. mean differences of only 

0.4–0.6 kg (Table 2). Overall, all three study-derived equations exhibited high agreement 

with the reference values determined by isotope dilution (concordance correlation=0.93–

0.94). In the combined sample (Table 3), previously published equations yielded differences 

in mean FFM of 0.6–0.9 kg compared to the reference values. The concordance correlation 

coefficient was largest for our equation (0.94) compared to any of the other equations 

previously reported (range 0.86–0.92). Similarly, the average bias and error was smallest for 

the newly developed equation (average bias = −0.1, error = 3.4 and pure error = 3.4). The 

Bland-Altman plot (Figure 1) confirms the high level of concordance and small bias 

associated with the new equation.

Discussion

Three sets of equations were developed to estimate FFM from resistance as measured by 

BIA and validated for use among young adults from five populations of African origin. Two 

of the three sets (2.a–2.e and 3.a–3.e) provide equations specific to each of the cohorts, 

however, the equation developed using the data from all sites combined yielded the smallest 

bias as well as the highest concordance correlation with the reference values, although the 

differences resulting from the different equations were minor. The single, site-combined 

equation is thus recommended for use in these five populations and may be relevant for 

other African-origin groups, as anthropometric measurements varied widely across sites and 

the site-combined equation captures this variability.

There has been a multitude of equations for the prediction or estimation of total body water 

or FFM using BIA published over the last 25 or so years. Relatively few have been derived 

using data from African-origin or ethnically black populations; it is not clear, however, 

whether or not biomedical research has been hindered by this under-representation. A 2005 

review by Dioum et al. examined the validity of a wide variety of published BIA equations 

for the prediction of total body water in Senegalese women, some derived from all white or 

all black samples, some from ethnically mixed samples and some from samples of unknown 

ethnic composition (33). The authors concluded that there was little difference in the 

accuracy of existing equations based on the ethnic origins of the development sample i.e., 

equations developed from wholly or largely African-origin or black participants did not 

predict total body water better than those from non-African participants (33). In agreement 

with the conclusions of Dioum et al., most of the published equations that were tested 

against FFM measured using isotope dilution in the present study gave comparable estimates 

of concordance, bias and error; our own equations were better at estimating FFM, although 

not dramatically. The equations developed for use in METS have the advantage of being 

derived from wholly black community-based samples of healthy young adults, which may 

be better accepted for use in black populations by biomedical researchers and physicians.
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In conclusion, bioelectrical impedance analysis, although fraught with imprecision relative 

to gold standard methods such as isotope dilution or DXA, has the potential to be an 

important tool for assessing nutritional status and chronic disease risk, particularly for 

epidemiologic research in resource-poor settings. There has, however, historically been a 

dearth of equations developed specifically for use in healthy African populations, although a 

few do exist (5, 6) and others have been created with African Americans included in the 

development samples (6, 24). The validated equations presented here performed better than 

a sampling of existing equations and provide a viable option for the estimation of body 

composition by BIA among African-origin populations.
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Figure 1. 
Bland-Altman plot of the estimation of fat-free mass (FFM) by the site-combined equation 

(METS 1) compared to FFM measured using isotope dilution in the five cohorts 

participating in the Modeling the Epidemiologic Transition Study (Ghana, South Africa, 

Jamaica, Seychelles, United States).
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