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Why Does Body Fat Matter?

Obesity is one of the leading modifiable risk factors for chronic diseases 
in the developed world and is rapidly affecting emerging countries [1-4]. 
The link between obesity and Type 2 diabetes is especially strong: serious 
obesity can increase the likelihood of diabetes by almost 100-times, and 
even slight excesses of body fat are associated with a significant extra risk (5,6). 

Figure 1:  ��Projected global prevalence of overweight (BMI ≥ 25 kg/m2) in adult women
by 2015

There are two reasons for the powerful associations between obesity and 
ill health. First, that obesity is a marker for other risk behaviours such as 
poor diet and sedentary lifestyles which result in a loss of cardio-respiratory 
fitness. And second, that the excess fat (adipose tissue) disrupts the body’s 
normal endocrine balance and creates a source of chronic inflammation. It 
is for these latter reasons that it is important to be able to directly measure 
the amount of extra fat a person carries and to monitor its changes.

Adipose Tissue as a New Endocrine Organ 
Latest research has overturned the long-held view that adipose tissue 
is merely a passive reservoir of energy. As adipose cells (adipocytes) 
become over-filled with fat their biochemistry changes. They secrete a 
wide range of highly bioactive molecules (now called adipokines) with 
harmful metabolic effects [7-9] (see Figure 2) and they reduce their 
excretion of the protective adipokine, adiponectin. Excess fat stores 
also lead to altered sex hormone metabolism with multiple sequelae 
including ovarian hyper-androgenism.

Figure 2:	  Metabolic changes in adipose tissue caused by obesity 

Adipose Tissue as a Source of Inflammation
The harmful changes illustrated in Figure 2 occur within each adipocyte, 
but recent research has pointed to another metabolic defect that 
occurs when adipose tissue becomes overfull. For reasons that are not 
yet understood, expanding adipose tissue secretes factors that attract 
inflammatory macrophages [10]. These macrophages invade and 
colonise the fat stores. They secrete inflammatory cytokines such as IL-6 
and TNFα that cause both local and systemic inflammation. These and 
other inflammatory markers that are strongly correlated with excess 
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fat (eg sialic acid) are strong predictors of the metabolic syndrome – a 
constellation of hypertension, hyperlipidaemia and insulin resistance that 
underlies much chronic cardio-vascular ill health [11,12].

The Influence of Fat Distribution
Epidemiological studies relating body fat to ill health have shown 
that intra-abdominal (or visceral) fat is more harmful than peripheral 
subcutaneous fat [13]. Obesity characterised by high levels of central 
abdominal fat is typically seen in men with a paunch and is hence 
described as android, whilst peripheral obesity is described as gynoid. 
The terms ‘apple-shaped’ and ‘pear-shaped’ have been adopted for 
lay audiences. Central fat can be assessed moderately well simply by 
measuring a person’s waist circumference (see below).

What Methods are Available
for Measuring Body Fat?

■	 �Bioelectrical Impedance Analysis (BIA)
	� BIA assesses body fat by passing a very small current through the 

body and assessing differences in impedance caused by the fact that 
fat and lean tissues have different electrical properties. As BIA is the 
focus of this report it is described in more detail later.

■	 Anthropometry (skinfold thickness)
	� Since much adipose tissue is stored subcutaneously a rough estimate 

of the amount can be obtained by using callipers to measure skinfold 
thicknesses at a variety of sites on the body (usually biceps, triceps, 
supra-iliac and sub-scapular). Nomograms or equations are available 
that convert these values into estimates of total body fat based 
on some old experiments that calibrated skinfolds against hydro-
densitometry. These are specific to Caucasians and are increasingly 
unreliable as populations become fatter.	

Human Body Composition – 
the Fundamentals

Human body composition can be subdivided in many and 
complex ways, but for most clinical and health-related purposes 
it is the relative proportion of fat vs lean tissue that matters. 

The following basic definitions and abbreviations are useful:

■	 Fat mass (FM): 	�	  the total amount of fat in a body 	
	 including that in nerve tissues 	
	 and the brain.

■	 Fat-free mass (FFM): 	� all the remaining tissues including 
fluids and the skeleton.

■	 Lean-body mass (LBM): 	 usually used inter-changeably 	
			   with FFM.
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■	 Plethysmography 
	� Because adipose tissue is lighter that lean tissue it is possible 

to calculate the lean-to-fat ratio from a person’s density. To 
calculate density it is necessary to know both weight and volume. 
Plethysmography measures body volume by placing the subject 
in an airtight capsule and measuring how much air they have 
displaced. The method works well but requires subjects to wear 
bathing costumes and takes time. The apparatus is costly and non-
transportable.

■	 Hydro-densitometry
	� Hydro-densitometry, often called under-water weighing, is an 

alternative way of measuring body volume – this time by water 
displacement. Legend tells us that when Archimedes discovered 
this technique of hydrostatics to test whether King Hiero’s crown 
was made of solid gold he leapt from his bath and ran down the 
street naked shouting Eureka! Modern subjects must also strip 
down to a bathing suit and be confident to lie still underwater 
– hence the measurement is not widely applicable.

■	 Dual-Xray Absorptiometry (DXA)
	� DXA body scanners used in clinical practice to measure bone 

density can also give an estimate of body composition. They use 
‘soft’ X-rays that have a different level of attenuation as they pass 
through fat and lean tissue. The system can be calibrated using 
animal carcasses. DXA is considered one of the best methods for 
assessing body fat and can give regional measures for the limbs 
and trunk. The equipment is expensive, non-transportable and 
measurements are time consuming.

■	 Body Water Estimation
	� Body fat contains no water and lean tissue contains, on average, 

73% water. Thus by assessing a person’s total body water it is 
possible to compute their lean body mass (LBM) or fat-free mass 
(FFM), and to calculate fat mass by subtracting FFM from total 
body weight. Total body water can be measured by giving a 
dose of deuterium and measuring its dilution in samples of saliva 
or urine. The main problems are that the deuterium must be 
measured by sending samples to a mass spectrometry lab which 
is both costly and time consuming.

■	 Near-Infrared Interactance
	� Single-site near-infrared interactance measures body fat on the 

principle that lean and fat tissues reflect different amounts of 
infrared radiation emitted by a small probe placed against the 
skin. This method performs poorly in validation tests – probably 
because of its inherent assumption that measuring body fat at a 
single site (usually the triceps) gives an adequate representation 
of whole-body fat.

■	 Other Highly Technical Methods
	� There are a variety of other methods each of which has some 

significant advantages for assessing body composition, but 
each of these is highly technical and very expensive. These 
include: total-body potassium-40 counting (TBK); in vivo neutron 
activation analysis (NAA); computerized axial tomography (CAT 
scanning); magnetic resonance imaging (MRI) or spectroscopy 
(MRS); and total body electrical conductivity (TOBEC). These are 
used by a very small number of centres worldwide and only for 
detailed research studies.



Is There a Gold Standard
For Measuring Body Fat?

No. The only truly reliable way of assessing body composition is by 
chemical analysis of cadavers. Such measurements have been applied 
to humans in the 1940s and the results still form the basis of some of the 
assumptions used in the methods described above – but cadaver analysis 
is not a popular method with either researchers or their subjects!

The next best thing is the so-called ‘four-compartment model’ in which 
results from three or more of the high-tech methods described above 
(eg DXA, plethysmography and deuterium dilution) are combined in a 
mathematical model that helps to minimise errors introduced by the 
assumptions inherent in each of the methods when applied in isolation. 
The four-compartment model has been used in the best of the validation 
studies of BIA described below, but is clearly impractical except in a 
sophisticated research setting.

What Other Monitoring Tools are Available?

There are several methods available that provide a rough proxy of body 
fatness. Because of their simplicity of measurement they can be used in 
large-scale surveys and hence have been widely adopted despite their 
acknowledged limitations.

■	 Weight Charts and Tables
	� In years gone by fatness was assessed by expressing a person’s 

weight (adjusted for frame size) against tables of so-called ‘ideal body 
weight’ drawn from life insurance company mortality records. This 
practice is now obsolete for adults, but children’s growth progress is 
still charted on growth curves derived from studying large numbers 
of healthy, well-nourished children. WHO have recently issued new 
curves based on breast-fed babies [14].

■	 Body Mass Index (BMI)
	� The most widely used measure of obesity is the body mass index 

(BMI) calculated as a person’s weight in kilograms divided by their 
height in metres squared (kg/m2). The usefulness of BMI is based on 
the fact that the confounding effects of people being of different 
height are cancelled out by expressing body weight relative to the 
square of height.

	
	� WHO classifications of body weight based on BMI are as follows: 

BMI <18.5kg/m2 = underweight; BMI 18.5-24.9 = normal; BMI 25.0-
29.9 = overweight; BMI > 30.0 = obese [15]. It is important to note 
that these cut-offs are based on arbitrary divisions and are not 
applicable for Asians (for whom there is a different set of cut-offs 
[16]).

■	 Waist Circumference
	� Waist circumference needs to be measured carefully with reference 

to anatomic markers and ideally should be done without clothing. 
A variety of waist circumference cut-offs have been proposed to 
help describe people according to health risk categories. The most 
commonly used are 80cm for women and 94cm for men indicating 
‘increased risk’ and 88cm for women and 102cm for men indicating 
‘substantially increased risk’ [2]. These cut-offs were originally 
chosen as being the population equivalents of a BMI of 25 and 30 
kg/m2. Other cut-offs have been proposed based on direct studies 
of the associations between waist size and ill health [17]. Measuring 
waist circumference requires intimate contact with the patient and 
is unacceptable to some ethnic and religious groups especially for 
women. A recent MORI poll showed that 75% of doctors do not 
use a tape measure on overweight or obese patients mainly due to 
embarrassment and inconsistent measurements.



■	 �Racial Differences in                                                                 
	 the BMI to Body Fat Relationship
	� One of the key problems with BMI, especially when using it to 

estimate international trends or to form the basis of treatment 
thresholds, is that there is a profoundly different relationship 
between BMI and actual body fat across different racial groups [18-
20]. Figure 3 shows the extreme examples of Asians against African-
Americans. The dotted lines show that at a BMI of 25 kg/m2 an 
African-American will typically have 23% body fat whilst an Asian will 
typically have 36% fat: an ‘error’ of over 50%.

Figure 3:  Racial differences in the relationship between BMI and body fat

Reproduced with permission from Prentice & Jebb 2001.

■	 Waist-Hip Ratio 
	� The waist:hip ratio (WHR) used to be a popular measure. It has been 

superceded for a variety of reasons but primarily because a single 
figure for waist circumference is simpler. Many would argue that 
WHR remains a better method because the hip measurement gives 
an indication of whether muscle mass has been lost, and this is an 
important predictor of poor glucose tolerance.

Why is it Important to
Actually Measure Body Fat?

Simple proxy measures of body fat such as BMI and waist circumference 
have been enormously useful in epidemiological studies and population 
surveys. They have served to demonstrate the strong associations 
between obesity and chronic ill health, and have adequately described 
the global pandemic of obesity. However they are far from perfect and 
may frequently be misleading. Some examples of potential pitfalls are 
illustrated below.
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■	 �BMI Fails to Reveal Age-Related Changes                            
in the Lean:Fat Ratio 

	� A gradual replacement of lean by fat tissue is a normal feature of 
ageing, at least in Western societies. The data from American men 
in Figure 4 shows this to be a very significant effect with average 
body fat rising from about 15% in 20-year-olds to almost 30% in 
75-year-olds [21,22]. Note that in this sample BMI remained constant 
and hence completely misses this important transformation in body 
composition.

Figure 4:  Age-related increase in body fat (solid bars) for normal men at constant BMI

Reproduced with permission from Prentice & Jebb 2001.
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■	 BMI Misclassifies Obesity in Athletes
	� Another example of misclassification by BMI relates to athletes and 

those engaged in any form of manual labour or training that tends to 
maintain a high muscle mass. The typical relationship between BMI 
and body fat in men shown by the line in Figure 5 can overestimate 
actual body fat in athletes by a factor of 2 or more.

Figure 5:  Mismatch between BMI and body fat in sportsmen

Reproduced with permission from Prentice & Jebb 2001.
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■	 �BMI Fails to Track Exercise-Induced                      
Changes in Body Composition

	 �Exercise plays a critical role in maintaining optimal body weight, 
body composition and health, but monitoring its advantages can 
sometimes be problematic. For instance, many people who start 
exercising find that they do not lose weight and hence become 
demotivated. This is frequently because they are replacing fat with 
lean tissue. The advantages of this transformation are enormous, but 
may not be detected unless the person has their body composition 
monitored as their training progresses – hence the popularity of 
body composition analysers in good quality gyms.

	
	� Exercise is also recommended in most good weight loss regimes, 

but again the true benefits will not be seen unless body composition 
is monitored. Figure 6 shows data from an intensive weight loss 
scheme [23]. Patients following the moderate and high exercise arms 
of the study lost more weight than the no exercise control arm, but 
the advantages become even more clear in terms of the composition 
of the tissue lost: lean tissue represented almost 30% of the weight 
lost by the control group and only 18-20% in the exercise groups. 
There are numerous similar examples in the literature [eg 24]. 

These changes can be even more profound if the training regime is 
intensive. Figure 7 shows data in three groups of soldiers whose BMI and 
body fat were measured at baseline and again after an extreme army-
training scheme [25]. Rather than just moving down towards the left-
hand end of the upper dotted line the fundamental relationship between 
BMI and body fat was profoundly altered. If judged on BMI alone the 
middle group would have indicated a change in body fat from 23% to 
17%. In fact the true change was from 23% to 5% indicating a 3-fold error 
if monitored by BMI.

Figure 7: Training profoundly alters the BMI to body fat relationship in soldiers

Reproduced with permission from Prentice & Jebb 2001.

■	 �The U-shaped Relationship Between                                   
BMI and Mortality May be Misleading

	� Many population-based studies of mortality have revealed an inverse 
J-shaped relationship between BMI and mortality. As BMI increases 
there is a marked additional risk of premature death, but there is also a 
slight excess at the far lower end of the BMI range. 
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	� Research on large population cohorts in Denmark shows that this 
relationship may be concealing two independent effects – namely 
that risk is elevated both by an increased body fat and by a reduced 
fat-free mass [26]. 

	� This is shown in Figure 8. These two opposing effects cancel each 
other out when estimates are based simply on BMI, and hence have 
obscured a proper understanding of the issue. Similar analyses of 
mortality data from the large (US National Health and Nutrition 
Examination Surveys (NHANES) also emphasise the importance of 
deconstructing the separate health effects of fat mass and fat-free 
mass, and hence the importance of assessing body composition 
[27,28].  A failure to do so in previous surveys has delayed some 
important public health messages in terms of the importance of 
building up and maintaining lean tissue. If such large-scale surveys 
could have been based on measures of body composition these 
potentially critical insights would have emerged much sooner.

Figure 8:  Increased risk of mortality is predicted both by increased fat mass 
and by diminished fat free mass

BMI Fails to Detect Important Gender Differences in 
Body Composition during Growth and Development
As discussed in more detail below (see Figures 9 and 10) the BMI growth 
curves developed for children and adolescents fail to detect very important 
differences in body composition that develop between boys and girls as 
they progress through puberty. BIA detects these differences and allows a 
proper understanding of the underlying physiological processes.

Waist Circumference Sometimes
Does not Predict Ill-Health 
A study of almost 7,000 deaths from a cohort of 15,000 elderly people 
(>75 years) in the UK revealed that waist circumference did not predict 
mortality, but there were very strong relationships with the waist-hip 
ratio (WHR) [29]. Although this study did not have measures of body 
composition the implications of the findings are that maintenance of a 
good muscle mass (indicated by the hip component of the WHR) is critical 
to health and survival in the elderly. Other studies support this inference 
and point to the advantage of being able to disaggregate changes in fat 
and fat-free mass when determining optimal body size and composition. 
Although the data described are from the elderly, the principle is 
important at all ages.  

Data from 60 year-old 
Swedish men.  Reproduced 

with permission from 
Heitmann 2000.
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How Does BIA Work?

Bio-electrical Impedance Analysis (BIA) measures the impedance or 
resistance to the flow of a safe, low-level electric current through the body 
fluids contained mainly in the lean tissue. Impedance is low in lean tissue, 
where intra-cellular and extra-cellular fluid and electrolytes are primarily 
contained, but high in fat tissue. Impedance is thus proportional to total 
body water (TBW). Lean body mass is then calculated from this estimate 
using an assumed hydration fraction for lean tissue of 73.2%; the same 
assumption used in several other body composition methods. Fat mass is 
calculated as the difference between body weight and lean body mass.

In practice, a small constant current, 
typically 400 μA at a fixed 

frequency, usually 50 kHz, is 
passed between electrodes 

spanning the body 
and the voltage drop 

between electrodes 
provides a measure 
of impedance. 
Prediction 
equations, 
previously 
generated by 
correlating 
impedance against 

total body water 
(TBW) measured 

using a method such 
as deuterium dilution 

or DXA, are built into the 
software of BIA monitors. 

The impedance of a biological tissue comprises two components, the 
resistance and the reactance. The conductive characteristics of body 
fluids provide the resistive component, whereas the cell membranes, 
acting as imperfect capacitors, contribute a frequency-dependent 
reactive component. By measuring the impedance at different 
frequencies (eg 5 kHz and 200 kHz) and by applying predictive equations, 
it is possible to estimate both Extra-Cellular Water (ECW) and TBW 
respectively and by deduction, Intra-Cellular Water (ICW).  ECW can be 
related to extra-cellular mass (ECM) and ICW to Body Cell Mass (BCM).

What is Novel about Tanita BIA Monitors?

Tanita pioneered the use of foot-to-foot BIA in which subjects simply 
have to remove their shoes and stand on a monitor that sends a minute 
current from one foot to the other. The measurement can be completed 
in 20 seconds, and is backed by a strong research programme over 15 
years. There was initial scepticism as to whether a system just passing 
a current though the legs could be as accurate as previous ‘tetrapolar’ 
systems that attached stick-on electrodes to each ankle and each wrist. 
However, later research showed that (because they represent a very long 
thin conductor) arms actually introduce a disproportionate weighting to 
tetrapolar monitors and may hence reduce their accuracy if not adjusted 
for carefully.
	
The new generation of advanced professional models of Tanita BIA use 
8-electrodes and require subjects to hold two hand-grips whilst standing 
on the monitor. This now allows segmental analysis of the composition of 
arms, legs and trunk. The trunk value is particularly important in terms of 
assessing abdominal fat. 



What Are the Advantages of BIA?

■	 Differentiates fat and lean tissue

■	 �Monitors composition of weight loss

■	 �Some versions provide segmental analysis (trunk, legs, arms)

■	 �Simple and fast to perform 

■	 �Highly suitable for large-scale health surveys

■	 �Print-out of results

■	 �Data capture options available

■	 �Portable equipment (mains or battery operation)

■	 �Non-invasive (does not require undressing)

■	 �Low risk (meets all EU quality directives MDD, CE and NAWI)

■	 �Low cost compared to other high-tech methods

■	 �High predictive value (extensive validations)

■	 �Excellent consistency for repeated measurements 

■	 �Sensitive enough to detect clinically important differences

■	 �Body fat centile curves based on Tanita technology 
available for children and adolescents

What are the Limitations of BIA?

■	 �Not recommended for use by patients with pace-makers

■	 �Not as accurate as the ‘gold standard’ 4-compartment 
model

■	 Versions not yet available for children under 5 years

■	 Patients must be able to stand on the monitor for                      	
	 leg-to-leg versions 



Comparisons of body composition methods Validation Studies

The original prediction equations built into 
Tanita’s BIA software were derived by Prof Steven 
Heymsfield’s research team at St Luke’s/Roosevelt 
Hospital, College of Physicians and Surgeons, 
Columbia University, New York.
	
Tanita BIA monitors have been more extensively 
validated against alternative body composition 
techniques than other variants of BIA. The results 
are in the published literature [eg 31-33].  A selection 
of other studies published in abstract form can be 
found at: http://www.tanita.co.uk/professional_index.
cfm?page=professional_resource04.

Validation studies need to be interpreted with 
two things in mind. First, that some of them refer 
to generations of BIA monitors that have been 
superseded by newer models. Second that, unless 
validated against the 4-compartment model 
(the closest we have to a ‘gold standard’) then it 
should be remembered that any apparent error 
and bias will have a component contributed by 
the inaccuracy and imprecision of the comparator 
method.

Method Cost Accuracy
Ease 

of use
Speed 
of use

Portability
Patient 

acceptability

Tanita BIA + to ++ +++ 2 +++ +++ +++ +++

Other BIA + to ++ +++ 2 ++ ++ +++ ++

Infra-red 
interactance + + +++ +++ +++ +++

Plethysmography +++ +++ ++ + - +

Hydrodensitometry +++1 ++++ - - - -

DXA +++ ++++ - + - +

Body Water 
Dilution +++ ++++ - - - +

TOBEC ++++ 1 ? - - - -

MRI or MRS ++++ ++++ - - - -

CAT ++++ +++ - - - -

TBK ++++ 1 +++ - - - -

Neutron activation ++++ 1 ++++ - - - -

4-compartment 
model ++++ 1 ++++ - - - -

Skinfolds + ++ ++ ++ +++ ++

BMI + ++ +++ +++ +++ +++

Waist 
circumference - ++ ++ +++ +++ ++

1 Not commercially available.   2 Based on Jebb et al [31]



Longitudinal validation (ability to measure              
changes in body composition)
Jebb and colleagues used a weight loss study in which 58 women lost 
an average of 9.9 ± 3.5kg but after 1 year had regained 4.9 ± 3.7kg to test 
the validity of leg-to-leg bioimpedance (LTL: Tanita BC418) against a 4-
compartment (4-C) model based on air displacement plethysmography 
(ADP), deuterium dilution - total body water (TBW) and dual-energy 
X-ray absorptiometry (DXA) [32]. Skinfold thickness (SFT) and tetrapolar 
bioelectrical impedance analysis (T-BIA) were also compared. 

The estimate of body fat change by LTL relative to the 4-compartment 
model (bias during weight loss = 0.51 ± 1.63kg; bias during weight 
regain = -0.25 ± 2.30kg) was similar to the more complex ADP, DXA and 
TBW methods in both phases, and was better than tetrapolar-BIA and 
skinfold thickness. The authors concluded that: ‘The LTL system is a useful 
method to measure body composition changes during clinical weight 
management.’

ORIGINAL ARTICLE

Validity of the leg-to-leg bioimpedance to estimate
changes in body fat during weight loss and regain
in overweight women: a comparison with
multi-compartment models

SA Jebb1, M Siervo1, PR Murgatroyd2, S Evans1, G Frühbeck3 and AM Prentice4

1MRC Human Nutrition Research, Elsie Widdowson Laboratory, Fulbourn, Cambridge, UK; 2Wellcome Trust Clinical
Research Facility, Addenbrooke’s Hospital, University of Cambridge, Cambridge, UK; 3Department of Endocrinology, Clı́nica
Universitaria de Navarra, Pamplona, Spain and 4MRC International Nutrition Group, London School of Hygiene and
Tropical Medicine, London, UK

Objectives: To investigate changes in body composition and the validity of the leg-to-leg bioimpedance (LTL) method to
measure body fat during active weight loss (WL) and weight regain (WR).
Design: Longitudinal, 12-week weight loss intervention (3.3–3.8MJ/day) and subsequent follow-up at 1 year.
Subjects: Fifty-eight adult women aged between 24 and 65 years (mean age: 46.878.9 years) and with a body mass index
(BMI) X25 kg/m2 (mean BMI: 31.672.5 kg/m2, range¼ 26.0–48.2 kg/m2) participated in the study.
Measurements: Fat mass (FM) was measured at baseline, 12 weeks, 24 weeks and 52 weeks using three- and four-compartment
(4-C) models, air displacement plethysmography (ADP), deuterium dilution – total body water (TBW), dual-energy X-ray
absorptiometry (DXA), skinfold thickness (SFT), tetrapolar bioelectrical impedance analysis (T-BIA) and LTL.
Results: At the end of the weight loss programme, subjects lost 9.973.5 kg weight (Po0.001) and 7.670.5 kg fat (Po0.001)
but after 1 year they had regained 4.973.7 kg of weight and 3.772.9 kg of fat. The 4-C model showed that FM and TBW
accounted for 76.2 and 23.6% of the loss in body mass and 81.8 and 17.7% of the tissue accrued during weight regain,
respectively. The estimate of body fat change by LTL relative to multi-compartment models (WLbias72s.d.¼0.5173.26 kg;
WRbias72s.d.¼�0.2572.30 kg) was similar to ADP, DXA and TBW in both phases but it was better than T-BIA
(WLbias72s.d.¼ 0.1777.90 kg; WRbias72s.d.¼�0.2977.59 kg) and skinfold thickness (WLbias72s.d.¼2.6876.68 kg;
WRbias72s.d.¼�0.8473.80 kg).
Conclusions: Weight loss and regain were associated with minimal changes in lean tissue as measured using multi-
compartment models. The LTL system is a useful method to measure body composition changes during clinical weight
management programmes.

International Journal of Obesity advance online publication, 24 October 2006; doi:10.1038/sj.ijo.0803475

Keywords: leg-to-leg bioimpedance; weight loss; weight gain; body composition; multi-compartment models; fat mass;
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Introduction

Obesity, usually defined on the basis of body mass index

(BMI) or waist circumference, is linked to an increased risk of

metabolic diseases but this relationship is mediated by excess

body fat. The precise assessment of fat mass (FM) and its

distribution is critical to study the association between

adiposity and risk of metabolic diseases (diabetes, hyperten-

sion and hyperlipidaemia) and generate public health

guidelines.1,2

Several body composition methods are available which

differ in terms of their theoretical basis and scientific

assumptions, as well as cost, complexity and subject

acceptability. Body composition methods such as dual

energy X-ray absorptiometry (DXA), air displacement

plethysmography (ADP) and stable isotope dilution (ID)Received 2 March 2006; revised 2 August 2006; accepted 13 September 2006
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Cross-sectional validation (ability to compare            
body composition across individuals)
Pietrobelli and colleagues have validated the latest generation of 8-
electrode segmental analyzer (BC-305) and the older 4-electrode analyzer 
(TBF-310) against DXA measurements in 20 men and 20 women aged 6 
to 64 years [30]. They assessed the ability to measure %body fat, lean soft 
tissue (LST) and appendicular lean soft tissue (ALST = LST in arms, legs 
and total). The within- and between-day coefficient of variation for %fat 
and ALST evaluated in five subjects was <1% and ~1–3.7%, respectively. 

The correlations between 8-electrode predicted and DXA appendicular 
and trunk & head LST were strong and highly significant (all r>0.95, 
P<0.001) and group means did not differ across methods. Skeletal 
muscle mass calculated from total ALST by DXA (23.7 ± 9.7 kg) was not 
significantly different and highly correlated with BC-418 estimates (25.2 
± 9.6 kg; r = 0.96, P<0.001). There was a good correlation between total 
body %fat by 8-electrode BIA vs DXA (r = 0.87, P<0.001). Segmental %fat 
estimates from BC-418 did not differ significantly from corresponding 
DXA estimates. No between-method bias was detected in the whole 
body, ALST, and skeletal muscle analyses. The authors concluded that: 
‘The new 8-electrode BIA system offers an important new opportunity of 
evaluating skeletal muscle in research and clinical settings. The additional 
electrodes of the new BIA system also improve the association with DXA 
%fat estimates over those provided by the conventional foot–foot BIA.’

ORIGINAL COMMUNICATION

New bioimpedance analysis system: improved
phenotyping with whole-body analysis

A Pietrobelli1,2*, F Rubiano2, M-P St-Onge2, SB Heymsfield2

1Pediatric Unit, Verona University Medical School, Verona, Italy; and 2Obesity Research Center, St Luke’s/Roosevelt Hospital, College of
Physicians and Surgeons, Columbia University, New York, NY, USA

Objective: Bioimpedance analysis (BIA) is a potential field and clinical method for evaluating skeletal muscle mass (SM) and
%fat. A new BIA system has 8-(two on each hand and foot) rather than 4-contact electrodes allowing for rapid ‘whole-body’ and
regional body composition evaluation.
Design: This study evaluated the 50 kHz BC-418 8-contact electrode and TBF-310 4-contact electrode foot–foot BIA systems
(Tanita Corp., Tokyo, Japan).
Subjects: There were 40 subject evaluations in males (n¼20) and females (n¼ 20) ranging in age from 6 to 64 y. BIA was
evaluated in each subject and compared to reference lean soft-tissue (LST) and %fat estimates in the appendages and remainder
(trunkþhead) provided by dual-energy X-ray absorptiometry (DXA). Appendicular LST (ALST) estimates from both BIA and DXA
were used to derive total body SM mass.
Results: The highest correlation between total body LST by DXA and impedance index (Ht2/Z) by BC-418 was for the foot–hand
segments (r¼0.986; left side only) compared to the arm (r¼ 0.970–0.979) and leg segments (r¼0.942–0.957)(all Po0.001).
The within- and between-day coefficient of variation for %fat and ALST evaluated in five subjects was o1% and B1–3.7%,
respectively. The correlations between 8-electrode predicted and DXA appendicular (arms, legs, total) and trunkþhead LST
were strong and highly significant (all rX0.95, Po0.001) and group means did not differ across methods. Skeletal muscle mass
calculated (Kim equation) from total ALST by DXA (X7s.d.)(23.779.7 kg) was not significantly different and highly correlated
with BC-418 estimates (25.279.6 kg; r¼0.96, Po0.001). There was a good correlation between total body %fat by 8-electrode
BIA vs DXA (r¼0.87, Po0.001) that exceeded the corresponding association with 4-electrode BIA (r¼0.82, Po0.001). Group
mean segmental %fat estimates from BC-418 did not differ significantly from corresponding DXA estimates. No between-
method bias was detected in the whole body, ALST, and skeletal muscle analyses.
Conclusions: The new 8-electrode BIA system offers an important new opportunity of evaluating SM in research and clinical
settings. The additional electrodes of the new BIA system also improve the association with DXA %fat estimates over those
provided by the conventional foot–foot BIA.

European Journal of Clinical Nutrition (2004) 58, 1479–1484. doi:10.1038/sj.ejcn.1601993
Published online 12 May 2004
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Introduction
Bioimpedance analysis (BIA) systems are increasingly being

used to quantify body composition in clinical and research

setting (de Fijter et al, 1993; Organ et al, 1994; Bracco et al,

2000; Lukaski, 2000; Bedogni et al, 2002; Fuller et al, 2002;

Nunez et al, 2003). An important advance over the past

several years was the introduction of contact electrode

systems that eliminated the need for stainless-steel paste-

on gel electrodes (Nunez et al, 1997; Tan et al, 1997). Most of

the currently available contact electrode BIA systems

estimate electrical properties across the arms (Cornish et al,

1999; Elia et al, 2000) and across the legs (Elia et al, 2000).

Leg-to-leg BIA systems have the advantage of providing a

body weight measurement using a standard digital scale

concurrent with foot-pad impedance or resistance estimates.

Measured body weight is more accurate than self-reported

weight and the measured weight is used directly in the body

composition calculations.
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Case Studies

Development and application of
body fat centile curves for children
Growth centile charts for children have been used in paediatric practice 
for several decades. In the 1990s these were augmented by BMI centile 
charts first available in the UK and then in international versions. The 
intention of BMI charts is to aid in the diagnosis of overweight and 
obesity in children, but as summarised above BMI can misclassify some 
children, especially those with a large frame and solid build. Hence centile 
charts based on actually measures of body fat would be advantageous.
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The first generation of such charts has now been developed based on 
a study of almost 2000 British school children aged 5 – 18 years whose 
body composition was assessed using the Tanita BC-418 [33]. The 
shapes of the body fat curves shown in Figure 9 clearly show the gender 
differences in body fat that occur during puberty: boys increase their fat 
mass until puberty but then replace fat by muscle mass; girls continue to 
increase their fat stores as puberty progresses. Note that these important 
sex differences are completely concealed by BMI charts which look very 
similar in boys and girls because BMI cannot distinguish fat from lean 
tissue. The new body fat charts are available from the Child Growth 
Foundation (www.cgf.co.uk). Tanita monitors come with a simplified 
version of these charts illustrated in Figure 10.

Figure 9: Paediatric body fat centile charts for use in growth monitoring



Jebb S, McCarthy D, Fry T, Prentice AM  New body fat reference curves
for children. Obesity Reviews (NAASO Suppl) 2004, A146.

Figure 10: Tanita’s body fat centile ranges for children



Research applications in the African bush
Research studies funded by the UK Medical Research Council and the 
European Union as part of the EARNEST Programme investigating how 
early nutritional interventions can affect later health have recently 
completed measurements in over 1500 children in rural Gambia. Tanita 
BC-418 body composition analysers formed part of the field laboratory 
transported by LandRover around 25 remote villages. Powered off a car 
battery or a small portable generator the BC-418s proved highly durable 
and simple to use.

Community-based children’s
weight loss project
A community-based weight loss project funded by London’s Tower 
Hamlets Borough and Primary Care Trust has used the Tanita BC418 
monitor to assess the effects of a 12-week weight management 
programme in 5-13 year old children. As would be expected the children 
grew in stature but most showed a decrease in fat mass; a fact that was 
undetected by following their changes in BMI [34].

A survey of possible misclassification of 
overweight and obesity in school children
In a study of 1671 caucasian Chichester school children aged 11-14 
years Potter and colleagues used the Tanita BC418 segmental analyser 
to compare how the prevalence of overweight and obesity differed 
according to whether classification was made using BMI charts or the 
new body fat charts referred to above [35]. They found that as many as 
23% of the sample were classified differently by the two methods. This 
could have significant implications both for survey methodology and 
treatment.

PEDIATRIC HIGHLIGHT

Body fat reference curves for children

HD McCarthy1, TJ Cole2, T Fry3, SA Jebb4 and AM Prentice5

1Institute for Health Research & Policy, London Metropolitan University, London, UK; 2Centre for Paediatric Epidemiology
and Biostatistics, Institute of Child Health, London, UK; 3Child Growth Foundation, 2 Mayfield Avenue, London, UK; 4MRC
Human Nutrition Research, Elsie Widdowson Laboratory, Cambridge, UK and 5MRC International Nutrition Group, London
School of Hygiene and Tropical Medicine, London, UK

Objective: To refine the diagnosis of childhood obesity by creating new sex-specific centile curves for body fat and to base these
references on a simple and affordable method that could be widely adopted in clinical practice and surveys.
Design: Body fat was measured by bio-impedance in 1985 Caucasian children aged 5–18 years from schools in Southern
England. Smoothed centile charts were derived using the LMS method.
Results: The new body fat curves reflect the known differences in the development of adiposity between boys and girls. The
curves are similar by sex until puberty but then diverge markedly, with males proportionately decreasing body fat and females
continuing to gain. These sex differences are not revealed by existing curves based on body mass index. We present charts in
which cutoffs to define regions of ‘underfat’, ‘normal’, ‘overfat’ and ‘obese’ are set at the 2nd, 85th and 95th centiles. These
have been designed to yield similar proportions of overweight/overfat and obese children to the IOTF body mass index cutoffs.
Conclusions: Direct assessment of adiposity, the component of overweight that leads to pathology, represents a significant
advance over body mass index. Our new charts will be published by the Child Growth Foundation for clinical monitoring of
body fat, along with the software to convert individual measurements to Z-scores.
International Journal of Obesity (2006) 30, 598–602. doi:10.1038/sj.ijo.0803232; published online 14 February 2006

Keywords: children; centiles; body fatness; bioelectrical impedance; Caucasian

Introduction

The obesity epidemic, at one time confined to adults, has

now penetrated the paediatric age range and shows every

sign of a rapid escalation.1,2 This has led to calls for better

assessment tools both for longitudinal and cross-sectional

surveillance of populations, and for clinical management of

individuals.1,3

Body mass index (weight (kg)/height2 (m)) is widely used

to assess overweight and obesity, and standard cutoff values

are now widely accepted for adults. In children BMI changes

considerably during growth and development. This necessi-

tates the use of centile curves with variable cutoff values

for different ages, for example, the British 1990 reference4

published by the Child Growth Foundation, the US Centers

for Disease Control (CDC) 2000 charts,5 and the curves

currently adopted by the International Obesity Task Force

(IOTF).6

Although body mass index is simple to measure and has

been a valuable tool in monitoring trends in obesity, it

also has numerous disadvantages.7 Principally, it does not

distinguish between increased mass in the form of fat, lean

tissue or bone, and hence can lead to significant misclassi-

fication. Since the pathology associated with obesity is

driven by the excess fat mass8 the ideal monitoring tool

should directly assess adiposity. Many tools are available to

do this but are complex, time consuming and expensive.

Considerable research has gone into developing bio-impe-

dance monitors that can distinguish between lean and fat

tissue on the basis of their differential conductance and

impedance characteristics.9 These techniques are slightly less

accurate than the more sophisticated research tools, but offer

an important practical advantage in being simple and cheap

to use.

We used the total body fat results from a bioimpedance

segmental body composition analyser to develop reference

centile curves in 1985 Caucasian children aged 5–18 years

in the UK. These curves may be used to assess children’s

adiposity in both clinical and survey settings.
Received 21 April 2005; revised 27 September 2005; accepted 14 December

2005; published online 14 February 2006
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Summary

This report was commissioned from Prof Andrew M. Prentice, PhD. 

Professor Prentice is head of the MRC International Nutrition Group at the London School of Hygiene & Tropical Medicine and 
Director of the Nutrition Programme at MRC Laboratories, The Gambia. He is a member of the Tanita Medical Advisory Board.
The views presented are his own and do not imply endorsement by MRC of LSHTM.

The rapidly escalating prevalence of obesity throughout the world brings with it new threats to the health 
of nations that require a concerted effort by scientists and public health workers alike.  Monitoring of body 
composition, and especially of excess body fat, represents a key element that should underpin interventions 
at both the individual and the community level.  This document has summarised the principles of BIA, and 
provides a comparison of its advantages and limitations against other possible methods.  

Although other techniques are slightly more accurate than BIA they all suffer the limitations ranging from 
much greater purchase and running costs, technical complexity, non-portability, risk (eg from Xrays) and 
time taken for measurements.  These prevent them from being used in busy clinics, health centres or sports 
facilities, and in large-scale surveys.  

In such settings and for many applications BIA represents the best currently-available option for assessing 
body composition, and its wider adoption will almost certainly enhance our understanding of how the 
obesity pandemic is influencing human health and hence our ability to work towards a leaner, fitter future.
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