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Abstract

Body composition assessment provides a sharper picture of the human biological response to 

genetic and environmental influences than measures of body size and weight. Infant body 

composition is particularly important as a marker of fetal adaptation and developmental 

programming of subsequent health and disease, but until recently, the range of options for 

measuring infant body composition was relatively narrow. The purpose of this Toolkit: Methods in 

Human Biology review is to provide a comprehensive overview of methods of body composition 

methods currently used in infants 0 to 2 years of age, including anthropometric prediction 

equations, air displacement plethysmography (ADP), dual energy X-ray absorptiometry (DXA), 

bioelectrical impedance analysis (BIA), isotope dilution, and magnetic resonance imaging (MRI). 

Information on the reliability, validity, and accuracy of the methods is provided. Unique aspects of 

infant physiology and behavior create challenges for body composition assessment, but this review 

provides guidance on suitable testing approaches and environments that may aid researchers in this 

important area of investigation.

Introduction

The allocation of energy to the growth of different tissues follows a complex, but fairly 

predictable, species-specific course (Pond and Mattacks, 1987), reflecting the changing 

adaptive value of absolute and relative increases in adipose tissue, muscle mass and other 

features over the course of development (Pond and Mattacks, 1987). In human infants, for 

example, adipose tissue growth is negligible until 24 to 25 weeks gestation (Ziegler et al., 

1976). Fat mass increases rapidly during the third trimester of pregnancy, peaking near 6 

postnatal months, after which the rate of fat mass (FM) growth slows relative to fat-free 

mass (FFM) growth, resulting in a decline in percent body fat (Fig. 1), as shown by existing 

infant body composition reference data (Butte et al., 2000; Fields et al., 2011; Fomon et al., 

1982; Fomon and Nelson, 2002). Within these general patterns, however, there is 

considerable inter-individual variation in the timing and tempo of growth in different tissues 

during infancy, which relates to feeding mode and nutrient composition (de Zegher et al., 

2012; Escribano et al., 2012), inflammation (Mak and Cheung, 2007; Martinez et al., 2012), 
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the insulin/IGF-1 hormone axis (Madsen et al., 2011), genetic factors (Choh et al., 2011; 

Demerath et al., 2007), and other influences.

Human biologists have a strong interest in individual and population variation in infant body 

composition because it reflects human developmental plasticity in response to environmental 

cues (Wells, 2012a; Yajnik et al., 2003). Evolutionary life history theory (Hill, 1993) 

predicts that under conditions of energy deficit, adipose tissue stores are utilized first, 

buffering linear growth, lean tissue accrual, and continuing brain development. Although 

lean tissues including bone and muscle are critical for later reproductive success and work 

capacity, they are costly to synthesize. When energy constraints are lifted, increased 

metabolic efficiency strongly favors the preferential replenishment of body fat stores, 

regardless of diet composition (Dulloo and Girardier, 1992). This response is adaptive when 

energy supply continues to be limited, but may incur reproductive costs in the longer term 

(lower FFM), as well as increased health risks (higher percent body fat) when energy is 

continuously abundant. Such adaptive tradeoffs (the “allocation game”) (Wells, 2012b) 

between short-term survival and long-term capacity may have particular significance in 

infancy because it is a period of nutritional vulnerability, with historically high mortality and 

selective pressure. Another important area of human biological research on infant body 

composition frames it as an early and potentially modifiable risk factor for subsequent 

metabolic disease and other outcomes (e.g., (Forsen et al., 2000; Ibanez et al., 2006)), and an 

aspect of the developmental origins of health and disease. For instance, low birth weight 

may pose health risks both because it is an indicator of low muscle mass which tracks into 

later ages, reducing metabolic capacity, and also because it predicts catch-up growth 

associated with elevated adipose tissue mass and increased metabolic load (Wells, 2012a). 

Different interventions may be appropriate where risk for a particular disease stems 

primarily from poor lean body mass accrual, or in excess adipose tissue, or both.

There have been a number of excellent review articles and book chapters focusing on the 

assessment of infant body composition published since 2000 (Ellis, 2007; Koo, 2000; Rigo, 

2006; Sopher et al., 2005; Wells and Fewtrell, 2006). The reader is also referred to 

Heymsfield et al. (2005), a comprehensive and accessible reference manual covering the 

theory and practice of all major body composition methods in children and adults. The 

primary goal of the present review is to provide an updated overview of methods specifically 

appropriate for infants less than two years of age, with emphasis on studies of existing 

methods adapted for infants (e.g., air displacement plethysmography (ADP), dual energy X-

ray absorptiometry (DXA), bio-electric impedance (BIA), isotope dilution and total body 

water (TBW), and magnetic resonance imaging (MRI), in the context of the unique 

physiological and behavioral features of infancy.

Gold standards in infant body composition assessment

The only direct method for assessing composition of the body is through direct chemical 

carcass analysis. Valuable reference data in a small number of human subjects using 

chemical analysis are available for the fetus (stillborn infants) and neonate (Ziegler et al., 

1976). However, such direct estimates are nearly nonexistent for infants beyond the neonatal 

period and by nature are not representative of the spectrum of normal infant body 
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composition variation (Koo, 2000). While entailing a number of assumptions itself, a four-

component densitometry-based body composition model is generally considered the most 

appropriate reference method against which to validate simpler methods in pediatric 

populations (Sopher et al., 2005), and is considered the “gold standard” in body composition 

assessment (Baumgartner et al., 1991).

The four-component molecular model approach is based on division of the body mass into 

FM, and within the FFM: TBW, bone mineral, and protein; a residual component of soft 

tissue minerals and glycogen (carbohydrate) is calculated from constants (Butte et al., 2000; 

Fomon et al., 1982). Body volume, body mass, and the assumed constant densities of each of 

these components can be used to calculate the individual mass of each component. The total 

body mass is measured using a scale, body water is measured using isotope dilution 

(e.g., 2H2O, 3H2O), bone mineral mass is measured using DXA, and the total body volume 

is measured using air displacement plethysmography (ADP, in the case of infants) or 

underwater weighing in older children able to comply with the breath hold. Assumed 

constant densities for fat (0.9007 g/cm3), water (0.99371 g/cm3 at 36°C), bone mineral 

(2.982 g/ cm3), and a known relationship of potassium to nitrogen for protein are then used 

to calculate the FFM and FM components (Wang et al., 2005). The 4C model by Lohman 

(1989) is commonly used as follows:

where Db is body density (g/cm3); W is water content of the body in liters expressed as a 

fraction of body mass, and B is bone mineral content in kilograms expressed as a fraction of 

body mass. As the number of measurements increases, the measurement errors also increase, 

but the reduction in error by using more complex models has been shown to be greater than 

that from the additive effect of the individual measurement errors (Wang et al., 2005). 

Another important issue for the infant population is subject compliance. The four-

component model involves numerous tests and a long protocol (e.g., ~4 h) which can be 

highly demanding for parent and infant, with greater likelihood of failure than for a single 

test.

The reason why a multicomponent model is desirable for the creation of reference data and 

for validation of new techniques in infancy is that the components of FFM are changing 

greatly during the “chemical maturation” of the body, a concept originally introduced by 

Moulton (1923). Specifically, FFM density increases from early infancy (approximately 

1.06–1.07 g/cm3) to adulthood (1.1 g/cm3), due to a decrease in TBW (including a 

reciprocal reduction in the proportion of extracellular water and an increase in intracellular 

water as mean cell size increases), and increases in the proportion of bone mineral. Sex and 

age-specific reference values for TBW and its composition during infancy (and later 

childhood) are from (Butte et al., 2000; Fomon et al., 1982), and with some adjustments by 

(Schoeller, 2005), and compiled in (Heymsfield et al., 2005). Table 1 presents sex and age-

specific FFM components for infancy adapted from (Heymsfield et al., 2005). The keystone 

work in using a multi-compartment model in the evaluation of body composition in infants 

was performed by Butte et al. (2000). This elegant work established gender normative body 
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composition data for the first 2 years of life in 76 infants. Body water was determined by 

deuterium dilution, total body potassium by whole body counting and bone by DXA which 

were used in a multicompartment approach to determine body composition starting at 0.5, 3, 

6, 9, 12, and 24 months of age. The sheer number of subjects and tests in this study, 

considering the lower compliance among infants, is remarkable and it remains one of the 

few multicompartment infant body composition datasets available. Although preferred, the 

four-compartment model is impractical in subjects less than 5 years old unless the study is 

conducted in a body composition research facility, and regardless, drop-out rates can be 

expected to be high.

Considerations in selecting a body composition assessment method

The first consideration in selecting an assessment method is to determine what components 

of body composition are relevant to the planned investigation. For example, if one is 

primarily concerned with measurement of total adiposity or total fat- free tissue, then a two-

component approach which determines the fat-free mass (FFM) and calculates fat mass 

(FM) may be sufficient. Here, the options would include isotope dilution to assess FFM 

(from TBW), or densitometry, using body volume and assumed constant densities of the FM 

and the FFM. However, one must be confident that the prediction equations linking TBW or 

body volume to FM and FFM accurately account for the changes in the density and 

hydration of FFM during infancy mentioned above. Anthropometry has been extensively 

used in infants and is more appropriate for field studies where measurement of body volume 

and/or TBW is not possible. If the components of FFM (particularly water, protein, and 

osseous mineral) are likely to be far from the assumptions used in these simple models, 

and/or if the prediction equations were not developed in a similar population to that under 

investigation, then ideally a subset of subjects would undergo a combination of measures 

including TBW and possibly bone mineral content using DXA, in addition to densitometry 

(a three- or four-component model) from which a population-specific prediction equation 

can be developed for subsequent use, using the optimal combination of measurements 

providing maximum validity and feasibility for the particular population under investigation. 

If one aims to distinguish determinants or health outcomes associated with anatomic-level 

body composition (organ growth, adipose tissue distribution) then an imaging method will 

be required. In the case of infant research studies, DXA is increasingly used to assess 

regional adipose tissue and lean mass, while for anatomic-level analysis, magnetic resonance 

imaging (MRI) is most often used, as computed tomography (CT) involves significant 

subject exposure to ionizing radiation. When choosing a method, a number of additional 

considerations must be made, including feasibility and cost, as well as validation in an 

appropriate population, availability of reference data, precision, and reliability. Repeated 

measurements can only be planned for increments in which the expected rate of change in 

body composition components exceeds the measurement error of the method. The following 

sections will review the strengths and weaknesses of currently-used research methods for 

infant body composition assessment: anthropometry, isotope dilution, BIA, ADP, DXA, 

TBW, and MRI.
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Anthropometry

Anthropometry provides an inexpensive, portable, and versatile proxy for infant body 

composition assessment, and a variety of combinations of weight, length, circumferences, 

and skinfolds can discriminate between fat and lean tissue and subcutaneous fat distribution 

variation in infants at the group level (e.g., Yajnik et al., 2003). In terms of equipment and 

standard operating principles, body weight should be measured if possible on a calibrated 

electronic baby scale to the nearest gram. Recumbent length and crown-rump length are 

measured to the nearest millimeter on a length board, with careful positioning using two 

staff members, one keeping the infant’s head against the fixed headboard (often the mother), 

and the other to help extend the legs fully, while keeping the heels firmly against the 

moveable footboard. Body circumferences can be measured with a standard nonstretchable 

plastic measuring tape to the nearest millimeter. Circumferences that are frequently 

measured include head (fronto-occipital), chest (at the level of the nipples), abdomen 

(recumbent, at the level of the largest cross-sectional area), mid-upper arm, mid-thigh, and 

mid-calf. Skinfolds should be collected in duplicate as long as the measures are within 1 mm 

of each other. In the event they are not, a third measure is taken with the two closest 

measures averaged. Typically, Lange or Harpenden calipers are used, with the most common 

sites including biceps, triceps, subscapular, suprailiac, and quadriceps femoris thicknesses. 

The caliper should be applied and the measurement read after three seconds to standardize 

the degree of tissue compression. Intraobserver CVs for skinfolds in infants may be <3% 

(e.g., (de Bruin et al., 1995), but interobserver error is usually much higher (CV% =8.9% in 

our hands, 10% in (de Bruin et al., 1995); this aspect of measurement error is one of the 

major criticisms of skinfold measurements for body fat assessment in infancy, while body 

weight, length, and circumferences tend to have much higher reliability (Sopher et al., 

2005). It is for this reason that the same person should obtain all skinfold measures for a 

given study if possible, although that is not possible in large and multi-center studies. Bony 

landmarks used to standardize the placement of calipers and measuring tapes are also more 

difficult to identify in the very young infant.

Anthropometric indices (BMI, ponderal index, and weight-for length z scores) can be used 

directly to compare relative adiposity within a study sample of similarly aged children; for 

example, skinfolds are widely used to capture peripheral (limb) as opposed to central (trunk) 

subcutaneous fat distribution (e.g., (Mueller and Reid, 1979) and are used as a ratio to 

compare individuals. Indeed, raw skin-fold data generally correlate well with other adiposity 

measures and are therefore useful for ranking individuals within a sample in terms of 

relative adiposity. In order to obtain a measure of whole-body FFM and FM, a variety of 

prediction equations have been developed in infants to relate anthropometrics to measured 

fat mass (Table 2). Dauncey et al. (1977) developed an equation based upon the theoretical 

assumption that subcutaneous fat is a uniform layer enveloping a series of cylinders (trunk, 

limbs) each having measurable length and circumference. Total body fat using this equation 

therefore represents subcutaneous fat only, yielding an overestimate of FFM because 

nonsubcutaneous fat is included within the FFM. The Dauncey method uses numerous 

anthropometric measures requiring rigorous measurer training and reliability testing which 

may be why it has not been used extensively. Weststrate and Deurenberg (1989) likewise 
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used known anatomical and physiological properties to create a prediction equation using 

only age and skinfolds to estimate body density. These early studies did not use a reference 

method, and their validity and precision are unknown. Subsequent work has used a variety of 

reference methods and larger samples of infants to develop and validate simple 

anthropometric equations, typically including weight, length, sex, and a limited number of 

circumference and/or skinfolds. Validity is rather high, with R2 near 0.90 for many of these 

equations against FM and FFM measured using appropriate reference methods.

Particularly at or near birth, body weight and length alone or together explain a very large 

proportion of the variance in FM and/or FFM; addition of more error-prone and technically 

difficult anthropometrics or BIA increase the R2 relatively little. It is frequently reported that 

the use of skinfold thickness in infancy is controversial (Sopher et al., 2005); poor or no 

correlation was observed between body fat measured by skinfolds and isotope dilution 

(Kabir and Forsum, 1993) or MRI (Deans et al., 1989), and skinfolds improved the 

prediction (R2) of FM by only 2 to 5% over weight and length (de Bruin et al., 1995; 

Hammami et al., 2003; Koo et al., 2004c). Weight and length may provide adequate 

prediction of FM at the sample level and are thus quite useful for between-group 

comparisons, but they nonetheless still perform rather poorly at the individual level. For 

example, Lingwood et al. (2012) (Hammami et al., 2003) reported that for models using 

weight, length, and sex, individual limits of agreement with ADP-measured FFM were 6 to 

10% at birth and 8 to 13% at later ages, and as high as 10% for ADP-measured percent body 

fat. When skinfolds were used instead of weight and length, percent fat was underestimated 

by 2 to 9%, with greater underestimation in fatter infants.

When considering use of anthropometric or other prediction equations for use in a given 

study, it is important that the age and ethnic composition of the source population for the 

equations is relevant for the proposed study. Most anthropometric body composition 

prediction models have been conducted in European ancestry/Caucasian infants, but there 

are known ethnic differences in neonatal body composition, with higher total lean mass in 

Caucasian than African American infants (Lampl et al., 2012). Equations using data derived 

only from European ancestry subjects may therefore provide biased estimates for infants 

from other race/ethnic groups. Additionally, many of the anthropometric prediction 

equations for TBW and body composition in infancy were developed before the recent 

increases in the prevalence of maternal obesity, gestational diabetes, and child obesity. It has 

been shown that with the increase in adiposity, the validity of FFM hydration assumptions of 

earlier equations may no longer be accurate (Chumlea et al., 2007) with existing prediction 

equations yielding particularly high overestimates of TBW in infancy (Wells et al., 2005). 

Updated prediction equations for TBW have been developed in a large cohort of infants and 

children (Wells et al., 2005).

Another issue is that, with some exceptions, most anthropometric prediction equations were 

developed in cross-sectional sectional studies at or near birth, or included a wide age range 

of infants in the models. There is intense interest in the field of the developmental origins of 

obesity in changes in relative weight and adiposity during infancy, and yet surprisingly little 

work has been conducted to compare concurrent changes in clinically available nutritional 

status indicators (e.g., weight-for-length z score (WLZ), ponderal index (PI)) and total body 
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fat or lean mass in infants. Recent unpublished data from our laboratory comparing a 

number of selected anthropometric indices for their prediction of FM are provided in Table 

3. The subjects included 97 term AGA infants seen at both 2 weeks and at 3 months of age 

for anthropometry and body composition assessment using ADP. The regression models 

presented were not optimized by determination of a “best subset” of all possible 

measurements, but rather were constructed only to compare the prediction values for a 

variety of easily obtained indices and measures. We observed first that these simple models 

(including only one anthropometric measure, sex, and exact age at measurement in each 

case) performed fairly poorly overall, regardless of which anthropometric variable was used 

(maximum partial R2 < 0.70). Second, the predictions improved with age (R2 increased, and 

CV% decreased at 3 months as compared to 2 weeks for the same metric). The inference is 

that the same prediction models are unlikely to be perform equally well at different ages 

even within the relatively short period of infancy, casting some doubt on the validity of 

longitudinal analyses of infant body composition using anthropometric proxies. PI and WLZ 

score are commonly thought to be superior to the simpler BMI index for the correction of 

weight for length and therefore better markers of relative adiposity in infancy. For instance, 

the WHO and CDC growth charts include BMI-for-age only for children greater than 2 years 

of age. However, BMIZ score was as good or better a predictor of FM than WLZ and 

especially PI at both 2 weeks and 3 months. PI is possibly a better measure of “thinness” and 

low lean mass (Yajnik, 2000) than it is an indicator of adiposity. Development of simple 

anthropometric prediction equations for ethnically diverse populations of infants beyond the 

neonatal period, and relevant to the prevailing body composition norms are areas for further 

investigation.

Isotope dilution

Total body water (TBW) can be measured using the dilution principle: that is, that the total 

body water volume is equal to the amount of tracer delivered divided by the concentration of 

the tracer in the body water after a period of equilibration (Schoeller, 2005). Although time-

consuming, the procedure is rather straightforward in theory, and can be used in the field 

setting, with properly stored samples remaining quite stable until they can be sent to a 

central laboratory for analysis. The dose is typically a stable (nonradioactive), isotopically-

labeled water such as deuterium oxide or oxygen-18 hydride, and is provided as a drink of 

water. Dose spillage is common in infants, although in a recent study two thirds of infants 

consumed 90% of their dose (Nielsen et al., 2011). Dose spillage can be minimized by using 

a syringe, but the key determinant of accuracy is accurately quantifying the dose consumed. 

Dilution can be measured in either saliva or urine. Urine collection by placing cotton balls in 

the infant’s diapers is particularly suitable for young infants. Typically, a baseline sample of 

either saliva or urine is collected before the dose is given and another is collected once the 

tracer concentration has equilibrated throughout the body water compartment to deduce 

dilution (typically by 2–4 hours postdose (Salazar et al., 1994; Traver et al., 2009)). Because 

body water is always in a state of turnover, and thus the tracer is indeed undergoing some 

metabolism during equilibrium, two approaches are used: either the “plateau method” which 

requires no food or drink be given during the equilibration period and assumes a constant 

plateau in tracer concentration is achieved, or the “back-extrapolation” method, which 
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entails normal meal patterns, but requires a larger number of samples be collected over a 

period of days, from which a log-linear regression model is used to back-extrapolate the 

intercept concentration (Coward, 1988; Schoeller et al., 1985). This latter method has been 

found to be more accurate in infants (Davies and Wells, 1994). Depending on the half-life of 

the isotope, clearance may not be complete in the infant for 1 to 3 weeks’ time after the dose 

(Ellis, 2007).

The assumptions of TBW assessment using isotope dilution are that the tracer is distributed 

only in body water, the tracer is equally distributed in all water compartments, the rate of 

equilibration of the tracer is rapid, and neither the tracer nor body water undergoes 

metabolism during the equilibration period. Isotope dilution methods in general have 

excellent precision (1–2% variation between repeated measurements, if isotope-ratio mass 

spectrometry is used to detect the isotopes (Schoeller et al., 1985), and accuracy is also very 

good, with the uncertainty regarding the amount of non-aqueous exchange of the isotopes, 

leading to at most a 3 to 4% overestimation of TBW using deuterium oxide in comparison to 

gold standard dessication values for TBW in animals (e.g., Schoeller, 2005). Age-associated 

variability in isotopic proton exchange during infancy is provided by Wells et al. (1998). 

Even smaller error is associated with the remaining assumptions, provided standardized 

methods are followed (e.g., Butte et al., 2000). The assumptions involved in the use of TBW 

alone for assessment of FM and FFM are much less easily met; in particular, the assumption 

of constant hydration of the FFM does not hold in infancy. As mentioned above, hydration 

of the FFM is falling rapidly with age during this period before reaching a fairly stable 73% 

in adulthood. Reference FFM hydration values by month of age can be used to adjust TBW 

estimates of FFM. Recent evidence suggests that at least in neonates, the inter-individual 

variability of FFM hydration is relatively low (0.8% of mean hydration) (Eriksson et al., 

2011); nonetheless, it is recommended that body volume (for instance, using ADP) is used 

alongside isotope dilution for infants, at least in a subset of the study population from which 

population-specific prediction equations linking FFM to TBW can be created. In summary, 

due to the time-consuming nature of the equilibration period, potential for spillage of the 

dose, difficulty in dosing and collecting serial samples from infants (fresh cotton balls for 

each data point), and sensitivity to FFM hydration for body composition estimation, isotope 

dilution methods can be challenging for this age group. However, it is a relatively 

inexpensive and portable method that can be used in the field setting, and directly estimates 

the most variable component of infant FFM. Another notable strength of the method is that 

unlike most techniques, isotope dilution can be used from birth to old age.

Bioelectrical impedance analysis (BIA)

Bioelectrical impedance analysis (BIA) measures opposition of body tissues to the flow of 

an alternating electric current in physiological conditions. This opposition (or impedance) is 

captured by measuring resistance (R) and reactance (Xc) of the electrical current and relates 

to the differing electrolyte and water content of tissues and the composition of cell 

membranes (Bioelectrical impedance analysis in body composition measurement: National 

Institutes of Health Technology Assessment Conference Statement, 1996; Foster and 

Lukaski, 1996; Ellis et al., 1999). A tetrapolar method is the most common impedance 

method; for instance in the Impedimed SFB7 system (Impedimed, Brisbane, QLD, 
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Australia), the current and detection electrodes are placed on the infant’s wrist and ankle 

(Lingwood et al., 2000); R and Xc values are detected by the detection electrodes, with the 

distance between current and detection electrodes being the length of the conductor 

(Chumlea and Sun, 2005).

BIA estimates body composition indirectly based on prediction equations relating 

bioelectrical parameters to total body water and lean mass as determined by reference 

methods, such as isotope dilution (Chumlea and Sun, 2005). Infant prediction equations 

include Fjeld et al. (1990) and Kushner et al. (1992). Accuracy of the prediction equations 

depends on numerous assumptions, including constant tissue hydration and homogenous 

conduction of the electrical current through a cylindrical body. The former assumption is 

poorly upheld in infancy; as mentioned above, body water compartments and the FFM 

hydration are undergoing rapid changes during infancy here that affect fluid distribution and 

electrolyte concentrations between the intra- and extracellular compartments, making 

estimates of body composition obtained from BIA imprecise for the first few years of life 

(Margutti et al., 2010; Savino et al., 2003). For these and other reasons, BIA body 

composition equations tend to have poor performance across different ethnic groups and 

populations (Dehghan and Merchant, 2008), including in infants (Tanabe et al., 2012). For 

instance, FM and percent FM from total body electrical conductivity (TOBEC), a whole-

body variant of BIA no longer commercially available (Hashimoto et al., 2002), and from 

BIA using existing equations (Sen et al., 2010) had poor correlation with estimates from 

isotope dilution. In both preterm (Dung et al., 2007) and term (Hashimoto et al., 2002; 

Lingwood et al., 2012) infants, BIA improves the prediction of FFM and percent body fat 

only very slightly, if at all, beyond simple anthropometrics (weight and length). Lingwood 

has published a review focused on the strengths and weaknesses of BIA for TBW and body 

composition assessment in infants (Lingwood, 2013). In summary, BIA is a noninvasive, 

inexpensive, safe, and portable (Houtkooper et al., 1996) method of body composition 

assessment, but its application to the infant population is problematic, resulting in generally 

poor accuracy at the individual level.

Alternatively, if the target of investigation is infant body fluid level or nutritional status (e.g., 

in tracking infants with protein-energy malnutrition), and a qualitative or semi-quantitative 

determination is sufficient, methods such as bioelectrical impedance vector analysis (BIVA) 

(as in (Tanabe et al., 2012) are useful. BIVA uses R and Xc values (both adjusted for length) 

directly from the instrument (Piccoli et al., 1994), without reliance on any assumptions 

about their relationship to FFM. BIVA reference data are available for both neonates and 

older infants (Barbosa-Silva et al., 2005; L’Abee et al., 2010; Margutti et al., 2010; Savino et 

al., 2003). Multifrequency bioelectrical impedance spectroscopy (BIS), in which over 250 

different frequencies are used, has also been examined in infants to distinguish between 

intracellular and extracellular water; interobserver error in extracellular and intracellular 

resistance measures (Re and Ri, respectively) is very good to excellent (ICC =0.97 for Re 

and 0.72 for Ri), as is intra-observer error (ICC for Re =0.97–0.99; ICC for Ri =0.61–0.85) 

in infants 0 to 6 months (Sesmero et al., 2005). BIS had acceptable validity against reference 

methods (DXA and TBK) in children 4 to 18 years (Ellis et al., 1999) but to our knowledge, 

validation studies have not been conducted in infants. The finding that greater inter-test 

movement variation was associated with greater measurement error (particularly for Ri) 
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indicates caution in use of BIS for clinical tracking of intracellular fluid changes in infants 

(Sesmero et al., 2005).

Air displacement plethysmography (ADP)

The underlying principles of ADP originated in Germany and have been reported for almost 

a century (Murlin and Hoobler, 1913; Pfaundler, 1916). ADP, as operationalized by Cosmed, 

Inc. (the only human ADP equipment currently commercially available), measures body 

volume by detecting air pressure differences between a test chamber, in which the human 

subject is placed, to a reference chamber with controlled air pressure. Body density is then 

computed from body mass and volume, and uses the known density of fat (0.9007 g/ml) and 

age- and sex-specific FFM density coefficients (e.g., from Fomon et al., 1982; Fomon and 

Nelson, 2002) to determine total body FM, FFM, and percent body fat. The estimated 

average changes in fat-free density during the first few days of life due to rapid weight and 

water loss are also accounted for. Two review papers (Fields et al., 2002, 2005) and seminal 

works explaining its operating principles (Dempster and Aitkens, 1995) and its validity in 

humans (McCrory et al., 1995) indicate it can accurately measure body composition in 

children, adolescents and adults. In 2003 the first papers began to emerge showing the 

validity of ADP (i.e. Pea Pod; Cosmed) in infants as young as one week old (Urlando et al., 

2003; Yao et al., 2003) and shortly thereafter validating it against known bovine phantoms 

(Sainz and Urlando, 2003) and 2H2O (Ma et al., 2004). These and the reports discussed 

below are summarized in Table 4.

Because ADP is a relatively new method for infant body composition measurement, we 

provide a fairly thorough review of reliability and validity studies below. There are 

approximately 35 published indexed articles using ADP in infants with the vast majority 

using it as an instrument to determine outcome variables, track growth trajectories, or 

understand the impact of various disease states on body composition. The first published 

paper reported the validity of ADP using five volume phantoms (2, 4, 6, 8, and 10 kg) of 

known certified instruments traceable to the NIST and in accordance with MIL-I-44208 and 

MIL-STD-45662A standards (Urlando et al., 2003). The linear regression equation between 

the measured and the actual volume produced the following regression (y =1.001x – 0.0366; 

R2 =1.0; SEE 1.1740 ml) with the regression not significantly deviating from the line of 

identity. The CV for both the within-day CV (0.04%) and between day (0.04%) variability 

was calculated across the five volumes expected for infants with no one specific volume CV 

greater than 0.09%. Following this was a validation of 24 known bovine phantoms ranging 

in both mass (1.3894–9.9516 kg) and %fat (2.1–34.4 %fat) (Sainz and Urlando, 2003). The 

phantoms were then sub-divided into fat categories (<10%, 10 to <20%, 20 to <30%, 

>30%). The group mean CV decreased as the bovine fat percentage increased with the CV 

of the fat categories ranging from 18.1% for the <10% fat group to 2.58% for the 20 to 

<30% category. The linear regression equation between measured and the actual bovine 

phantom %fat produced a regression (y =0.996x%fat – 0.119; SEE =0.60, R2 = 0.997) that 

did not deviate from the line of identity.

The next logical step was studying ADP in infants. Reliability was established in 17 infants 

(1 to 22 weeks) tested three times over two days (Yao et al., 2003). The within-day 
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reliability for %fat was 2.85% and the between-day reliability was 2.95%. The Bland-

Altman analysis (a test to demonstrate potential bias across the range of body fatness (Bland 

and Altman, 1986) showed tight 95% limits of agreement for both within-day (−2.0 to 

1.2%fat) and between-day (−2.2 to 1.7%fat) variance; bias estimates were not reported.

The largest reliability and validation study to date (of which we are aware) was conducted in 

80 infants (0.4–22 wk) tested four times over two days in the United States and China (Ma et 

al., 2004). The reliability study included 36 infants while the validity study (using 2H2O as 

the comparison method) included 53 infants. The within-day reliability for %fat was 4.94% 

and the between-day reliability was 5.10%. The Bland-Altman analysis again showed tight 

95% limits of agreement for both within-day (−2.9 to 1.9%fat) and between-day variance 

(−2.7 to 3.1%fat) with no bias reported across the range of fatness. The validity portion of 

the study revealed a linear regression equation between ADP and 2H2O %fat (y = 0.851x –

0.3.094, R2 =0.76; SEE =3.26%) that did not deviate from the line of identity. Yet, because 

the slope was appreciably less than 1.0, further evidence on ADP validation in human 

infants is desirable. The Bland-Altman analysis showed no bias across the range of fatness 

and 95% limits of agreement between methods at the individual level from −6.84 to 

+6.71 %fat. Recently, %fat estimated by ADP was validated against %fat estimated by 2H2O 

dilution in very low birth weight preterm infants, showing high precision (Test-retest error 

~1.1 %fat) and good validity (R2 =0.63, SEE =1.65%), with no evidence of bias (Roggero et 

al., 2012). Accuracy, reliability, and validation information on ADP is provided in Table 4.

Taken together, the literature reveals ADP in infants to have excellent accuracy for volume 

estimation, to provide valid measures of FM and FFM using gold standard carcass analysis, 

and is highly reliable between repeat measurements. Due to the fact that the current 

equipment is limited to infant weight <8 kg, however, ADP is now only useful for infants 

less than ~6 months of age. ADP equipment is expensive and not portable, and also requires 

costly maintenance service. No special training is required for its use. Development of new 

ancillary equipment for the adult ADP allows valid measures for children 2 to 6 years 

(Fields and Allison, 2012), but the period from 6 months to 2 years remains a gap for use of 

this instrument. An advantage ADP has over DXA is the absence of radiation exposure, 

which allows researchers and clinicians to obtain serial body composition measures on 

individual infants followed over time (Fields et al., 2012). In addition, subject movement is 

less of an issue, because the volume measurements are obtained numerous times during the 

testing sequence so that movement artifacts are partially cancelled out, while movement 

artifact is a common reason for DXA scans in infants to fail quality control. However, the 

impact of crying has not been clearly established for infant ADP, and it provides no regional 

adipose tissue or lean mass quantification as does DXA. As in any two-compartment model, 

the estimation of FFM and FM rests on the accuracy of the FFM density assumption for the 

population under investigation. Longitudinal reference body composition data for term 

infants 0 to 6 months using ADP has been recently published (Fields et al., 2011).

Dual energy X-ray absorptiometry (DXA)

DXA works on the underlying principle that the different body tissues (fat, muscle, and 

bone) attenuate X-ray differently, with bone tissue resulting in almost complete attenuation 
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and fat resulting in very little attenuation. All DXA devices irrespective of model and 

manufacturer measure the attenuation of X-rays pulsed at both a low and high energy 

synchronously, with each pixel ascribed an R value. The R value is the ratio of the low and 

high energy X-ray attenuation, with each tissue type possessing a characteristic R signature.

DXA is an attractive method for body composition assessment because it gives both whole 

body and regional estimates. In contrast to ADP, TBW, BIA, and anthropometry, DXA can 

delineate muscle from FFM, calculate bone mineral density/content and provide regional 

estimates for bone, fat and lean tissue, all of which the aforementioned methods cannot do. 

Considerable attention has been paid to establishing the validity, reliability of DXA for body 

composition estimation in adults and children, but studies specifically in populations <2 

years old are scarce, perhaps due to concern over exposure to ionizing radiation. Keeping in 

mind radiation exposure varies by manufacture and scanning mode (i.e. adult is less), a 

typical infant DXA scan is ~0.00893 milliSieverts (~1 mR) which is equal to, or less than, 1 

day’s exposure to daily background radiation. There may be increasing openness of 

Institutional Review Boards in the United States to allowing DXA in infant protocols, due to 

increased awareness of true radiation exposure levels and improvements in the scanners 

themselves. Because this technique is overlooked for infant assessment, we provide a 

thorough review of existing reliability and validation studies below.

Nonetheless, there remain limited body composition DXA data specifically in infants (birth

—2 years) or typical infant weight ranges (i.e. piglet data) (Brunton et al., 1997; Butte et al., 

2000; Godang et al., 2010; Koo, 2000; Koo et al., 1995, 2004a; Lapillonne et al., 1997a,b; 

Picaud et al., 1996; Rigo et al., 1998). Additional studies have been performed using DXA 

in infants as a method to diagnosis/improve specific disease/clinical states (Ahmad et al., 

2010; Bolt et al., 2002; Henche et al., 2008; Weiler et al., 2008).

Accuracy, reliability, and validity information for DXA in infants is provided in Table 4. 

Two groups have reported the reliability in phantoms (Hammami et al., 2002) and piglets; 

(Koo et al., 2004a; Picaud et al., 1996) in three separate studies. The CV for a 3 kg phantom 

scanned in triplicate was 5.9% (Hammami et al., 2002). The derived CV was the average of 

the three scans on three different pencil beam scanners at three study centers in Belgium, the 

United States, and Germany, making the results somewhat difficult to interpret. Two studies 

reported very similar reliability in piglets using CV (5.35%) (Picaud et al., 1996) and the 

intra class correlation (ICC =0.98) (Koo et al., 2004a). Three studies have reported the 

reliability in infants ranging from 10 hours to 1 year old (Godang et al., 2010; Koo et al., 

2004b; Venkataraman and Ahluwalia, 1992). CV of fat mass was <1% in twelve infants 

tested twice on the same day after repositioning (Venkataraman and Ahluwalia, 1992), with 

the ICC for within-day trials being 0.94 to 0.99 (Godang et al., 2010; Koo et al., 2004b). In 

general, these intraclass correlations and CVs are comparable to what is typically seen in the 

adult literature.

The validity of DXA in the human infant weight range is based predominately on direct 

carcass analysis of piglets. The limited number of studies in humans may be attributable to 

the radiation dose associated with DXA, albeit small. Of the three studies that have studied 

the validity of DXA using carcass analysis (Koo et al., 2004a; Picaud et al., 1996; Rigo et 
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al., 1998), the weight range studied was between 1,471 and 14,564 g. Whole body Hologic 

QDR 2000+ had mean fat mass slightly higher (715 ±521 g) compared to direct carcass 

analysis (671 ±541) in 13 piglets (Koo et al., 2004a). DXA explains between 94% and 98% 

of the variation in direct carcass analysis fat mass (Koo et al., 2004a; Picaud et al., 1996; 

Rigo et al., 1998), with a standard error of the estimate of 31 g (Picaud et al., 1996). Biases 

were not reported by these studies.

To our knowledge, only one study to date has validated DXA in infants against another body 

composition technique (Fields et al., 2012). Fields et al. reported a significant (P < 0.001) 

group mean difference in 84 six-month-old infants in total fat mass derived by DXA (2,284 

±449 g) and ADP (1,921 ±492 g). The R2 (89%) and standard error of the estimate (148 g; 

unpublished data) was similar to the direct carcass data reported by others (Koo et al., 

2004a; Picaud et al., 1996). Bland-Altman analysis showed bias across the weight ranging (r 
=0.281; P < 0.005) with DXA overestimating fat mass compared to ADP in all but two 

subjects. Bias in fat mass and fat-free mass estimates from DXA relative to the 4C model 

has also been observed to increase with increasing adiposity in older children (Sopher et al., 

2004; Williams et al., 2006).

It is common practice for DXA to be used as the “reference” or “standard” to which other 

techniques are compared in pediatric populations (Cameron et al., 2004; Eisenmann et al., 

2004; Elberg et al., 2004), but this approach has been brought into question. As early as 

1997, Lapillonne et al. concluded that DXA was not ready to be used as a criterion or gold 

standard in pediatric populations (1997b). More recently, Shypailo et al. reanalyzed 1,384 

pediatric scans (ages ranged from 1.7 to 17.2 years) using Hologic software V12.1 and 

compared results from the same individuals using the previous version of the software 

(V11.2) (Shypailo et al., 2008). Mean total fat mass increased significantly with the new 

software in boys (0.45 ±0.18 kg higher) and girls (1.0 ±0.39 kg higher). The authors 

concluded that the “still evolving technology of DXA warrants scrutiny and cannot yet be 

considered the standard” (Shypailo et al., 2008).

Differences in manufacturers, hardware, software algorithms, scan analysis and acquisition 

techniques all may affect body composition estimates with proportionally greater errors in 

smaller sizes (Koo et al., 2004a). In the most comprehensive study yet investigating sources 

of error affecting DXA measurements for infants, Koo et al. using both animal (piglets) and 

human (infants) models looked at the role of clothing (blanket and diaper) and movement on 

estimates of bone, fat and lean mass in the infant weight range (Koo et al., 2004b). The 

reliability in triplicate scans in piglets (0.99) and duplicate scans in infants (0.99) for fat 

mass was high. In an attempt to better understand the effect of a blanket or diaper on body 

composition five piglets were first scanned with no blanket and diaper (i.e. reference group), 

they were then scanned with only a blanket and again with both a blanket and diaper. No 

significant difference for fat, lean or any bone measure was observed for the blanket vs. 

referent condition, however, a significant (P < 0.01) difference was observed for the blanket 

plus diaper (3,436 ±2,846 vs. 3,391 ±2,836) condition for lean mass. In 29 pairs of infant 

scans (no movement vs. movement) motion artifact resulted in increased estimates (P < 

0.05) for bone, lean and fat compartments which had previously been reported only for bone 

(Koo et al., 1995); these differences were of greater relative magnitude for smaller than 
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larger infants. To maintain body temperature (and for some gentle restraint), infants can be 

swaddled, but the same size and type of blanket should be used for all scans (Koo et al., 

1995). Little can be done to ensure the infant remains motionless throughout testing, but 

keeping the environment dark and quiet, with the infant as drowsy as possible, can help to 

ensure high compliance.

DXA represents a very useful technology for infant body composition particular because of 

its ability to provide regional estimates of adipose tissue and to decompose FFM into lean 

and bone. Figure 2 illustrates some of the strengths and weaknesses of DXA in two 6-

month-old girls. Although their WLZ and BMI z scores are similar, DXA shows that their 

percent body fat is different, which information is theoretically important for documenting 

later health risks. Further, their trunk fat is approximately 1 kg, representing 30% of their 

total FM. No other widely available method allows this deep level of body composition 

analysis, other than imaging techniques (below). Nonetheless, in this non-compliant 

population, subject movement (as is somewhat evident in the head region in Fig. 2 subject 

on the left) may make the accuracy of DXA estimates of body composition at least as prone 

to error as other methods. In addition, DXA is a somewhat expensive, research-focused 

technology, requiring costly maintenance service, and radiologic certification for users. The 

radiation exposure, while low, limits serial investigations to track serial changes. Reference 

body composition data using DXA alone in infants has not yet been published.

Magnetic resonance imaging (MRI)

Magnetic resonance imaging (MRI) utilizes the fact that hydrogen protons are abundant in 

all biological tissues and have a nonzero magnetic moment, causing them to align like small 

magnets when the individual is placed within the strong magnetic field of the MRI unit. A 

pulsed radio frequency field is applied to cause the protons to absorb energy, which energy is 

then released and detected as radio frequency signals once the radio frequency field is turned 

off. The spatial pattern of detected signals across the receiver coil during repeated pulses and 

relaxations of the protons is then used to create the cross-sectional images (Plewes and 

Kucharczyk, 2012). MRI is considered a reference method for total and regional body 

composition assessment, because it provides high resolution images, and if combined with 

contiguous or narrowly spaced multiple slice protocols, allows for direct assessment of 

tissue and organ volumes (Shen et al., 2005). MRI protocols have been developed that are 

rapid (approximately 5 min) and feasible for the infant population, and which provide 

estimates of adipose tissue volume that approximate the total body fat mass of the reference 

infant. In the first such study, interobserver CV% for subcutaneous AT was 2.4% and for 

internal (non-subcutaneous, including visceral) AT CV% was 17% (Harrington et al., 2002). 

Another study also found that MRI estimates of total body adipose tissue volume were 

similar to those for the reference infant (Olhager et al., 2003), with high (intra-observer) 

precision for total and subcutaneous adipose tissue (CV% =1.7% and 1.6%, respectively) but 

lower precision for non-subcutaneous (visceral) adipose tissue: 8.7% (Olhager et al., 2003). 

The higher intra- and inter-observer measurement errors for internal/visceral AT stem from 

the very small visceral adipose tissue volume in infants (approximately 100–300 ml found 

by Olhager et al., 2003 and 20–40 ml in Harrington et al., 2002). Infant MRI studies were 
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the first to demonstrate that subcutaneous, but not intra-abdominal adipose tissue is reduced 

in infants with intrauterine growth restriction (Harrington et al., 2004).

MRI does not involve radiation exposure, making it well-suited for use in infants and 

children; however, body movement during image acquisition creates artifacts and therefore 

infants are ideally scanned while sleeping (for instance, after having been fed) (Shen et al., 

2005). Due to difficulty in obtaining compliance in older infants, it is likely that MRI 

imaging will be feasible only in infants less than 6 months of age. Infants should be 

protected from scanner noise with earplugs, kept warm with blankets, and monitored for 

crying (using a pulse oximeter). Typically, a number of T1-weighted axial images are 

acquired across the entire body, with a special receiver coil being used to increase the signal 

to noise ratio. Whole-body contiguous-image MRI requires far fewer images in infants than 

in larger subjects, due to the infant’s small size, and thus data acquisition can be completed 

quickly (<10 min); contiguous image protocols preclude the need for estimation of volumes 

between images. Commercial software (e.g., Tomovision, Quebec, Canada) and freeware is 

available to assist in image postprocessing, including segmentation of the images to tag 

tissue and organ areas of interest. Due to normal variations in signal intensity across the 

field, MRI requires manual image segmentation (albeit computer-aided) and thus analysis is 

time-consuming. Areas are summed across images, and the resulting volumes may be 

converted to mass by multiplying by the appropriate tissue densities. For example, adipose 

tissue density in infants at birth was estimated to be 0.456 kg/l (Baker, 1969; McGowan, 

1979) and between 1 and 5 months of age is approximately 0.67 kg/l (Kabir and Forsum, 

1993).

Body composition assessment of the infant 0 to 6 months of age using MRI is a quasi-direct 

means of body composition, is quite feasible from a behavioral standpoint, is highly precise 

(at least for total body adipose tissue and organ volumes), allows numerous tissues and 

organs to be assessed, including visceral adipose tissue volume, requires many fewer 

assumptions to be met than do the methods reviewed above, and is available at an increasing 

number of research and clinical facilities. However, the of MRI is relatively high both for 

acquisition and for image processing, and therefore is not appropriate unless quantification 

of specific organ and tissue volumes is the focus of investigation.

Beyond MR imaging, MR spectroscopy (MRS), including chemical shift imaging and Dixon 

methods, provide added information on in vivo metabolism within tissues and organs, by 

allowing functional characteristics (oxygen uptake, blood flow) of tissues to be assessed 

from their chemical spectra. For instance, MRS can resolve and quantify intramyocellular 

and extramyocellular lipids within skeletal muscle. New methodological advances in MRS 

are also making it possible to rapidly and non-invasively assess brown adipose tissue (BAT) 

in infants (Hu et al., 2012). BAT is a highly vascularized tissue rich in mitochondria, is 

responsible for nonshivering thermogenesis, comprises a relatively high proportion of 

adipose tissue in infants, and may predict obesity and diabetes (Enerback, 2010). Causes and 

consequences of developmental variation in BAT in human populations is an area for future 

investigation. Due to cost and accessibility concerns, MRS will be typically used in basic 

human biological and clinical studies rather than in population-based research.
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CONCLUSIONS

As in other health and nutrition related areas such as obesity, interest in infant body 

composition appears to be growing as evidenced by an increasing number of publications 

published per year (Fig. 3). Human biologists have a wide array of choices for infant body 

composition assessment, each of which has unique advantages and disadvantages. Infancy 

poses particular challenges for the researcher because (1) their body size and composition 

(including tissue densities) are changing rapidly compared to other phases of development, 

and (2) infants are unable to control their movements during a test session. To address the 

first issue, validation studies are ideally conducted before the initiation of the main research 

study, to quantify and adjust for potential biases in assessment. This is particularly important 

in under-studied populations where nutritional status (including obesity) may be expected to 

diverge from that of infants contributing to reference data. To address the second issue, 

which is one of lower reliability due to subject noncompliance, creation of a testing 

environment that soothes the infant (darkened rooms, blankets where possible, involvement 

of the parent) and taking extra time and providing training to data collection staff to become 

familiar with particular needs of the infant can greatly improve the success rate.
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Fig. 1. 
Percent body fat during infancy in boys and girls: selected reference data.
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Fig. 2. 
Body composition in 2 six-month-old infants using dual-energy X-ray absorptiometry 

(DXA). Red =areas less than 31% fat; Orange =areas 31% fat to 55% fat; Yellow =areas 

greater than 55% fat.
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Fig. 3. 
Publications on infant body composition per year 1955–2012.
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TABLE 4

Accuracy, reliability, and validity of air displacement plethysmography (ADP) and dual-energy X-ray 

absorptiometry (DXA) for measurement of infant fat mass

Method Subjects

Accuracy or 
reliability (CV% or 

ICC) Validity (R2)
Comparison method for 

validation

ADP

 Urlando et al. (2003) 5 Known-volume phantoms <1% 1.0 –

 Sainz et al. (2003) 24 Known-composition phantoms 2.58–18.1% 0.99 –

 Yao et al. (2003) 17 Infants (1 wk–4 m) 2.95% NR –

 Ma et al. (2004) 80 Infants (0.4–22 wk) 5.1% 0.76 2H2O

DXA

 Hammami et al. (2002) 4 Known-Composition Phantoms CV% =5.9% NR –

 Koo et al. (2004b) 13 Piglets ICC =0.98 0.99 Direct Carcass Analysis

 Rigo et al. (1998) 21 Piglets NR 0.98 Direct Carcass Analysis

 Picaud et al. (1996) 13 Piglets CV% =5.35% 0.94 Direct Carcass Analysis

 Godang et al. (2010) 50 Infants (~3 d) ICC =0.94 NR –

 Venkataraman et al. (1992) 12 Infants (1.5 d) CV% =<1% NR –

 Koo et al. (2004c) 35 Infants (10 hr–1 yr) ICC =0.99 NR –

Air-displacement plethysmography (ADP), dual energy X-ray absorptiometry (DXA); NR, not reported; CV%, Coefficient of variation; ICC, intra-
class correlation coefficient.

Urlando et al., 2003: Five volume phantoms (2, 4, 6, 8, and 10 kg) of known certified instruments traceable to the NIST and in accordance with 
MIL-I-44208 and MIL-STD-45662A standards were used. The CV for within-day (0.04%) and between day (0.04%) variability was calculated 
across volumes expected for infants with no one specific volume CV greater than 0.09%. Sainz et al., 2003: 24 known bovine phantoms ranging in 
both mass (1.3894–9.9516 kg) and %fat (2.1–34.4 %fat) were used. The phantoms were then sub-divided into fat categories ≤10%, 10 to ≤20%, 20 
to ≤30%, >30%). The group mean CV decreased as the bovine fat % increased with the CV for the fat categories ranging from 18.1% for the <10% 
fat group and 2.58% for the 20 to ≤30% category. Yao et al., 2003: 17 infants (1 to 22 weeks) were tested three times over two days. The within-day 
reliability for %fat (fat mass was not reported) was 2.85% and the between-day reliability was 2.95%.

Ma et al., 2004: 80 infants (0.4–22 wk) were tested four times over two days. The reliability portion of the study looked at 36 infants while the 

validity (using 2H2O) studied 53 infants. The within-day reliability for %fat (fat mass was not reported) was 4.94% and the between-day reliability 

was 5.10%. Hammami et al., 2002: Four phantoms (1.5, 3, 5, and 7 kg) of known composition were scanned in triplicate at three centers. The CV 
reported is the average of the three centers for the 3 kg phantom which was chosen because of the focus of this paper. Koo et al., 2004: 13 piglets (n 
=8 < 8 kg (4,508 ±1,625 g) and n =5 >8 kg (14,564 ±4,211 g)) were scanned twice. Rigo et al., 1998: 21 piglets weighing 1,408–5,151 g were 
scanned. Picaud et al., 1996: 13 piglets weighing 1,471–5,507 g were scanned 3 times. Godang et al., 2010: 50 newborn infants weighing 3,408 
±474 g were scanned twice on the same day. Venkataraman et al., 1992: 12 infants were tested twice on the same day after repositioning. Koo et al., 
2004: 35 infants weighing 1,954–11,564 g were scanned in duplicate.
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