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ABSTRACT
Nutritional status in children is an indicator of health and well-being at both
the individual and the population level. Screening for malnutrition should be an
integral part of pediatric care universally. Nutritional intervention requires re-
peated measurement of nutritional status to assess severity and to track progress
over time. Methodological issues in the assessment of nutritional status are re-
viewed with emphasis on anthropometric measurement, body composition, and
energy expenditure of children at risk for malnutrition. Use of reference data,
measurement error, maturational effects, and hereditary factors are among the
issues reviewed and serve as guidelines in the interpretation of measurement of
nutritional status.
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INTRODUCTION: THE IMPORTANCE OF NUTRITION
ASSESSMENT IN PEDIATRIC CLINICAL CARE AND
RESEARCH

Nutritional status affects every aspect of a child’s health, including normal
growth and development, physical activity, and response to serious illness. The
factors influencing nutritional status are very different in industrializing versus
industrialized nations. Nevertheless, accurate nutritional assessment should be
an integral part of pediatric care universally, and all children should be screened
routinely for abnormalities of growth. Children at risk for malnutrition or who
are chronically ill should have detailed nutritional assessments. In addition
to promoting growth, development, and overall health, nutritional assessment
has the added advantage of offering cost-preventive or cost-saving information
for clinical care (2), whether through early identification of nutritional stress,
through the improvement of clinical outcomes, or through the avoidance of
unnecessary nutritional support (75). It is generally accepted that malnutrition
negatively affects length of stay, morbidity, and mortality in adult hospitalized
patients (19). In the developing world, the relationship between malnutrition,
morbidity, mortality, and child development is well recognized, and the effects
of intervention are an ongoing area of research (41, 83, 84). In industrialized
nations, undernutrition most often occurs in association with organic disorders,
chronic disease, or psycho-social disturbance, and overnutrition is becoming
an increasing concern (113,123). In both settings, the interaction between
nutrition, disease, and growth, and the long-term consequences of nutritional
status, are active areas of pediatric research.

PRINCIPLES OF GROWTH AND BODY-COMPOSITION
ASSESSMENT

Growth in infancy, childhood, and adolescence is a consequence of increasing
cell size and cell number. This is most commonly assessed by the measurement
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Figure 1 From birth to 10 years, growth in the fat-free and fat components of the body occurs,
resulting in changes in the relative proportions of these components. Shown here is the body
composition of a typical male child. Body fat as percentage of total body weight (percent body fat)
reaches a peak during infancy and declines thereafter. Adopted from Fomon et al (31).

of stature and weight. The muscle, fat, and bone compartments also undergo
alterations in the absolute amounts and relative proportions of lipid, protein,
water, and minerals. Changes in the amount and proportion of the fat- and fat-
free mass components in a child are significant, as shown in Figure 1 for males
up to age 10 years (31). The measurement of body composition during growth
and development provides more detailed information about nutritional status
than the measurement of stature and weight alone does because the body com-
partments are indicative of nutritional stores (68). For example, lean body mass
is indicative of the water and protein content of the body, fat indicates energy
stores, and bone is the primary site for storage of calcium and other minerals.
These body-composition considerations are important in determining the ap-
propriate mode of nutritional assessment, especially among children who may
have unusual nutritional needs as a result of disease states or medical treatment.

Most methods of body-composition assessment available for use during
growth and development measure whole-tissue compartments using a two-
compartment (fat and fat-free mass) or three-compartment (fat, lean body mass,
and bone) model. The most commonly used methods are described below.

Technical Considerations in Anthropometric Assessment
of Growth and Body Composition

Anthropometric assessment is a rapid, inexpensive, and noninvasive means of
determining short- and long-term nutritional status. Although the techniques
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and equipment used in anthropometric assessment are relatively simple, they re-
quire precision instruments that should be checked regularly for accuracy; they
also require carefully trained anthropometrists to ensure accurate, reproducible
measurements. Numerous anthropometric measures are used in nutritional as-
sessment, because no single measure can fully characterize nutritional status
(28). With carefully obtained measurements and the aid of appropriate refer-
ence standards, the nutritional status of samples of subjects in a research or
public health setting can be evaluated and periodic checks can be performed
for tracking progress over time. In the case of the individual, these tools are
used to identify those at risk for malnutrition and its sequelae, and to monitor
response to therapeutic intervention (123). Standardized, detailed anthropo-
metric methods have been published (12,69). Only commonly encountered
issues in pediatric anthropometric nutritional assessment are considered below.

WEIGHT, HEAD CIRCUMFERENCE, AND LINEAR GROWTH Weight measurements

are easy to obtain and should be made frequently. Infants should be measured
without diapers to the nearest 0.01 kg, and older children should be measured
to the nearest 0.1 kg, wearing little or no outer clothing and no shoes. When
used for research purposes, weight measurements ideally should be taken at
the same time of day after the bladder has been emptied, so that children in the
same physiological state are compared. When these conditions are met, weight
measurements and determination of weight increments can be interpreted with
confidence.

Head circumference is another important aspect of nutritional assessment
in young children (93). Brain growth is most rapid in the first three years of
life, so for children in this age range, head circumference should be monitored
routinely. Head circumference reference data are available for children up to
18 years of age (93). Poor growth in head circumference has been observed in
severely malnourished children. For children with medical conditions resulting
in macrocephaly or microcephaly, head circumference cannot be used as a
measure of nutritional status.

Supine length measures are taken for children younger than two to three years,
and standing height or stature is measured after two years of age. For older
children (older than three years) who are unable to stand erect unsupported,
a supine length measurement can be taken. However, when comparing this
measurement to a growth chart for stature, the length measurement should be
adjusted approximately 1-2 cm (91, 123) before plotting the value on areference
chart for stature.

Proper instrumentation and positioning are key in the measurement of linear
growth. Forinfants, aninfantometer or inflexible length board with a fixed head
board and moveable footboard is appropriate. Supine length measurements
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require an assistant to hold the head in position while the torso and legs are
positioned for measurement. For older children, a stadiometer with a head
paddle that glides smoothly and is firmly perpendicular to the backboard is
ideal for stature measurements. Alternatively, a tape measure permanently
fixed to a wall or door frame can be used provided the feet can be placed
in alignment with the back and a head paddle that will fit at & &@gle to

the wall is used. Proper positioning for both length and stature involves even
placement of the feet; linear alignment of the spine; placement of the heels,
buttocks, and back against the stadiometer or length board; and positioning of
the head with the Frankfurt plane (an imaginary line extending from the lower
margin of the orbit to the upper margin of the auditory meatus) parallel to the
footboard or floor. Obese subjects who may not be able to stand with heels,
buttocks, and back against the stadiometer should be positioned so that they
are standing as upright as possible with their spine in alignment. A stretched
height measurement (involving positioning of the spine and head to encourage
the child to stand as erect as possible) in children older than five to six years
gives more reproducible measurements and is preferred for tracking increments
in stature.

Alternative measures of linear growth are available for subjects who are
bedridden or for those with spinal curvature, contractures, or musculo-skeletal
deformities for whom a length or stature measurement would be inaccurate.
A z-score or percentile can be assigned to an upper-arm- or lower-leg-length
measurement and used as an indicator of linear growth (126). Upper-arm length
and lower-leg length are suitable alternatives to length or stature, with reference
charts available for assessing nutritional status in infants and children (125).

Sliding calipers (0—200 mm)—for young infants—or a standard anthropome-
ter (0-57 cm) is used for measuring upper-arm and lower-leg length. For new-
borns and babies up to 24 months old, the lower-leg-length measure consists
of a heel-to-knee measurement, and the upper-arm length is measured from the
elbow to the shoulder. A detailed description of the measurement technique
is given in Zemel & Stallings (125). Children whose growth in upper-arm or
lower-leg length is outside the range for their age and sex may have an unusual
growth pattern caused by nutritional deficiency, marked growth, developmental
delay, or some other pathology. In nonambulatory children, itis not uncommon
for growth abnormalities in the lower-leg length to be more severe than in the
upper arm relative to these reference standards (105).

CIRCUMFERENCES AND SKIN-FOLD MEASUREMENTS Soft tissues generally are
more difficult to measure reliably and reproducibly and require a well-trained
anthropometrist. Proper techniques are described by Lohman et al (69). Esti-
mates of the measurementerror (Table 1) should be considered when interpreting
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Table 1 Technical error of measuremént

Age range Intra-observer technical Inter-observer technical
(years) error of measurement error of measurement

Length (cm)

1-2 0.4 0.5
1-2 0.8
15-2.5 0.5
Height (cm)
4-11 0.4
0.2
6-11 0.5
6-12 0.5
6-13 0.7
6-14 0.2 0.2
7-9 0.1
8-18 0.5
9-14 0.5
12-17 0.3
5-30 0.3
20+ 0.7 0.15 (males)

0.3 (females)
Triceps skinfold (mm)

Newborns 0.1 0.4
1-2 0.6 0.6
0.8
2-7 0.5
6-11 0.8 1.9
6-12 0.8
6-13 1.0
6-14 0.2 0.5
7-9 0.2
8-18 0.7
9-14 0.5
12-17 1.6 1.9
5-30 0.4
20-50 0.7

aAdapted from Ulijaszek & Lourie (114).

a single measurement and especially when evaluating changes over time in clin-
ical, research, or public health settings. Indices of fatness and fat distribution,
such as skin-fold ratios, have even lower precision than direct measurements do,
because measurement errors are compounded by the calculations (77). Stylis-
tic differences, even among well-trained anthropometrists, can develop over
time, so periodic checks on intra- and inter-observer reliability are essential for
longitudinal data collection.
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Mid—upper-arm circumference is a composite measure of muscle, fat, and
bone. It has been used as an alternative index of malnutrition in rapid nutritional
surveys when weight and stature measurements were not feasible (123). When
mid—upper-arm circumference is combined with the triceps skin-fold measure-
ment, upper-arm muscle and fat stores can be estimated (33, 34), and these
measures correlate well with total body measures of fat mass and fat-free mass.

The triceps skin-fold thickness is one of the most valuable anthropomet-
ric measures of nutritional status, becausgit(is a good indicator of energy
reserves (35a)hj it correlates well with total body fat stores (99a); aopgx-
cellent reference data for triceps skin-fold thickness from children one year of
age through adulthood are available (33). The subscapular skin-fold thickness
is a good measure of fat stores on the trunk and is less sensitive to short-term
fluctuations in nutritional status (103). Fat stores at this site tend to be preserved
under conditions of chronic undernutrition (7, 13, 49, 105). The combination of
the triceps and subscapular skin-folds has been used for calculating the sum of
skin-folds (34) for nutritional assessment, the percentage of total body fat from
prediction equations (9, 26, 27, 101), and the fat patterning using the centripetal
fat ratio (8, 103). Other skin-fold thickness measures (e.g. suprailiac, biceps,
midaxillary) generally do not contribute significantly more information in terms
of nutritional status but are useful in the prediction of total body fat and fat-free
mass with anthropometric prediction equations (see Table 3 and text below).

Uses of Anthropometric Measures

USING REFERENCEDATA Reference databased onlarge samples of healthy chil-
dren from environments with good living conditions provide an essential tool
with which to evaluate nutritional status in both the clinical and the research
setting (40,123). In the clinical setting, growth charts that use the National
Center for Health Statistics (NCHS) norms for most anthropometric measures
(height, weight, and head circumference) are excellent for assessing nutritional
status. These charts are based on data collected for the National Health and
Nutrition Examination Survey (NHANES) | (1971-1974) (47). Most com-
monly, the percentile rank is determined from the growth chart and recorded.
However, for some children, it is not possible to assign a percentile rank when
their measurements are below the 5th or above the 95th percentile. The percent
of the median for age and sex also is used as an indicator of nutritional status,
but this measure does not account for variability in the reference population
(40,99, 123). The z-score or standard deviation score avoids these problems.
It is calculated as: observed value minus median value for the reference pop-
ulation divided by standard deviation for age and gender. These reference
population median and standard deviation values are available in table form for
calculating z-scores. In the research setting, z-scores are the preferred method



Annu. Rev. Nutr. 1997.17:211-235. Downloaded from www.annualreviews.org

by Morehead State University on 01/04/12. For personal use only.

218 ZEMEL ET AL

of representing deviations in growth and nutritional status. The computerized
Centers for Disease Control (CDC) Anthropometric Software Program (CDC,
Atlanta, GA) can be used to calculate z-scores, exact percentiles, and percentage
of median for height and weight for large samples and individuals (18).

Table 2 is a summary of reference data available for assessment of growth and
nutritional status. Choice of a reference data set should be considered carefully,
with type of measurement, sample characteristics, measurement interval (in
the case of incremental growth charts), age range, and ethnicity being the key
considerations. Currently, the World Health Organization (WHO) and the CDC
use the NCHS growth charts (50) as the internationally accepted reference (123).
Revised growth charts are currently being developed by the NCHS for all ages
using data from the third National Health and Nutrition Examination Survey.
Incremental growth charts for US children have been developed using a number
of curve-smoothing techniques. These smoothing techniques may inaccurately
estimate the true velocities that occur over smaller measurement intervals (e.g.
for infants, a one-month interval for calculating growth velocity may yield
different results than the three-month interval used in the development of the
incremental growth charts). For this reason, it is imperative that the growth
increments be evaluated during intervals of measurement that correspond to the
reference data (30).

WEIGHT-FOR-HEIGHT MEASURES As noted above, there is no single anthropo-
metric measure that provides enough information to make a full determination
of nutritional status. Weight-for-age is often used to categorize overweight or
underweight. However, weight is a composite measure that can reflect altered
body composition as in the case of edema, excess muscle or fat, or altered body
size, as occurs when stature-for-age is very large or small. Weight-for-height
reference charts have been developed as a means of assessing weight while
taking into account a child’s length or stature. For girls below 138 cm and boys
below 146 cm in stature, the NCHS provides a weight-for-height chart (47).
The percentage of median weight-for-height is used in the Waterlow classifi-
cation scheme of malnutrition to assess wasting (119). The body-mass index
(weight/heighf) and percentage of ideal body weight are commonly used to
categorize obesity. Ideal body weight is defined as the median weight at the
age for which a child’s height matches the median height (74). Difficulties in
the use of weight-for-height ratios arise during the adolescent age range. Dur-
ing puberty, there are pronounced changes in body composition, with males
increasing in fat-free mass and females increasing significantly in fatness (32).
Consequently, for both males and females the distributions of weight for a given
height are very different following the onset of puberty compared with prepu-
bertal age ranges. For early or late-maturing children, these factors should
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Table 2 Sources of reference data for growth and body composition of normal cHildren

Type Reference Source Details
Stature/length 47 NCHS-HES 11, 1I, Weight, stature/length,
HANES |, and Fels weight-for-height
Weight 34 NCHS-HANES land Il Weight, stature/length,

weight-for-height,
race-specific tables

Head 93 Fels, 0-18 yr Head circ, 0-18 yr, increments, 0—6 yr
circumference 81 270 English children,
0-7yr
120 Hispanic HANES, Whites, blacks, and Mexican
HANES II Americans
Growth 92 Fels, 0-18 yr Weight, head circ, length, stature
increments Increment curves
3 Fels, 0-18 yr Weight, head circ, length, stature

Increment tables
44 Univ. lowa (1142 whites), Weight and length
Fels (476 whites)

5 Six cities study, 6532 Height velocity, race-specific
blacks and whites,
7-18 yr
111 NCHS (see 47), London  Height, height velocity curves for
County Council longi- early, middle, and late maturers

tudinal study, 2—18 yr
Body mass index 34 HANES | and Il, 1-74 yr  Race-specific

22 HANES I, 6-50 yr Race-specific
48 HANES |, whites,
1-19yr
52 HANES I, 10-24 yr Weight, stature table for
calculating BMI
78 HANES |, 6-74 yr Race-specific
79 HANES |, 6-74 yr Corrected table for Ref. 78
Circumferences 22 HANES I, 6-50.9 yr Race-specific for triceps and subscap
and skin folds 57 HANES | Arm circ, triceps, subscap,
race-specific
33 HANES I, whites, Arm circ, triceps, arm muscle
1-74yr area and circ, arm-fat area
94 Hispanic HANES and Arm muscle and adipose tissue areas
HANES II,
6 mo-18 yr Whites, blacks, and Mexican
Americans
Leg length, arm 102 Mich. Highway Safety Upper-arm length, lower-leg length,
length Res. Inst., 0-18 yr and other body dimensions
125 Mich. Highway Safety Reference charts for upper-arm and
Res. Inst., 0-18 yr lower-leg length

3NCHS, National Center for Health Statistics; HES, Health Examination Survey; HANES, Health
and Nutrition Examination Survey; Fels, Fels Longitudinal Study; circ, circumference; Subscap,
subscapular; BMI, body mass index.
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be taken into consideration in using the body-mass index, percent ideal body
weight, or other weight-for-height measures for the assessment of nutritional
status (123).

Another difficulty in the use of weight-for-height ratios is that they do not
accurately distinguish between adiposity and muscularity. Children with high
lean-body mass can easily be misclassified as overweight or obese. The use of
a triceps skin-fold measurement in combination with body-mass index is likely
to give a more accurate categorization of adiposity and has been proposed for
determining the overweight among children 10 years of age and older (52).

PREDICTION EQUATIONS Whole-body measures of fat-free mass, fat mass, and
percent body fat can be estimated from prediction equations that use skin-fold
thickness measurements (9, 26,27,101). Table 3 summarizes some of these
prediction equations used for children and adolescents. These prediction equa-
tions yield results that are highly correlated with results from other methods
for body-composition determination. Itis important that these prediction equa-
tions be used on children within the appropriate age range. Race, obesity, and

Table 3 Equations for predicting body composition from anthropometry

Two-skin-fold method for prediction of percent body fat (101)

Prepubescent white males % body fat1.21 (T+ S)— 0.008 (T+ S¥ — 1.7
Prepubescent black males % body $at1.21 (T+ S) — 0.008 (T+ S — 3.2
Pubescent white males % body fat 1.21 (T+ S) — 0.008 (T+ S — 3.4
Pubescent black males % body fat1.21 (T+ S)— 0.008 (T+ S¥ — 5.2
Postpubescent white males % body fat1.21 (T+ S) — 0.008 (T+ SP — 5.5
Postpubescent black males % body#$at1.21 (T+ S)— 0.008 (T+ S¥ — 6.8

All females % body fat= 1.33 (T+ S)— 0.013 (T4 SP — 2.5
When sum of triceps and subscapular is greater than 35 mm, use

All males % body fat= 0.783 (T+ S)+ 1.6

All females % body fat= 0.546 (T+ S)+ 9.7

Four-skin-fold method for prediction of percent bodyfat

Prepubertal children (9)
Males Body density= 1.1690— 0.0788 log sum of 4 skin folds
Females Body density= 1.2063— 0.0999 log sum of 4 skin folds
Percent body fat= ([4.95/body density} 4.5) 100

Adolescents (26)
Males Body density= 1.1533— 0.0643 log sum of 4 skin folds
Females Body density= 1.1369— 0.0598 log sum of 4 skin folds
Percent body fat= ([4.95/body density}- 4.5) 100

aT, Triceps; S, subscapular.
bSum of four skin folds equals triceps plus biceps plus subscapular plus suprailiac.
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puberty status are factors that have been included in some prediction equations.
The standard error of the estimate reported for some of these prediction equa-
tions (26, 101) for percentage of body fat is approximately 3.5%. Therefore,
the predicted values for total body fat and fat-free mass are more applicable
for evaluating groups of children than individuals. Adequate reference data for
fat-free mass, fat mass, and percent body fat are not available for children.

Other Methods of Body-Composition Assessment

Other methods for determining total body water (TBW), fat-free mass, lean
body mass, bone mass, and fat mass are available for the research and, in some
cases, the clinical setting. These include isotope dilution methods, bioelectrical
methods, and bone densitometry.

ISOTOPE DILUTION METHODS Stable isotopes use the classic dilution principle

to estimate the size of various compartments of the body. Deuterium oxide
(?H,0) or oxygen-181t0) are naturally occurring stable isotopes used in the
research setting to safely and effectively measure the size of the TBW in infants
and children (97). Following determination of baseline level&HfO or 180,

a concentrated dose of isotope is administered orally. After an equilibration
period of several hours, the concentration of the isotope is determined in a body
fluid such as urine, blood, or saliva. The ideal time for sampling to determine
TBW depends on the physiologic fluid being analyzed (95a). The size of the
TBW is extrapolated according to the dilution principle, using the size of the
dose and the isotopic concentrations of the physiologic fluid at baseline and
at equilibrium. The stable isotopes #4,0 and!®0 will overestimate TBW
unless corrected by 4% and 1%, respectively, as a result of the mixing of these
isotopes with nonaqueous fractions of the body. TBW measurements can be
used to estimate fat-free mass using age-appropriate hydration factors (31),
which estimate the fraction of the TBW in fat-free mass. Fat mass and percent
body fat can be calculated once the fat-free massis determined. Sodium bromide
can be used in a similar manner to estimate the extracellular water compartment
(114a) so that the distribution of TBW in the intra- and extracellular water
compartments can be determined.

BIOELECTRICAL METHODS The water and electrolytes in the body have elec-
trical properties that can be measured for estimation of TBW or fat-free mass.
Pediatric and adult devices that measure total body electrical conductivity (TO-
BEC, EM-Scan, Springfield, IL) are available and provide accurate, rapid,
non-invasive estimates of fat-free mass, fat mass, and percentage body fat. The
subject passes through a low-energy electromagnetic coil, causing alterations
in the conductance in the coil. The measured change in the electrical signal
is proportional to the total body electrolyte content, a large component of the



Annu. Rev. Nutr. 1997.17:211-235. Downloaded from www.annualreviews.org

by Morehead State University on 01/04/12. For personal use only.

222 ZEMEL ET AL

highly conductive fat-free mass and a minimal component of the poorly con-
ductive fat mass. This measurement then is converted to body composition es-
timates by computerized prediction equations developed for this methodology
(29, 115, 116). Several reference methods of body composition determination
were used to derive these prediction equations, including hydrodensitometry,
isotope dilution, and potassium-40 and chemical analysis of infant miniature
pigs (8a).

Bioelectrical impedance analyzers are another class of devices now available
from several manufacturers. They measure the impedance of alow-energy elec-
trical signal as it passes through the body, which is proportional to the length
of the conductor (a function of height) and inversely proportional to the cross-
sectional area (volume). As with the TOBEC device, this method uses a calibra-
tion equation to convert the resistance signal to estimates of body composition.
Prediction equations based on hydrodensitometry and isotope dilution reference
methods have been devised and tested for children and adolescents (39, 56, 64).

ABSORPTIOMETRY METHODS Dual photon absorptiometry (DPA) and dual-
energy X-ray absorptiometry (DXA) are techniques that measure three com-
partments of the body: bone mass, lean body mass, and fat mass. Because of
their varying densities, bone, lean tissue, and fat attenuate the energy beams
differentially. By using dual energy beams, it is possible to solve for three
tissue compartments (85). DXA is becoming increasingly available for clinical
and research use and provides more accurate measurements than DPA does.
The radiation exposure of DXA is extremely low (0.3 mrad), and whole-body
estimates of body composition for infants, children, and adolescents can be
obtained in fewer than five minutes. In addition, since bone-mineral density

is one of the sources of variability that contributes to errors in estimating the
density of fat-free mass, measurement of bone mineral improves the accuracy in
estimating fat-free mass in a two-compartment model (38, 45, 117). Compared
with the bioelectrical and anthropometric methods of body-composition assess-
ment described above, DXA has the added advantage of being independent of
sample-based prediction equations.

CONSIDERATIONS IN THE USE OF GROWTH
AND BODY-COMPOSITION MEASUREMENTS
TO ASSESS NUTRITIONAL STATUS

The Population Versus the Individual

The interpretation of growth and body-composition data for assessment of nu-
tritional status depends, in part, on whether an individual child or a group of
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children is being evaluated. Childhood growth is an excellent indicator of the
overall health status of a community, because the pediatric and geriatric age
ranges are more sensitive to fluctuations in infectious disease and nutritional
deprivation (40). In addition, health surveys that use growth data provide an
estimate of the prevalence of malnutrition by applying a criterion such as mi-
nus two standard deviations below the median height-for-age. However, in a
population with a high prevalence of growth failure or malnutrition, it is likely
that all children, including those with anthropometric values above the cut-off
for malnutrition, are affected and are not attaining the growth status they would
have attained under more ideal circumstances (61, 123).

For individual children, any underlying medical condition and other circum-
stances often need to be considered in interpreting the clinical significance of
growth and body-composition measurements. For children with serious medi-
cal conditions and a high risk of malnutrition due to the primary disease, treat-
ment, oral-motor problems, or altered dietary intake and physical activity, the
criteria for malnutrition screening at the population level, such as the Waterlow
(119) criteria, may be too low for use in clinical practice. In the chronic disease
setting, there may be a far more significant health risk to postponing nutritional
intervention until that criterion is reached. In addition, there are numerous
reasons, some of which are described below, why an individual’'s growth is at
a particular percentile on the reference charts. A primary consideration is that
there is variability in growth and body composition in children from all popula-
tions. For example, 5% of healthy children are below the NCHS 5th percentile
for stature, so a single measurement of an individual’s stature is not sufficient to
determine whether this represents failure-to-thrive or normal growth and nutri-
tional status in a healthy short child (123). Incremental growth, supplemental
health information, and mid—parental- or sibling-height status are necessary for
clinical interpretations of growth for determining nutritional status.

Another consideration in interpreting growth and body composition in in-
dividuals is the error of measurement of a single measurement or of growth
velocities involving two measurements, or in the case of anthropometric pre-
diction equations the prediction error. In large-sample studies, the certainty of
a mean value increases as the sample size increases, thereby reducing the effect
of measurement error on the estimate. For anindividual, the measurement error
of a single measurement may be as large as the difference between percentile
ranks. For example, the intra-individual technical error of measurement for
children 6-11 years old for a triceps skin-fold measurement is 0.8 mm, and
the inter-individual measurement error is 1.9 mm (see Table 1). The difference
between the 5th, 10th, and 25th percentiles in this age range is usually 1 mm
for both males and females (33).
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Normal Versus Optimal Growth

Among the primary applications of assessment of nutritional status is the use
of this information to assure that the genetic potential for growth is attained
and to minimize health risks associated with malnutrition, both overnutrition
and undernutrition. However, both concepts, genetic potential for growth and
minimization of health risk, are poorly defined theoretical constructs and are
difficult to implement at the current stage of scientific knowledge. Given the
multigenic control of growth in height and body composition, there is no oper-
ational definition of “the genetic potential for growth.” The use of mid-parental
height for adjustment of height measurements (see below) is only an approxi-
mation of the genetic potential for growth because it assumes that children will
grow like their parents. Optimal growth cannot be defined on the basis of the
current WHO/CDC reference data, because they are based on large numbers
of children measured cross sectionally. Therefore, these reference data cannot
be used to evaluate an individual's longitudinal growth pattern as optimal or
suboptimal, nor can they be used to distinguish between normal variability and
a mild pathological problem. An additional problem is that maximal growth

is not necessarily equivalent to optimal growth, especially given the increasing
problem of obesity in both developing and developed countries. In increasing
numbers, research efforts are focusing on the long-term health consequences
of growth and body composition on disease severity and progression during
childhood and on health and longevity in adulthood, particularly with respect
to obesity, osteoporosis, and cardiovascular disease. These efforts will help
refine our understanding of normal versus optimal growth.

Short- Versus Long-Term Growth

Infancy and adolescence are periods of extremely rapid growth. Careful exam-
ination of growth in these age ranges indicates that the growth occurs in spurts
or short bursts of rapid growth followed by periods of stasis (65). Even during
periods of slower growth, such as mid-childhood, growth spurts occur (110).
Small growth spurts can be difficult to detect because of the measurement error
issues discussed above. Detection requires short measurement intervals (days
or weeks depending on the age of the subjects and goals of measurement), pre-
cision instruments, and careful, consistent measurement techniques. Seasonal
fluctuations in growth velocity also occur (66, 71), with growth velocity being
greatest in the spring and lowest in the winter. The interval between measure-
ments, such as 3, 6, or 12 months, should be comparable to that used in the
development of the reference percentiles. Differences in the time interval can
lead to over- or underestimation of the true growth rate relative to the reference
percentiles (30).
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For research purposes, several tools are available for assessment of short-term
growth. These include the knee-height measuring device and the kneemometer,
both of which measure short-term growth in the length of the lower leg (23, 51).

A similar device has been developed for ulnar length measures (16). The
technical errors of measurement for these devices are very small, so that small
increases in length can be attributed to growth rather than to measurement
error. The measurement error for height is sufficiently large (approximately
0.5 cm) that an interval of at least six months is recommended to be assured of
measurable growth in children and adolescents.

Heredity Versus Environment

The goal of growth and body-composition evaluation for the purposes of nu-
tritional assessment is to identify the child at risk of morbidity and mortality
due to inadequate nutrition. In theory, this requires partitioning the factors that
influence growth and body composition into those that are environmental—due
to dietary intake, physical activity, disease state, or social factors—and those
that are heritable and resistant to nutritional intervention. Twin studies and
parent-child correlation analyses show that the heritability of stature is greater
during adolescence than in childhood (35, 50, 58, 72).

Unfortunately, the tools available for adjusting for the heritable component
of growth are limited. Among children under five years of age, those who
are well-off from different ethnic groups are more similar in growth than are
those from the same ethnic group of different socioeconomic backgrounds (46).
Accordingly, both the CDC and the WHO promote the use of a single growth-
reference set (47, 123) that applies to all ethnic groups. In the United States,
charts have been developed for adjustment for mid-parental height up to age
18 to account, in part, for the heritability of length and stature (53). However,
these charts are based on parents and children enrolled in the Fels Longitudinal
Study, consisting of predominantly white, middle-class families from Ohio.
Whether or not these adjustments are appropriate for children of other ethnic
groups remains to be determined.

Ethnic differences in body composition have been noted and appear to have
a heritable component. For example, people of African ancestry have greater
bone density than do those of European ancestry (4, 67), and people of Asian
ancestry have lower bone density than do both groups (124). Differencesinbody
density among black versus white people have been reported (100), although
these may be due to the known differences in bone density. Minor ethnic
differences in body-mass index and skin-fold thicknesses also have been noted
for Americans of white races versus those of black races, and race-specific
reference tables have been published (22, 34, 100).
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Table 4 Equations for predicting basal metabolic fdtechildren

Age range (yr) Males Females
From weight (kg}
<3 60.9W— 54 61.0W— 51
3-10 22.7WH+ 495 22.5W+ 499
10-18 17.5W4 651 12.2W+ 746
From weight (kg) and height (crh)
<3 0.167W+ 15.174H—- 617.6  16.252W4 1.0232H— 413.5
3-10 19.59W4 1.303H+ 414.9 16.969W+ 1.618H+ 371.2
10-18 16.25Wt 1.372H+ 515.5 8.365W4 4.65H+ 200.0

An kilocalories.
bFrom Reference 122.
°From Reference 98.

Compensatory (Catch-up) Growth

Children who experience impaired growth as a result of illness or deficiency
states, including hormone deficiencies and nutritional deprivation, have been
known to undergo a period of increased growth velocity known as catch-up
or compensatory growth once the source of impairment has been corrected
(109). For example, apparently well children with mild impairment of growth
responded to zinc supplementation with increased rates of growth (37). How-
ever, the understanding of compensatory growth is limited. Impairments that
occur for long periods or in older children are less likely to be fully compen-
sated following treatment than if they were to occur in children younger than
two years of age (40, 123). One possible explanation comes from a study of un-
dernourished Guatemalan children showing that degree of stunting was greater
than the degree of retardation in skeletal development was (73), which sug-
gests that nutritional stunting is only partly reversible. Thus, for children older
than five years, small stature can be more a reflection of previous nutritional
deprivation than of current nutritional status (123).

Sexual and Skeletal Maturation

The hormonal changes of puberty have a significant effect on growth, body
composition, and skeletal maturation. Altered pubertal development may be
due to an underlying medical condition or to nutritional factors. Malnutrition,
both overnutrition and undernutrition, affects sexual and skeletal maturation.
Particularly during the years approaching and including the adolescent age
range, skeletal and pubertal maturation should be assessed. Obese children
are more likely to be early maturers, experiencing an earlier onset of pubertal
development and more rapid skeletal maturation than normal weight children do
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(36), whereas chronic undernutrition can delay skeletal maturation and the onset
and duration of puberty (14, 15). Therefore, determination of puberty statusis a
vital component of the assessment of nutritional status. Determination of sexual
maturity is based on the Tanner system for growth of pubic hair in both sexes,
breast development in females, and genital development in males (108). Age
at menarche is also noted for females. Age at entry into Tanner stages is used
to classify children as early or late maturers for purposes of assessing growth
velocities during adolescence (111). For large-sample research studies, a self-
assessment instrument has been devised using pictographs of Tanner’s puberty
stages (76). Interpretation of other measures of growth and body composition
should be sensitive to maturity status during the adolescent years.

ESTIMATING CALORIC REQUIREMENTS IN PEDIATRIC
RESEARCH AND CLINICAL PRACTICE

Energy imbalance results in the clinical pathologies of undernutrition and over-
nutrition. The assessment of true energy intake is difficult to determine accu-
rately, especially in children with poor oral-motor function or gastrointestinal
problems. In the research setting, total and resting energy expenditure can be
estimated by using combinations of the following methods: doubly labeled wa-
ter (96), indirect calorimetry (106), whole-body calorimetry, thermic effect of
food assessment, and heart-rate monitoring (104). Clinically, the measurement
of resting energy expenditure (REE) can be used in conjunction with estimates
of physical activity to predict total caloric needs. This method is more accurate
than estimated energy expenditure from prediction equations (59). The mea-
surement of REE is also a useful research tool for the determination of caloric
needs in special groups of infants, children, and adolescents (106).

In the clinical setting, population standards for energy recommendations,
such as the Recommended Dietary Allowance from the United States, should
not be used for individual children who may have atypical body sizes, body
composition, and/or physical activity associated with disease. Rather, more
useful estimates may be derived from the formulas developed by the WHO
(122). These formulas allow for more individualized prediction of REE be-
cause they are based on gender, age, and body weight. One caveat to the use of
standard prediction equations is that they were developed to reflect the energy
requirements of healthy children in usual environmental and physical activity
conditions, and they may not be applicable for some children with disease-
associated changes in energy expenditure (59, 106), such as those described
for cystic fibrosis, sickle cell disease, inflammatory bowel disease, and liver
disease, to name a few. Additionally, there is variability in REE among indi-
viduals (75). Therefore, for children with special needs, the measurement of
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REE may be preferable to estimations based on prediction equations, resulting
in a reduction of complications associated with overfeeding and cost savings
through the avoidance of unnecessary nutritional support.

Total energy expenditure (TEE) can be estimated from the adjustment of
REE values by an activity factor appropriate for the individual considered. For
example, in normally active healthy children, the activity factors range between
1.50and 1.89timesthe REE, whereas in children with spastic quadriplegic cere-
bral palsy, the physical activity factor is much lower (approximately 1.3 times
the REE). Additional methods for estimating caloric requirements have been
published, such as one that accounts for level of motor function in mentally
retarded children (24), and a factorial method that accounts for REE needs,
muscle-tone alterations, and catch-up growth or nutritional repletion in mal-
nourished children with cerebral palsy (63).

For research purposes, the ideal method of assessing TEE in infants and
children is estimated by the doubly labeled water method (95, 96). The stable
isotopes ofH,0 or 180, used in the determination of TBW, are used to deter-
mine carbon dioxide production over a 7- to 10-day period under free-living
conditions. The method is easily tolerated by infants and children. When used
in conjunction with a REE measurement, physical activity can be estimated
as the net difference between TEE and REE, or as a physical activity ratio,
TEE/REE. Also, when weight is stable, TEE reflects total daily energy intake.

These measures of energy expenditure are valuable for identifying the etiol-
ogy of malnutrition in groups of children known to be at risk. Malnutrition can
result from altered energy intake in the form of abnormal energy consumption,
absorption, or unusual energy losses, or from altered energy expenditure result-
ing from abnormal REE, thermic effect of food, physical activity, or growth.
REE and TEE measurements assist in characterizing the source of energy im-
balance as either altered energy intake or expenditure. For example, children
with spastic quadriplegic cerebral palsy have lower REE and lower TEE com-
pared to controls, whereas children with cystic fibrosis have higher REE and
similar TEE to controls (106). In addition to understanding the causes of mal-
nutrition, quantification of REE and TEE are important research goals for the
development of sound recommendations for nutritional therapy in children at
risk for malnutrition.

APPLICATION OF NUTRITIONAL ASSESSMENT
TECHNIQUES WITH ATTENTION TO THE CHILD

WITH SPECIAL NEEDS

In hospitalized children, and in children with chronic disease or certain con-

genital syndromes, growth faltering and poor nutritional status are common.
Research efforts focus on the identification of nutritional problems and their
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Table 5 Disease-specific reference data géide

Disease Reference
Preterm/LBW infants 17
Achondroplasia 55
Cerebral palsy 62
Down’s syndrome 21
90
20
Duchenne muscular dystrophy 43
Fragile X syndrome 10
Marfan syndrome 118
86
42
Noonan syndrome 121
88
Prader-Willi syndrome 54
11
Silver-Russell syndrome 112
1
25
Turner’'s syndrome 89
70
60
80
107
6
Williams syndrome 82

3Partially adapted from Ranke (87). LBW, Low birth weight.

causes or correlates, the effects of intervention, and the long-term consequences
on disease progression. For all children, the goal is to achieve normal growth
and development, so for many patient groups, acceptance of a disease-specific
reference for growth may minimize the severity of nutritional disorders. For
some congenital syndromes (such as Down’s syndrome) and other health con-
ditions (such as the low-birth-weight infant) associated with growth abnormal-
ities, disease-specific growth references are appropriate for more accurately
assessing nutritional status and understanding the limitations of a treatment
regimen. A selection of disease-specific growth charts are described in Table 5.

SUMMARY

Nutritional assessment is an important component in providing optimal health
care to children. Itis used in the clinical setting, as well as in nutritional surveil-
lance and research. Assessment of growth and body composition is the primary
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means of nutritional assessment. Measurement of REE and TEE are additional
important tools in determining energy needs. Proper instrumentation, carefully
obtained measurements, and suitable reference data are essential for meaning-
ful assessment of nutritional status. The availability of alternative measures of
assessing nutritional status, such as upper-arm and lower-leg length, and growth
reference data for special groups of children have expanded the applications
of nutritional assessment to meet the needs of more diverse groups of chil-
dren. Special considerations, including the effects of pubertal maturation on
indices of nutritional status and the genetic potential for growth, are reviewed
and reflect the current shortcomings and future areas of research in nutritional
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assessment of children.
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