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Abstract

Fetal body composition is an important determinant of body composition at birth, and it is likely to
be an important determinant at later stages in life. The purpose of this work is to provide a
comprehensive overview by presenting data from previously published studies that report on body
composition during fetal development in newborns and the infant/child through 5 years of age.
Understanding the changes in body composition that occur both in utero and during infancy and
childhood, and how they may be related, may help inform evidence-based practice during
pregnancy and childhood. We describe body composition measurement techniques from the in
utero period to 5 years of age, and identify gaps in knowledge to direct future research efforts.
Available literature on chemical and cadaver analyses of fetal studies during gestation is presented
to show the timing and accretion rates of adipose and lean tissues. Quantitative and qualitative
aspects of fetal lean and fat mass accretion could be especially useful in the clinical setting for
diagnostic purposes. The practicality of different pediatric body composition measurement
methods in the clinical setting is discussed by presenting the assumptions and limitations
associated with each method that may assist the clinician in characterizing the health and
nutritional status of the fetus, infant and child. It is our hope that this review will help guide future
research efforts directed at increasing the understanding of how body composition in early
development may be associated with chronic diseases in later life.

INTRODUCTION

The clinical importance of fetal and pediatric body composition merits re-emphasizing.
Although it is still widely underused in the clinical setting, pediatric body composition can
aid the clinician in monitoring disease progress of the underweight or overweight infant,
treatment efficacy for certain metabolic diseases and body fat change of patients receiving
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enteral versus parenteral nutrition interventions, for example.> Monitoring body composition
changes could shed light on risk or outcome of survival for the small fetus and underweight
or obese child (for example, risk for diabetes, cardiovascular disease and metabolic
syndrome).! Ultrasound and magnetic resonance imaging (MRI) can detect abnormal
subcutaneous adipose tissue thicknesses related to compromised fetal health (the small or
large fetus).2 Research efforts should concentrate on identifying the importance of
monitoring fetal and infant body composition for the tailoring of nutrition during pregnancy
and postpartum (energy, nutrient and fluid requirements of the premature infant) and
treatment interventions of the infant or child (drug dosing).

Fetal body composition is a likely determinant of body composition and other markers of
health status in the infant and child. However, during fetal development, validation studies
of lean and fat tissue accretions are lacking. Body composition assessment during infancy
and childhood (ex utero) has unique challenges. Measurement error can arise from
inaccurate prediction equations, excess movement from the infant or child, equipment that is
not designed for small bodies, and others.

Imaging techniques such as MRI and ultrasound are used to assess body composition in the
fetus. During childhood, the only established body composition measurement techniques
include anthropometry®-8 and air displacement plethysmography® (ADP; it measures the
body’s density from volume and weight by displacing water or air).1% Other commonly used
techniques in childhood include hydrometry (the measurement of total body water (TBW)
by using a tracer, in which the compartment’s volume is equal to the amount of tracer added
to the compartment divided by the concentration of tracer in that compartment)!! and dual-
energy X-ray absorptiometry (DXA,; it measures the density of body tissues by comparing
their absorption of X-rays of two different energies). Such techniques are used alone or
incorporated into multicompartment models for children.

These body composition techniques have been used to produce the data that are used to
define the reference fetus, infant and child. The fetus is reported to have minimal fat until 24
weeks of gestation. Percent lipid is approximately 6.25% in a 2.4-kg fetus and 13.9% in a
3.6-kg fetus (chemical analysis).12 Percent fat (%fat) by maternal abdominal MRI of the
normal 40-week fetus is 17.2% in normal pregnancies versus 27.5% in gestational diabetes
pregnancies.13 At birth, Fomon’s reference girl has 14.9% fat while boys have 13.7% fat
(multicompartment model).1# As presented in Tables 1 and 2, studies using a variety of body
composition techniques in infants at birth have reported between 7 and 23% fat. Percent fat
from 3 to 12 months, for example, ranges from 23.7 to 31.5% fat in girls and 22.5t0 31.1 in
boys. Marked reductions in fat percentage are then observed between 2 and 5 years, where
girls have approximately 21.7% fat and boys have 17.2% fat (Table 3).1° Noting that certain
ethnic/racial and gender body composition characteristic differ at birth, accurate assessment
of body composition during and across key phases of development is important for
intervention studies and chronic disease prevention strategies.

This review presents data from previously published studies that report on body composition
during fetal development and what is known on body composition in newborns and the
infant/child through 5 years. We also examine existing pediatric body compaosition
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measurement techniques beginning during fetal development, an understudied area of body
composition, to 5 years of age and highlight new methods that are being developed to
measure body composition. Gaps in knowledge are identified with respect to where
information is needed so as to direct future research efforts.

SEARCH STRATEGY

Several text books were consulted to determine the appropriate terminology to use as search
keywords to ensure that the appropriate and full array of relevant studies were
discovered.16-20 pubMed searches up to June 2014 using the terms “fetal adiposity’, “fetal
body composition’, ‘newborn adiposity’, ‘newborn body composition’, ‘infant adiposity’
and ‘infant total body water’ were conducted with limits of healthy human studies and
English language, identifying 755 articles, excluding duplicates. Additional PubMed
searches were conducted by adding key terms for cadaver body composition, imaging
(ultrasound and MRI), anthropometry, air displacement plethysmography, hydrometry, dual-
energy X-ray absorptiometry, 4-compartment model and quantitative magnetic resonance
(EchoMRI Infants), with age limits from the fetus to 5 years. Predictors and outcomes of
body composition changes of the fetus in utero and the infant/child ex utero were also
identified. Papers were reviewed when they reported on changes in body composition during
fetal development and after birth up to 5 years with reliable methods (high precision or low
coefficient of variation based on repeated measures). Seminal papers related to the
development and validation of assessment methods were also reviewed. The search process
resulted in 121 sources that were incorporated in this review.

BODY COMPOSITION IN THE FETUS, NEWBORN AND INFANT

Fetal body composition

During the early fetal period, TBW or the hydration of fat-free mass (FFM) is relatively
high, and it decreases slowly until term. Body fat and protein accretion of the fetus are slow
during the first half of gestation (approximately weeks 1-20) and accelerate thereafter until
term. Several published works (1923-1983) have summarized body composition data based
on fetal cadaver analyses.12:20-23 Qver the past 10 years, the first in vivo studies involving
MRI-derived measures of tissue and organ masses were published.24-26 With the advent of
this new technology, the characterization of fetal body composition in the clinical setting
with high accuracy to diagnose the lean, overfat (mid-thigh or mid arm fat mass (FM) >95th
percentile),2” small or large fetus and other body composition-related diseases is possible.
Historical body composition studies of the fetus are described below.

Moulton coined the term chemical maturity to explain the age at which water, nitrogen and
minerals (ash) reach constant levels in the body, which Moulton estimated to be between
500 and 1000 days of life.21 Moulton used data from chemical analyses by Fehling and
Michel to study the composition of the human from gestation to adulthood, and noted that
hydration of FFM rapidly decreased after conception (from 97.34% at 35 days in utero to
81.52% at term).2! Body nitrogen (0.30% nitrogen at 35 days in utero to 2.08% at term) and
ash content (from 0.001 at 35 days in utero to 2.81 at term) increased?! (Figure 1). In
humans, chemical and anatomical analysis of cadavers is the only direct method to measure
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body composition and the most reliable method for validation of new body composition
instrumentation.1” However, because of the destructive nature of the technique, chemical
analyses are either used in vitro with tissue samples or with the analysis of cadavers.

Friis-Hansen22 reported that the hydration in early fetal life was ~ 92%, and Widdowson and
Dickerson20 showed that it remained above 80% at term (shown as a function of body
weight, Figure 2). Ziegler et al?8 (Figure 3) reported similar values for hydration of FFM
between 93 and 83%. Deposition of body fat in the fetus begins at around 25 weeks of
gestation and continues until term. Ziegler et al?8 showed the composition of gain of the
reference fetus in 1-week intervals from 24 to 40 weeks. Water decreased from 82.1 to
51.7%, protein increased from 10.9 g at 24 weeks to 14.6 g at 40 weeks per week per 100 g
gained and lipid increased from 4.7 to 28.9 g per week per 100 g gained, where protein and
fat have similar accretion rates (Figure 3). Ziegler et al28 further described the composition
of weight gain of the reference fetus at 4-week intervals, where protein increased at a rate of
10.8 g/day at 24-28 weeks, 12.2 g/day at 28-32 weeks, 13.3 g/day at 32-36 weeks and 13.9
g/day at 36-40 weeks. Lipid increased at a similar rate with 7.8 g/day at 24-28 weeks, 11.4
g/day at 28-32 weeks, 13.9 g/day at 32—36 weeks and 19.8 g/day at 3640 weeks.

Fetal adipose tissue thickness by MRI at the trunk, lower and upper back and above the
umbilical cord ranged from 2 mm at 29 weeks to 4.5 mm at 39-40 weeks of gestational
age.* Adipose tissue thickness of the extremities ranged from 2 mm at 29 weeks to 6 mm at
39-40 weeks of gestational age.? Therefore, the ratio of extremity to trunk adipose tissue
thickness was close to 1:1 at 29 weeks and 1.5:1 at 39-40 weeks of gestational age.*
Adipose tissue thickness between 18 and 26 weeks was visible but unquantifiable.* These
data are in agreement with fetal FM accretion and fast rate of increase, especially after 25
weeks of gestation.28 Adipose tissue thickness smaller than 5 mm, indicative of a small fetus
by ultrasound, may be because of higher resolution by MRI.# Using MRI at 40 weeks of
gestation, Deans®? estimated that fetal %fat was 17.15 + 3.83% (range 11.8-25%) for an
average birth weight of 3.48 kg (range 2.94-4.30 kg).

The newborn

Rapid changes in body composition occur soon after birth.2° During the initial 24-h period, a
newborn loses weight. Hull®? reported that the mean weights at 25-48 h and at 48-72 h after
birth did not differ but were significantly less than the mean weight at <24 h (P < 0.0001).
Others have reported a weight loss of 5-10% in the neonate during the first week after
birth.18 This weight loss is attributed to a loss in body water but not FM.

The loss of water during the first days of life is an adaptation to the extrauterine
environment in which the newborn’s skin is still maturing (keratinizing),1° and there is
contraction of the extracellular water compartment soon after birth controlled by atrial
natriuretic peptide and antidiuretic hormone.31:32 Such mechanisms of water equilibrium in
the body have been described elsewhere.16 From over 100 years of cadaver studies, it is
known that the newborn has higher TBW relative to body weight, which equates to a higher
hydration of FFM than an older child at 1 year. Moulton2! noted that hydration of FFM
rapidly decreased after birth (Tables 1 and 2). Comparisons of TBW and hydration of FFM
can be found in Tables 1 and 2 for girls and boys, respectively.
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Fomon?* described the body composition of the reference newborn using data and
assumptions based on previous studies, specifically Widdowson33 (calcium, fat and protein
(nitrogen x 6.25)), Brozek34 (osseous minerals as Ca/0.34), McGowan3® (assumed that the
ratio of fat to body weight was the same as truncal skinfold thickness to body weight),
Yssing and Friis-Hansen38 (TBW by deuterium dilution) and Burmeister37 (extracellular
water). Carbohydrate was assumed to be 0.6% of FFM to estimate body composition of boys
and girls during the newborn period and infancy. At birth, Fomon4 assumed that boys
weighed on average 3.5 kg, whereas girls weighed 3.35 kg. Interpolation based on three ages
(birth, 6 months and 9 years for boys and 10 years for girls) was done to obtain values for
other ages.1*

Tables 1 and 2 also summarize FM and FFM values from Fomon,14 Butte,38 Hull30
(PeaPod, multiethnic), Au39 (Peapod, multiethnic), Andersen?? (Peapod, Ethiopian),
Harrington*! (MRI) and Olhager (MRI).42 Harrington*! showed that newborns have little
intra-abdominal adipose tissue (10 g, s.d. 0.11 g), with most body fat being subcutaneous
(693 (295) g or 21.44 (3.81) %)) (Supplementary Figure 1). Using MRI, others*3 showed
that subcutaneous body fat is predominant at birth and intra-abdominal adipose tissue is
scarce. However, significant ethnic differences were apparent in adipose tissue distribution,
indicating that abdominal obesity propensity may be detectable at birth (Supplementary
Figure 2).43 At 2 weeks, Butte reported values of 440 g or 11.4% for FM in boys and 520 g
or 14.2% body fat for girls.38 Recently, Andres** reported %fat values, estimated using the
Peapod, of 11.9 (4.6) % for White and African-American healthy breastfed boys and girls at
2 weeks after birth in the United States. Early-life reference body composition data are
important in the diagnosis of the underfat or overfat infant and the effectiveness of obesity
prevention efforts.

The first-year period

The most comprehensive works describing the body composition of the reference infant
have been by Fomon1# and Butte.38 A limitation of Fomon’s reference infant is that his
results were based on data from different published reports and made many assumptions and
extrapolations (as described above) for the different ages reported.14 Butte38 conducted a
longitudinal study using a multicompartment model involving TBW by deuterium dilution,
total body potassium counting and bone mineral content (BMC) by DXA. Butte’s
assumptions were as follows:38 TBW by deuterium dilution and total body potassium
counting were used with the known concentrations of potassium in the intracellular (4
mEqg/kg) and extracellular (150 mEqg/kg) water compartments to calculate both intracellular
and extracellular water. Protein mass was based on 16% nitrogen content in protein and on
the ratio of nitrogen to potassium (461 mg/mEq). Glycogen was assumed to be 0.45% of
body weight. BMC was calculated from DXA scans at 0.5, 12 and 24 months, whereas at 3,
6, 9 and 18 months the following equation was used for BMC:

BMC(g)= — 5.3142.02 x Age (months)+0.468 x TBK(mEq)

From birth to 1 year, Fomon!# and Butte38 showed that TBW (as a percentage of body
weight and as percentage of FFM) decreased, whereas FFM increases steadily from birth to
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1 year (Tables 1 and 2).14:38 Compared with Fomon, Butte reported slightly lower values for
protein as a percentage of body weight.38 At birth, different studies using the Peapod, MRI
or multicompartment models have reported variable fat percentages in boys and girls that
may be attributable to the different ethnicities studied (Tables 1 and 2). Butte reported
higher %fat values in boys and girls compared with Fomon at 3 months, whereas Andres**
reported values in between (%fat in boys and girls of 24.1%). At 6 months, Butte reported
higher %fat values compared with Fomon and Andersen, whereas Andersen reported higher
%fat in their Ethiopian population using the Peapod compared with Fomon. Similar to
Fomon, Olhager reported lower body fat values than Butte in boys and girls at 3 months.*2
Using the Peapod, Fields et al reported the lowest average %fat of boys and girls at 26%,
whereas they also reported the highest average %fat at 31% using DXA in the same study
(Tables 1 and 2).%° At 1 year, Butte continued to report higher %fat values than Fomon.

DYNAMICS OF MACRONUTRIENT INTERACTIONS FROM INTAKE TO
DEPOSITION

Although relationships between lean and fat tissue with weight change were first described
by Forbes in adults,*® the dynamic interactions of energy intake, energy expenditure and
tissue deposition in infants, in which lean mass is a smooth function of FM, were further
modeled by Jordan and Hall.4” Using data from Butte et al,3848 Jordan and Hall*’
developed models that predicted significant adaptations in macronutrient use up to 2 years of
age. They showed low-fat oxidation during the period of fastest growth (initial 6 months of
life) and in the presence of positive energy balance, resulting in fat deposition. After this
initial period, mathematical simulations estimated a constant level of fat intake during the
first 2 years and increasing intake and oxidation of protein and carbohydrate.4” Thus,
beyond the first 6 months, with fat intake remaining unchanged, the growth of lean body
mass relative to body weight accelerates. Shifting the body composition curve-based data
from Butte et al3848 by + 1 s.d. had no effect on the estimated energy intake or energy
expenditure required for tissue deposition, suggesting the involvement of more complex
physiologic mechanisms not explained by the model.4” Mechanisms of fat tissue deposition
are possibly developed in utero, where the fetus uses glucose as its main substrate for
energy, resulting in low-fat oxidation and high lipogenesis.#’

Two to five years

During the first 5 years of life, children are active and minimally cooperative, compromising
body composition procedures. To our knowledge, chemical analysis studies of cadavers for
body composition have not been performed for children up to 5 years of age, and available
data are based on indirect methods (skinfold thickness, BIA, DXA, and MRI). Using
multicompartment models, Fomon1# provided data up to 10 years of age, whereas Butte38
provided longitudinal data up to 2 years.

Boys older than 1 year up to 5 years were reported to have 9.1 kg of FFM (protein as
percentage of FFM of 13.5%, calculated as nitrogen x 6.25) at 18 months, 10.1 kg (14%
protein) at 2 years and 16.0 kg (15.8% protein) at 5 years, and girls had 8.4 kg (13.5%
protein) at 18 months, 9.5 kg (13.9% protein) at 2 years and 14.7 kg (15% protein) at 5
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years.14 In another study, boys had 8.55 kg of FFM (12.9% body weight protein) at 18
months and 9.13 kg (13.5% body weight protein) at 2 years, whereas girls had 7.99 kg
(12.7% protein) at 18 months and 8.99 kg (13.1% protein) at 2 years.38 At 2 years, body fat
decreased to 19.5% for boys and 20.4% for girls, whereas at 5 years body fat was 14.6% in
boys and 16.7% in girls.14 Ellis!® provided reference values in children, 3-5 years, and of
different ethnic backgrounds using BIA, DXA and TBK (Table 3).

CURRENT BODY COMPOSITION MEASUREMENT METHODS IN THE FETUS

Cadaver analyses: in vitro measures

Imaging

Cadaver analysis is the only method of direct body composition measurement that can serve
as a gold standard for the validation of indirect methods. The analysis of cadavers for body
composition is based on the dissection of whole-body tissues or samples of tissues and
organs.*9:°0 Whole-body tissues can be used for chemical analysis to determine body
components such as fat, water, nitrogen and protein, ash, calcium, phosphorus, sodium,
potassium, magnesium, iron, copper, zinc and iodine.12 Anatomical analyses provide data on
gross weights of the individual dissected components of the body, including skin, muscle,
adipose tissue, bone and organs.51:52

The first fetal cadaver analysis for chemical (macronutrients and minerals) body
composition was conducted by Albert Von Bezold®3 on one fetus that weighed 523 grams
(9). Widdowson and Spray'2 extended VVon Bezold’s work with fetuses of varying weights
(1-3294 g). Widdowson12 performed chemical analyses on the content of nitrogen, fat,
sodium, potassium, calcium, magnesium, phosphorus, iron, copper, zinc and iodine in 19
premature and full-term fetuses weighing 255-3994 g (17-40 weeks of gestational age).
Early cadaver analyses were also summarized by Moulton,2! Widdowson and Dickerson,20
Ziegler?® and Friis-Hansen (Figures 1-3).22 Cadaver analysis is the only direct method to
estimate body composition, and it is considered the gold standard to which indirect methods
would ideally be compared with for validation. However, the complexity and time-
consuming effort of the technique makes it almost impossible to conduct in research settings
within hospitals. Limited data on infants and children exist, and further research is needed
with respect to composition of the lean, fat and water masses of the fetus.

Fetal ultrasound—UlIltrasound is used to estimate fetal weight, size and body composition
in utero. Assessment of lean or FFM and FM tissues by ultrasound can aid in determining
abnormally small or large fetuses by detecting abnormal tissue thickness (abdominal
subcutaneous adipose tissue thickness less than 5 mm by ultrasound at 38 weeks).23
Ultrasound body composition estimates are based on a two-compartment model.>* Fetal
body composition estimates by ultrasound®°°6 were compared with newborn body
composition with ADP, and only modest associations of neonatal %fat with fetal biometry
were found.>”8 However, no validation studies comparing ultrasound measurements
against cadaver anatomical analyses for the dissection of fetal fat, lean mass and body water
have been conducted. Therefore, it is unclear how accurate ultrasound measurements are for
fetal body composition.
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The principal measurement sites are the subcutaneous wall of the abdomen, arm and thigh.>°
Extremity adipose tissue thickness measurements can be estimated using axial ultrasound
images by subtracting the central lean area (muscle and bone) of the limb from the total
axial limb area.>*>9 Bernstein®® reported poor reproducibility of ultrasound fetal body
composition assessment with intraobserver coefficient of variance (CV) for the anterior
thigh wall thickness of 27.8%, the anterior abdominal wall thickness of 12.8% and the
abdominal wall thickness of 9%, and suggested that the error was related to bias from
external compression of the tissues. Bernstein®® later reported improved CV for mid-thigh
lean mass and mid-arm lean mass of 4.9 and 7.5%, respectively, in 10 fetuses. Mid-thigh
adipose tissue thickness CV was 12.1% and mid-arm adipose tissue thickness CV was
10.8%.56 Larciprete?” recommended the measurement of the fat area in the proximal (upper)
extremities instead of a simple linear measurement of adipose tissue thickness across the
extremity because of potential introduction of error arising from tissue compression and
large interobserver CV. Intraobserver CV for adipose tissue thickness was 7.9-8.4% and
interobserver CV was 9.8-10.9%.27 For lean mass, intraobserver CV was 5.7-7.5% and
interobserver CV was 7.0-9.7%.27

Ultrasound can detect and quantify changes in fetal FM that are correlated with fetal weight
change.55-60 Fetal weight is estimated using biometric measurements (abdominal
circumference, head circumference and femoral length) by Hadlock’s formulab? (log 10
EFW = 1.326-0.00326 (AC) (FL)+0.0107 (HC)+0.0438 (AC)+0.158 (FL). At high altitudes
(high risk for hypoxia), for example, fetuses weighed significantly less than fetuses at sea
level (2991 + 79 g versus 3247 + 96 g; P = 0.04) because of less fetal abdominal wall
thickness, and mid-upper arm and mid-thigh subcutaneous FM, but not lean mass.52 Smaller
abdominal wall thickness by ultrasound was associated with intrauterine growth restriction
independent of birth weight in 137 fetuses from unselected singleton pregnancies at 20, 26,
31 and 38 weeks of gestation.2 Others found that gestational weight gain above that
recommended by the Institute of Medicine,18 regardless of pre-pregnancy body mass index,
was associated with larger babies because of greater fetal abdominal lean mass.®3 Fetuses of
mothers with gestational diabetes mellitus are also fatter (mid-thigh FM area at 37-40 weeks
gestation 11.86 versus 14.22 cm?2, P = 0.02 in normal versus gestational diabetes mellitus
mothers) and have slightly higher lean mass than fetuses from mothers without gestational
diabetes mellitus.2’

Advantages of fetal ultrasound include the following: (1) fetal adipose and lean tissue
thickness assessment can aid in the detection of the small or large fetus. Limitations of fetal
ultrasound include the following: (1) measurements based on biometric parameters may not
adequately represent small or macrosomic fetuses because of differences in fetal size related
to race, fetal gender, maternal size and parity;>’:64-66 (2) different values for fetal density (in
grams of body weight per milliliter of body volume) were suggested (1.03-1.07 g/cm3 48 h
before delivery,%6:67 and 1.04 g/cm3 close to term and 1.06 g/cm3 before term),8 but there is
no consensus, as fetal density changes with gestational age and estimated fetal weight may
not be accurate; (3) estimation of fetal weight based on fetal density was shown to be
inaccurate when compared with MRI;56:68 and (4) studies have not characterized visceral
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adipose tissue using ultrasound because of the large error involved in the measurement and
poor resolution.

Fetal MRI—MRI can provide estimates of subcutaneous adipose tissue thickness and
adipose tissue volume in utero.46%-71 Several studies evaluated the reliability of fetal
adipose tissue thickness measured by MRI as a promising technique in the clinical setting to
evaluate fetal nutritional and developmental status. Early studies reported poor resolution
related to fetal or maternal movement but prominently depicted fetal subcutaneous adipose
tissue thickness.89:71 More recently, fetal subcutaneous adipose tissue thickness was imaged
using a 1.5 T MRI scanner from 29 weeks of gestational age on T1-weighted images.* MRI
can also aid in the estimation of fetal density by dividing birth weight (g) by fetal body
volume by MRI (ml).%8 Furthermore, fetal weight can be estimated using the equation: fetal
weight (MRI) = 0.12+1.031 (fetal body volume).

The advantages of fetal MRI are as follows: (1) its use during pregnancy has no established
risks; and (2) MRI has the capacity to image fetal anatomy and body tissues
composition.13:69.72.73 | imjtations of fetal MRI include the following: (1) it is sensitive to
movement; (2) training is required for accurate interpretation; (3) access may be limited
because of high cost; and (4) it has not been validated against cadaver analyses, but it has
been validated at 40 weeks of gestation against newborn total fat percentage.13

CURRENT BODY COMPOSITION MEASUREMENT METHODS FROM BIRTH
TO 5 YEARS

Anthropometry

Anthropometry includes length (nonstanding infants), stature or height (for standing
children), body weight, circumferences of body regions, skeletal breadths and skinfold
thickness. When used to estimate FM, FFM and %fat, anthropometry measurements usually
have large errors at the individual level and smaller errors at the group level.”* This depends
on the prediction equation used because of large measurement error compared with the
criterion measures such as deuterium dilution.”

Body composition is estimated by applying the measured variables in prediction equations
derived from populations similar to the one being studied. Such equations are based on
studies with more accurate body composition methods, such as densitometry, hydrometry or
DXA. Prediction equations are population specific, and thus it is assumed that the developed
equations can be generalized to similar populations. Such measurements usually give
reliable estimates of regional body fatness (for example, subcutaneous adipose tissue in the
extremities and in the trunk).”®

Validated pediatric prediction equations are available for the estimation of FM, %FM, FFM
and body density based on skinfold thickness;>~8 it is predominately based on triceps and
subscapular skinfolds. For newborns and infants, there is controversy because of the large
variations in TBW76 and low correlation between skinfolds and body fat estimates by more
accurate methods including hydrometry and MRI.77:78
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Circumferences provide information related to body size and proportions. In infants and
children, mid-upper arm, waist, hip and thigh circumferences provide information on body
fat distribution, and head circumference predicts adiposity rebound.’”® Small head
circumference at birth predicts an early adiposity rebound, which predicts obesity and type 2
diabetes and coronary heart disease later in life.89 Specifically, waist circumference has been
used as an indicator of subcutaneous and visceral adipose tissue from birth to 5 years.8!
However, studies of waist circumference as a predictor of visceral adipose tissue by MRI in
newborns showed that ultrasound VAT (r = 0.48, P < 0.05) but not waist circumference (r =
0.08, P > 0.05) was significantly correlated with VAT by MRI.82 This implies an association
that should be further investigated, as waist circumference cannot differentiate between SAT
and VAT tissues, whereas ultrasound can separate SAT from VAT. Between 4 and 10 years
of age, waist circumference poorly estimated VAT compared with computed tomography.”®
A meta-analysis showed that waist circumference accounted for 64.8% of the variance in
visceral adipose tissue in children.83 Circumference measurements alone have a low
sensitivity at early ages.82

Advantages of anthropometry include the following: (1) it can be applied in settings
requiring little and inexpensive equipment. Limitations of anthropometry include the
following: (1) training must be conducted by a trained technician to achieve high precision
(low intraobserver variability);84:85 and (2) one challenge of the technique for use in
pediatric populations is that newborns (0-1 month), infants (aged 1-12 months) and children
are required to be calm and cooperative—otherwise, error may result from movement of a
hungry, thirsty or fussy child.

Air displacement plethysmography

ADP is a densitometric technique that relies on the use of Boyle’s and Poison’s gas laws to
estimate body volume by displacing air inside an enclosed chamber. It is considered an
accurate method for body composition assessment based on a two-compartment model 17:34
The PeaPod (Cosmed) uses the ADP approach for infants up to 8 kg, which calculates %FM
using age- and sex-specific density constants.2-38 It was recently validated against deuterium
dilution in preterm infants, showing a nonsignificant mean difference of 0.32% fat between
the two methods.88 Unlike the BodPod, in which thoracic gas volume is estimated by
puffing air through a tube tightly inserted in the mouth, in infants residual thoracic volume is
estimated, as a direct measurement would be invasive.®

A pediatric adapter (a type of seat) for children aged 2—6 years and weighing larger than 8
kg inserted into the BodPod (adult version of the PeaPod, Cosmed) was developed in an
attempt to allow for longitudinal measures from childhood by the same technology.8’
Compared with the 4C model (3.5% CV for %fat),87 with or without the adapter, the
BodPod was shown to be inaccurate for use in infants and children less than 7 years because
of compliance issues that include movements, talking and crying during the test.8” At this
time, infants weighing >8 kg (~6 months) and less than 2 years of age cannot be measured
by ADP.87

Advantages of the PeaPod include the following: (1) It is a noninvasive quick and safe
method, and it does not require sedation. Limitations of the PeaPod include the following:
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(1) an upper weight limit of 8 kg (approximately 6 months of age), and the assumptions
underlying estimates;1” and (2) age- and sex-specific density of FFM constants applied may
not be appropriate for all infants because of the rapid changes in body water in the early
weeks of life and in some disease states with abnormal body water.

Hydrometry, as the name suggests, estimates TBW. Naturally occurring isotopes (°H
or 180) in the body are measured by sampling blood, saliva or urine samples before dosing,

and then an oral dose of labeled water 2H,0 or H;SO is administered, and a final blood,
urine or saliva sample is acquired to measure the amount distributed in body fluids.
Hydrometry functions under the assumption that “‘the volume of the compartment is equal to
the amount of tracer added to the compartment divided by the concentration of the tracer in
that compartment’.11.88 The dilution space (N in g) is calculated as N = (WA/a)(S, - S)
f(§-S); Wis the mass of water used to dilute the dose, A is the dose given to the subject, a
is the mass of dose in the prepared dilute dose, f is the fractionation factor for the
physiological sample relative to body water, S, is the measured value for the diluted dose, §
the value for tap water in the dilution, S the value for the post-dose sample and S, is the
value for the predose sample.88 This approach assumes the following: (1) that the tracer
distributes only in the body’s water pool and that the distribution is equal throughout the
body’s water pool, (2) rapid equilibration and (3) that the tracer is not metabolized during
equilibration.88

The main advantage of this technique is its high accuracy and precision (1-2% CV).89.90
Limitations of this technique for infant measurement include the following: (1) attention to
detail is necessary to avoid estimation errors due to spillage when administering the dose
and the difficulties obtaining sufficient infant saliva or urine samples; (2) the assumptions
may not be valid for infants who need to be fed during the equilibration period, where TBW
is constantly changing; (3) because of ongoing and rapid changes in the hydration of FFM in
the newborn period, the use of hydration constants to estimate body compaosition in a 2-
compartment model may introduce error at the individual level 8891

Dual-energy X-ray absorptiometry

DXA uses an X-ray tube with a filter that divides an X-ray beam into peaks of low and high
densities.2 The tissues can be differentiated by the attenuation capacity according to their
radiographic density.%?

Attempts to validate DXA for pediatric populations have been made using piglet carcass
analysis. Moderate CV values for BMC (mean 2.3%, range 0.6—-4.3 for small piglets, and
mean 1.5%, range 0.1-3.4% for large piglets) and FM (small piglets mean 6.3%, range 2.8—
12.2%, large piglets mean 3.3%, range 0.9-5.7%) were found.?3 Others found that,
compared with carcass analysis, DXA significantly overestimated bone mineral density and
lean mass and underestimated FM (CV 13.5%) in 12-week-old piglets, and these differences
were attributed to an increased hydration of FFM.% However, Testolin® reported that,
based on theoretical calculations, by modeling reference body compaosition values from birth
to 10 years, small clinically irrelevant %fat errors of up to 0.8% would arise when adult
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constants for lean soft tissue were used for pediatric populations. Koo found significant
deficiencies in the DXA measurement of bone mineral mass and lean and fat tissues using
the piglet model and the manufacturer’s software for infants and children. Compared with
ADP, %fat and FM were overestimated by DXA, whereas FFM was underestimated.*>
Fields and Goran®” found significant discrepancies between DXA and the 4C model in
children (mean age 11.4 + 1.4 years) and reported that the assessment of FM can be
improved if a correction factor is used (Fat mass = (0.78 x DXA lean) +(0.16 x body wt)
+0.34 kg).

Some advantages of this technique are as follows: (1) DXA is fast and precise; (2) DXA
separates bone from the remaining FFM tissues, therefore providing estimates for three
components: fat, bone and bone-free lean mass; (3) DXA provides component estimates for
the whole body and regions (arms, legs and trunk). Some limitations of DXA are as follows:
(1) subjects are exposed to radiation (1-5 uSv)% where without pediatric programing, the
effective dose can be up to three times higher than for adults;%? (2) in pediatric populations,
the changes in bone structure (cartilage, ossification and formation of articular cartilage) due
to growth can introduce error in the interpretation of DXA results;190 and (3) the increased
and changing hydration of FFM in infants may lead to inaccurate fat and lean mass
estimates. 9

Four-compartment model

The most commonly used four components of a 4C model include TBW by a dilution
method, total body BMC by DXA, body weight and body volume (converted to body
density) by ADP or hydrostatic weighing. The 4C model is considered as close to a gold
standard for body composition assessment as is possible today,’® and it has been used in
studies of infants/children as young as 8 years.191 The following equation by Lohman192 is
commonly applied in studies that use the 4C model for body composition from 1 year to 16
years:103

Fatmass(kg)=(2.749/Db — 0.714w-+1.146b — 2.0503)

Db refers to body density in g/cm3, w is water content of the body in liters and b is bone
mineral content in kilograms expressed as a fraction of body mass (DXA bone mineral x
1.22).

An advantage of the 4C technique is that assumptions related to hydration, BMC and body
density are removed, as these components are individually measured. A limitation of the 4C
model is the exposure to a low dose of radiation from the DXA test, which is associated with
some degree of risk. This method is thus more appropriate for older children than for
newborns.

Magnetic resonance imaging

In the infant and child, MRI can provide estimates of visceral adipose tissue, subcutaneous
adipose tissue, hepatic adipose tissue, pancreatic adipose tissue and intermuscular adipose
tissue volume quickly and with high resolution.#2104-106 Agvantages of MRI include the
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following: (1) it is safe in all age groups; (2) MRI is the only technique available that allows
for the quantification of tissues in vivo (without harmful side effects); and (3) MRI was
validated for accuracy in vitro and reproducibility in vivo.197 Assessment of whole-body FM
had good reproducibility (CV 2.6-3.4%) in vivo in 67-day-old infants (22-154 days), and in
vitro studies resulted in high accuracy for subcutaneous fat in infant-like phantoms.197
Limitations include the following: (1) MRI is sensitive to movement, and subject
cooperation is required; (2) technical training is required for accurate interpretation of the
images; (3) access is limited and cost is high; and (4) a large number of infant and child
cadavers are needed for validation of body composition by MRI. MRI validation studies can
potentially increase our knowledge of body composition during key periods of growth and
development and would reinforce its practicality in the clinical setting.

METHODS UNDER DEVELOPMENT FROM BIRTH TO 1 YEAR

Infant EchoMRI system

Quantitative magnetic resonance has been validated for adult body composition and small
animals, including piglets. A concise description of nuclear magnetic resonance basics is
given by Taicher.108 Briefly, the quantitative magnetic resonance approach is a nonimaging
technique that uses a static magnetic field to detect the hydrogen atoms of fat, lean tissue
and water by their particular spin characteristics determined by their environment or tissue
they are attached to. The radiofrequency relaxation signal from the hydrogen atoms in the
whole body is obtained to estimate FM, FFM, free water (water not bound to tissues) and
TBW. Validation studies have been conducted for the EchoMRI-AH (EchoMRI, Houston,
TX, USA) in adults109110 and small animals!11-113 (using the EchoMRI-500,
EchoMRI-700, EchoMRI-900 and EchoMRI-1100 (EchoMRI)), and these systems are
reported to be able to detect small changes in body fat with high precision. The technique
provides estimates of fat, lean mass and body water. For infants, the EchoMRI-AH/Small
measures body composition of infants, children and adolescents up to 50 kg,114 and the
EchoMRI-Infants measures infants up to 12 kg. The EchoMRI-AH/Small was validated
against chemical analysis using piglets14 and against deuterium dilution and the 4C model
in piglets weighing 3.3-49.9 kg.115 The EchoMRI-Infants was validated in piglets and
reported excellent precision for FM (mean coefficient of variation of 1.8% compared with
3.1% for DXA in piglets weighing 2-12 kg).116 Kovner!17 and Taicher!18 reported good
precision and accuracy in validation studies with piglets weighing up to 12 kg comparing the
EchoMRI-Infants with DXA and chemical analysis. The EchoMRI-Infants has yet to be
validated in infants.

Preliminary data from our laboratory19 using the EchoMRI-Infants in newborns between 12
and 69 h after birth show high precision (small coefficient of variation) for measuring infant
body fat, lean and body water. Mean weight (s.d., range) was 3.13 kg (0.44, 2.64-4.19 kg),
mean fat was 0.54 kg (0.20, 0.07-0.88 kg), lean mass was 2.32 (0.28, 2.0-2.9 kg), TBW was
2.42 (0.31, 2.12-3.10 kg) and %fat 16.65% (2.67, range 12.53-20.71%) for boys and girls.
Reproducibility was excellent with a CV of 2.09% for total body fat, 0.98% for lean mass
and 0.81% for TBW. This system has yet to be validated against the dilution method for
TBW measures in infants. Advantages of the EchoMRI include the following: (1) it does not
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use ionizing radiation, and it can be repeated many times in a day or between days allowing
the assessment of small changes in FM with high sensitivity;11° (2) different versions of the
instrument allow for measurement of subjects of various weight ranges, particularly the
EchoMRI-Infants allows for measurements up to 12 kg and can be used for children up to 1
year of age; and (3) measurement time is short (<4 min), and movement of the infant does
not affect the measurement, and thus no sedation is required.

FUTURE DIRECTIONS

Since the work of Widdowson12-20 on the chemical composition of the fetus, the field of
body composition has focused on the use of indirect methods,2° and more recent studies
involving autopsies for body composition are limited. Fomon reported that the single most
important missing data component was BMC of children.14 Subsequently, Butte38
performed DXA scans at 0.5, 3, 6, 9, 12, 18 and 24 months of age. Yet, given the limitations
of DXA in infants and children, such as the nonuniform changes in bone volume that cannot
be accounted for because of the aerial nature of the measurement (instead of three-
dimensional) creating errors in bone mineral density over time during follow-up studies,
further inquiry is needed.%8 One important limitation in the study of human fetal, infant and
child body composition is the lack of a single body composition measurement technique
validated for measures throughout life beginning during gestation. MRI has the potential to
be such a measurement method, but it has not yet been validated longitudinally, beginning in
utero. However, doing so would significantly increase our knowledge of body composition
during key periods of growth and development and aid in the diagnosis of clinically relevant
body composition distribution anomalies. Methods such as EchoMRI-Infants also hold great
potential to assess body composition with high precision and accuracy throughout life,
beginning at birth.

This review systematically presents data from previously published studies that report on
body composition (the accretion of body tissues) during fetal development. For this
information to be translatable to clinical applications, we present what is known on body
composition in newborns and the infant/child through 5 years of age to maximize the
practicality of this review to researchers and clinicians. From the published literature, it can
be inferred that fetal body composition serves as a proxy for the nutritional status of the
fetus and predicts morbidity and mortality later in life. Monitoring body composition
changes could shed light on risk or outcome of survival for the small fetus and underweight
or obese child. It is our hope that this review sheds light on the advantages and limitations of
different body composition methods that may assist the clinician in the characterization of
health status from fetal, infant and child body composition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 3

Reference values in multiethnic girls and boys, 3-5 years?

Ethinicity FM (kg) %FM FFM (kg) BMC(g)
Girls
White/European-American 35 20.2 13.3 447
Black/African-American 38 211 12.8 430
Hispanic/Mexican-American 4.6 23.7 12.7 413
Boys
White/European-American 2.92 17.6 13.25 423
Black/African-American 2.43 13.7 14.7 456
Hispanic/Mexican-American ~ 3.28 20.4 12.1 403

Abbreviations: BMC, bone mineral content; FFM, fat-free mass; FM, fat mass.
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