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ABSTRACT. The energy intake, expenditure, and deposi-
tion of 40 breast-fed and formula-fed infants were investi-
gated at 1 and 4 mo of age to explore possible differences
in energy utilization between feeding groups. Energy intake
was calculated from 5-d test-weighing records or pre- and
postweighing of formula bottles, in combination with bomb
calorimetry of the milks. Total daily energy expenditure
(TDEE) was determined by the doubly labeled water
method. Sleeping metabolic rate (SMR) and minimal ob-
servable energy expenditure were measured by indirect
calorimetry. Activity was estimated as the difference be-
tween TDEE and SMR. Energy deposition was estimated
from dietary intake and TDEE. Energy intakes were sig-
nificantly higher for the formula-fed than breast-fed infants
at 1 mo (118 % 17 versus 101 * 16 kcal/kg/d) and 4 mo
(87 = 11 versus 72 £ 9 kcal/kg/d) (p < 0.001). TDEE
averaged 67 * 8 and 64 * 7 kcal/kg/d at 1 mo and 73 £ 9
and 64 * 8 kcal/kg/d at 4 mo for the formula-fed and
breast-fed infants, respectively, and differed between feed-
ing groups (p < 0.04). SMR and minimal observable
energy expenditure (kcal/min) were higher among the for-
mula-fed infants at 1 and 4 mo (p < 0.005). The energy
available for activity and the thermic effect of feeding did
not differ between feeding groups. Rates of weight gain (g/
d) and energy deposition (kcal/kg/d) tended to be greater
among the formula-fed infants at 1 and 4 mo (p < 0.06).
Differences in weight gain, energy deposition, SMR, min-
imal observable energy expenditure, and TDEE partially
accounted for the discrepancy in energy intake observed
between breast-fed and formula-fed infants. The response
to the varying levels of energy intake in infancy appear to
be mediated through growth and basal-energy-requiring
processes, but not through physical activity. (Pediatr Res
28: 631-640, 1990)
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NCHS, National Center for Health Statistics
EE02, postprandial energy expenditure at 0 to 2 h
EE23, postprandial energy expenditure at 2 to 3 h
EE34, postprandial energy expenditure at 3to4 h
EE03, postprandial energy expenditure at 0 to 3 h
EE04, postprandial energy expenditure at 0 to 4 h
No, average **O dilution space

N, average “H dilution space

ko, fractional turnover rate of '*0

ky, fractional turnover rate of *H

IWL, insensible water loss

CV, coefficient of variation

Adaptations to varying levels of energy intake may affect an
infant’s body mass or composition, basal metabolism, activity,
or thermogenesis. Although the response to severe energy restric-
tion during infancy is well documented (1), the response to
seemingly adequate but different levels of energy intake is not
well understood. Energy intakes of breast-fed and formula-fed
infants have been shown to differ after the first few months of
life (2-4). Differing energy intakes between feeding groups imply
that energy absorption, expenditure, and (or) deposition between
groups also differ. In a previous study (3), we reported a 27%
difference in energy intake between breast-fed and formula-fed
infants at 4 mo of age, but did not observe statistically significant
differences in length, body weight, or weight gain. Nor were
anticipated differences in selected components of energy expend-
iture detected; SMR, TEF, and postprandial energy expenditure
did not differ between feeding groups. Rates of MOEE were
higher among the formula-fed infants, but the increment was
insufficient to account for the differences in energy intake. Rates
of weight gain tended to be greater among the 4-mo-old formula-
fed than breast-fed infants (p < 0.10), but the discrepancy in
energy intake was too large to be explained solely on the basis of
growth velocity. Because these findings suggested that differences
in body composition and energy expended on activity might
account for the putative differences in energy utilization, we
undertook our study to measure TDEE and total body water.

Recent reports (5-10) have shown that the doubly labeled
water method for the noninvasive determination of TDEE can
be applied in infants to complement indirect calorimetric meas-
urements of SMR. In our present study, we combined the doubly
labeled water method with conventional indirect calorimetry to
explore possible differences in energy utilization between breast-
fed and formula-fed infants.

MATERIALS AND METHODS

Study design. A cross-sectional study was designed to compare
energy intake, growth, and energy expenditure of 40 breast-fed
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and formula-fed infants at | and 4 mo of age. The sample was
independent from the sample described in reference 3. Two
infants who did not complete the study because of family illness
and maternal failure to comply with study procedures were
replaced with new subjects. Infants were required to be healthy,
the result of term delivery, of appropriate size for gestational age,
and above the 10th NCHS weight-for-age percentile (11) at birth.
Infants recruited at | mo of age were to be fed either human
milk or formula exclusively. Infants recruited at 4 mo also were
to be fed either human milk or formula exclusively; their diets,
however, could be supplemented, not to exceed 15% of energy
intake. For screening purposes, infant intake was assessed by
maternal recall. The formulas used were Enfamil (Mead Johnson
and Company, Evansville, IN) and Similac (Ross Laboratories,
Columbus, OH) with and without supplemental iron. Participat-
ing mothers were required to be healthy, aged 18 to 35 y, parity
3 or less, and to be on no long-term medications.

Approximately 1wk before the mother and infant were admit-
ted to the Clinical Research Center at Texas Children’s Hospital,
a breast-feeding consultant/health communicator from the Chil-
dren’s Nutrition Research Center visited the home to obtain a
health and feeding history of the infant. A 1-mo supply of ready-
to-feed formula originating from one factory was delivered to
the formula-fed infants to minimize shifts in natural abundances
of '®0 and *H in body water (12). We found that formulas
manufactured in six different geographic locations varied in the
enrichment (A/mil) of 0 (—7.04 + 1.09) and *H (-36.86 =+
8.87). Electric breast pumps were delivered to the breast-feeding
mothers who were trained to express and freeze a daily aliquot
of human milk in preparation for the 24-h milk collection.

The mother and infant were admitted to the Clinical Research
Center for approximately 24 h, at which time the infant under-
went the following procedures: routine physical examination,
anthropometric measurements, assessment of food intake, indi-
rect calorimetry, measurement of IWL, and initiation of the
doubly labeled water measurement. Follow-up procedures con-
ducted in homes of subjects over a 14-d period included: daily
urine sampling, 5-d assessment of food intake, and (for the breast-
feeding pair) a 24-h milk collection. Maternal or infant illnesses
were avoided in the scheduling of the latter two procedures.
Anthropometric measurements were repeated at the end of the
study (d 14).

The study was approved by the Institutional Human Experi-
mentation Committees of Baylor College of Medicine and Texas
Children’s Hospital. Written, informed parental consent was
obtained for all studies.

Anthropometry. Weights of nude infants were obtained on
electronic, integrating scales (model 3862MP, Sartorius Gottin-
gen, FRQG) at least 1 h after feeding. Weight gain was calculated
as the difference between weights measured on d 1 and 14. Infant
length was measured on a recumbent infant board on d 1 and
14.

Clinical assessment. Infants were examined by the attending
pediatrician. Routine vital signs including rectal temperature,
blood pressure, and pulse were taken twice daily by the nursing
staff.

Food intake. The intake of human milk during the 24 h in the
Clinical Research Center and for 5 d at home was assessed by
test-weighing (13). Infant weights were measured before and after
each feeding on Sartorius scales and were not corrected for IWL
during the period of feeding.

Formula intake was determined from pre- and postweights of
4-fl-oz (118 mL) ready-to-feed bottles. Preweighed towels were
provided to recover any formula losses.

Preweighed jars/bottles of baby foods, juices and water, and
preweighed towels were supplied for those infants who received
supplements for the entire 14-d period. The type of supplement
and time of feeding were recorded by the mothers. Used jars/
bottles and towels were returned to the laboratory and reweighed
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so that the amount consumed by the infant could be recorded.
Intakes were standardized over 24 h.

Twenty-four-h milk collection. The 24-h milk collection was
conducted on a separate day after the 5-d test weighing. Mothers
were instructed to breast-feed their infants according to their
usual pattern. At each feeding over a 24-h period, the infant
nursed from one breast, and milk was expressed from the other
breast with an electric breast pump (Egnell, Inc., Cary, IL).
Alternate breasts were used for feeding and pumping at successive
feeds. Human milk that had been collected and frozen in advance
was used to supplement feedings. Milk samples were refrigerated
in sterile, polypropylene bottles until the next day, at which time
they were delivered to the laboratory where they were pooled to
compose 24-h samples.

Biochemical analysis. The energy content of human milk,
formula, and supplemental foods was determined in an adiabatic
bomb calorimeter (Parr Instruments, Moline, IL). Nitrogen was
analyzed by the Kjeldahl method before and after trichloroacetic
acid precipitation of protein (Kjeltec Auto Analyzer 1030, Te-
cator, Hoganas, Sweden). Nonprotein nitrogen was determined
on the supernatant, and protein nitrogen was estimated from the
difference between total nitrogen and nonprotein nitrogen. Pro-
tein nitrogen was converted to protein using the factor 6.25.
Lactose was determined using an automatic analyzer (YSI, model
127, Yellow Springs, OH). Fat was determined by the Jeejeebhoy
method (14).

Indirect calorimetry. Our indirect calorimeter for infants has
been described in detail elsewhere (3). Briefly, the components
of this open circuit system are a 105-L Plexiglas chamber,
a turbine flow system (VMM-2 Ventilation Measurement Mod-
ule, Alpha Technologies, Inc., Laguna Hills, CA), a dual cell
oxygen analyzer (AMTEK N-37/S-3AIl, Ametek, Inc. Thermox
Instruments Division, Pittsburgh, PA), two carbon dioxide ana-
lyzers (AMTEK P61B/CD3A), and a microcomputer (Hewlett
Packard 85B, Hewlett-Packard Co., Palo Alto, CA). The equa-
tions used to calculate O, consumption and CO, production
were described by Jequier (15). The Weir equation (16), necessary
when urinary nitrogen is not measured, was used to calculate
energy expenditure,

Continuous measurement of energy expenditure for 4 consec-
utive postprandial h was planned at the infant’s usual evening
sleeptime. Infants were diapered and lightly clothed in hospital
gowns or pajamas. Infants were fed human milk or formula ad
libitum, coaxed to sleep, and then placed in the calorimeter. The
mean and SD of the minute-to-minute measurements of oxygen
consumption, carbon dioxide production, RQ, and energy ex-
penditure were computed for the postprandial intervals 0 to 2 h,
2 to 3 h, and 3 to 4 h. EE02, EE23, EE34, EE03, and EE04
represent the mean (kcal/min) postprandial energy expenditures
at0to2h,2t03h,3to4h,0to3h, and 0 to 4 h from the end
of the feeding, respectively. The SMR was defined operationally
as either EE23 or EE34, whichever was smaller and (or) available.
The minimal 5-min interval observed during the SMR was
identified and designated as MOEE.

Because the infants were not fasted, the TEF was calculated
relative to EE34, SMR, and MOEE. The TEF was expressed as
a percentage rise in energy expenditure for the postprandial
period 0 to 3 h according to the following equations:

EEO3 — EE34
TEF:EE34 = T EE3d X 100 (1)
EE03 — SMR
EE03 — MOEE
TEF:MOEE = ~ MOEE X 100 3)

IWL. For the measurement of IWL, an open bassinet was
attached to an electronic, integrating balance (Sartorius 3862
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MPS8). Infants were clothed in preweighed diapers and light,
cotton hospital gowns for the test; urine bags were affixed to the
infants to prevent evaporation of urine. Cotton sheets on the
bassinet mattress were preweighed. After the infants had fallen
asleep, they were placed into the bassinet; their weights were
recorded at 5-min intervals until they awakened. Diapers, gowns,
and sheets were reweighed at the end of the measurement.

Doubly labeled water method. A solution of '*O-labeled water
at 93.6 atom percent '*O and 2H,O at 99.8 atom percent *H was
sterilized by passage through an Acrodisc filter (Gelman, Ann
Arbor, MI); sterilization and lack of pyrogenicity were verified
by standard culture plate techniques and limulus amebocyte
lysate (Pyrogent, Mallinckrodt, Inc., St. Louis, MO), respectively.
The dose of 2H,'*0 was equivalent to 300 mg '*0 and 200 mg
2H,0/kg body weight.

A baseline urine sample was collected from each infant before
oral administration of H,'*0. Urine samples were collected at 6
h postdose and daily thereafter for 14 d. Samples were collected
in sterile, pediatric specimen bags (U-Bag, Hollister, Inc., Kurts-
ville, MO), transferred with a syringe to o-ring sealed sample
vials, and then frozen at —20°C. Mothers were trained by the
Clinical Research Center nurse and continued the collections at
home. The time of collection was recorded.

Urine samples were analyzed for ’H and '*O enrichment using
a Finnigan Delta-E gas-isotope-ratio mass spectrometer (Finni-
gan MAT, San Jose, CA) and a VG-SIRA 12/ISOPREP-18 mass
spectrometer system (Isotech Limited, Middlewich, Cheshire,
UK), respectively, as described by Wong et al. (17).

The Simulation, Analysis, and Modeling (SAAM version 29,
NIH, Bethesda, MD) computer program was used to fit curves
for the monoexponential decay of '*O and *H in the urine
samples. To assure isotope equilibration, the 6-h postdose urine
sample was excluded from analysis. To minimize errors intro-
duced by the rapid depletion of %0 in urine and shifts in baseline
isotopic enrichments, the single compartmental analysis was
limited to the isotopic data representing three biologic half-lives
of O of each infant.

The initial isotope dilution spaces (N,;) of '*0 and *H were
calculated from the isotopic enrichments of 30 and *H as

d-APE-18.02
MW.100-6"-Rya

where d is the amount of '*O-labeled water or *H,O (g); MW is
the molecular weight of the labeled water (g/mol); atom percent
excess (APE) was calculated from the isotopic enrichments meas-
ured by isotope-ratio mass spectrometry after gravimetric dilu-
tion of the *H,'30Q solution; &’ is the intercept or zero-time
enrichment of '*O or 2H over baseline; and Ryq is the reference
standard '*0/'°O or 2H/'H ratio of Vienna-standard mean ocean
water which has a value of 0.0020052 (18) or 0.00015595 (19),
respectively.
No or Ny was calculated (5) as

No or Ny (g) = (N} — N)/In(N;/Ny) (5)

where N, and N, are the dilution spaces at time zero and at the
end of the period (1, in days) representing three biologic half-
lives of '®O. N, was estimated from weight gain under the
assumption that dilution spaces changed in proportion to weight
during the course of study.

Carbon dioxide production rates (rco,) (5) were calculated as

reo, (g/d) = 0.9625-[(No-ko — Qo)
— (Nu-ky — Qu)1 — OOIX)/(I - 0.055-X)] (6)

where ko and ky; are the fractional turnover rates of '30 and *H,
respectively. Qo and Qu (g/d) are the daily changes in '*O and
?H dilution spaces, i.e. (N, — N2)/t. The fraction of IWL relative
to total water output is denoted by X. In vivo isotope fractiona-

N (g) = 4
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tion factors of 0.945 (f}), 0.990 (f2), and 1.039 (f;), measured at
37°C, were used (20).

Oxygen consumption (ro,) was calculated from rco, and the
mean RQ of the interval EE04, or EEO3, if the former were not
available. The Weir equation (16) was used to convert rco, and
o, to TDEE.

TDEE (kcal/d) = 22.4-(1.106-rco, + 3.941-10,). (7)

The energy available for activity was estimated from the dif-
ference between TDEE and SMR. Energy deposition was calcu-
lated from the difference between metabolizable energy intake,
taken to be 92% of gross energy intake (21), and TDEE.

Statistical analysis. Analysis of variance (SPSS-X) (22) was
used to analyze the biographical, intake, anthropometrc, and
energy expenditure data. Grouping factors were feeding mode
(human milk or formula), sex, and age (1 mo or 4 mo). Reference
to a significant feeding effect implies a significant difference at
both 1 and 4 mo of age or for both male and female infants,
unless a significant interaction was encountered. In that case, the
feeding effect was tested and presented separately by age or sex.
Analysis of covariance for repeated measures (BMDP2V) (23)
was also applied to the postprandial energy expenditure data.
The same grouping factors were used with the repeated factor:
EE02, EE23, and EE34. Orthogonal polynomial analysis was
also used to test for trends during these three energy expenditure
periods. Analysis of covariance (BMDP2V) was also used to
analyze the TEF. Covariates in the statistical analysis of energy
expenditure and TEF included infant weight (g), intake of the
feeding (g), duration of the feeding (min), duration of the calor-
imetric test (min), time elapsed from the beginning of the feeding
to the start of the calorimetric test (min), and time elapsed from
the end of the feeding to the start of the calorimetric test (min).
Regression analysis (Minitab) (24) was used to relate intake,
energy expenditure, and growth. Values are expressed as means
and SD.

RESULTS

Subjects. A description of the 40 subjects who completed the
study is presented in Table 1. Mean birth weight, birth length,
and gestational age were 3381 = 333 g, 50.0 + 2.2 cm, and
39.8 + 0.9 wk, respectively. There were no statistically significant
differences between feeding and age classifications in terms of
birth weight and length, gestational age, gravidity, parity, mater-
nal weight and height, and paternal height. Maternal age (p <
0.001) and education (p < 0.002) were higher among the breast-
feeding mothers.

Feeding histories indicated that the breast-fed infants had
received human milk exclusively since birth. Four of the infants
classified in the 4-mo formula-fed group had been switched from
human milk to formula at 7, 14, 20, and 21 d of life. In the
formula-fed group, Enfamil with supplemental iron was con-
sumed by five infants, Enfamil without supplemental iron by
five infants, Similac with supplemental iron by six infants, and
Similac without supplemental iron by four infants at the time of
study. Six of the 4-mo-old formula-fed infants were receiving
supplemental foods. Multivitamin supplements were reported to
be given to seven of the breast-fed and two of the formula-fed
infants. Fluoride supplements were reported to be given to six of
the breast-fed and two of the formula-fed infants. None of the
infants was reported to be receiving additional iron.

Minor illnesses were reported for eight of the breast-fed and
seven of the formula-fed infants between d 3 and 14. Illnesses
included colds, fever, constipation, thrush, jaundice, and ear
infections. All infants were healthy at the beginning of this study
and during the 5-d assessment of food intake and the 24-h milk
collection.

Anthropometry. Mean weight, length, weight-for-length?, head,
chest, and arm circumferences were not statistically different
between feeding groups at the time of study (Table 2). An age
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Table 1. Subject characteristics

Breast-fed infants

Formula-fed infants

[ mo 4 mo 1 mo 4 mo
(n=10) (n=10) (n=10) (n=10)
Birth wt (g) 3345 (335)* 3439 (336) 3430 (281) 3311 (404)
Birth length (cm) 50.0 (2.2) 50.8 (2.6) 49.9 (2.0) 49.4 (2.0)
Gestational age (wk) 39.8 (1.0) 40.1 (1.1) 39.7(0.8) 39.8 (0.2)
Sex ratio (male/female) 7/3 5/5 8/2 6/4
Age at study (d) 32(3) 114 (10) 33 (4) 114 (9)
Ethnicity (Black/Caucasian/Hispanic) 2/8/0 2/7/1 7/1/2 1/5/4
Maternal age (y)t 29.9(3.2) 29.5(2.4) 26.7 (2.9) 26.1 (3.1)
Gravidity 2.0 (1.0) 2.2 (1.6) 2.2(0.8) 2.0 (0.8)
Parity 1.7 (0.8) 1.8 (0.8) 1.8 (0.4) 2.0 (0.8)
Education (y)t 15.6 (1.9) 15.2 (2.4) 13.5(1.9) 12.4(0.9)
Maternal wt (kg) 66.0 (6.6) 60.4 (12.1) 65.3(13.6) 65.3 (14.4)
Maternal ht (m) 1.65 (0.05) 1.63 (0.07) 1.62 (0.06) 1.63 (0.02)
Paternal ht (m) 1.79 (0.09) 1.78 (0.09) 1.79 (0.06) 1.74 (0.02)
* Mean (SD).
T p = 0.001-0.002 for feeding effect by analysis of variance.
Table 2. Anthropometric indices of breast-fed and formula-fed infants at 1 and 4 mo of age
Breast-fed infants Formula-fed infants
1 mo 4 mo 1 mo 4 mo
Index (n=10) (n=10) (n=10) (n=10)
Wt (g)*t 4654 (734)% 6608 (688) 4844 (279) 6598 (561)
Length (cm)*t 54.8 (2.4) 62.4 (2.0) 55.0(1.2) 61.6 (1.6)
Wt gain (g/d)t 36.6 (13.6) 12.2 (5.0) 41.2 (13.6) 21.6 (7.6)
Wt gain (g/kg/d)T§ 8.6 (3.6) 1.9 (0.7) 9.0 (3.1) 3.4(1.4)
Wt/length?*t 1.54 (0.14) 1.69 (0.11) 1.60 (0.10) 1.70 (0.10)
Head circumference*f || 37.9 (1.1) 41.7 (1.0) 38.3(1.0) 41.6 (0.8)
Chest circumference*t 37.0(2.49) 41.2 (1.7) 37.8(1.2) 42.0 (1.6)
Arm circumference*t 12.2 (1.0) 3.7 (0.9) 12.3 (0.6) 14.1 (0.6)

* Average value of measurements taken on d 1 and 14.
T =0.001 for age effect by analysis of variance.

} Mean (SD).

§ p = 0.03 for feeding effect by analysis of variance.

Il p = 0.006 for sex effect by analysis of variance.

effect (p < 0.001) was seen for all of the above indices. A sex
effect (male > female; p < 0.006) was observed for head
circumference.

Weight gain (g/d) tended to differ between breast-fed and
formula-fed infants (p < 0.06). Weight gain (g/kg/d) differed
between feeding groups (p < 0.027).

The NCHS percentile rankings and Z-scores are shown in
Table 3. There were no statistically significant differences be-
tween feeding groups at birth or at the time of study. The change
in percentiles from birth to the time of study at | or 4 mo did
not differ between feeding groups.

Clinical assessment. Vital signs recorded in the Clinical Re-
search Center were clinically unremarkable. Mean rectal temper-
ature, blood pressure, respiratory rate, and heart rate were
37.3 £0.23°C, 97.8 + 8.2 mm Hg, 40 + 4 breaths/min, and 142
+ 9 beats/min, respectively. No statistically significant differ-
ences were demonstrated between feeding groups.

Intake. Foods consumed by the infants during the 5-d obser-
vation period at home are tabulated in Table 4. The breast-fed
infants consumed 733 + 221 g/d (CVupjects = 30.0%; CViays =
8.0%) at 1 mo and 770 £ 104 g/d (CV wpjers = 13.3%; CVays =
7.8%) at 4 mo. CVpiears reflects the variability between subjects
and CVg,,, represents the variability between days for individuals.
The mean intakes of formula were 856 + 131 g/d (CVaubjecs =
12.8%; CVaays = 10.6%) at 1 mo and 782 + 136 g/d (CV gupjects =
16.6%; CVays = 11.3%) at 4 mo. There was no difference
between the consumption of Similac and Enfamil. Six of the 4-
mo-old formula-fed infants received supplemental foods. Supple-
mental water was given only to the 1-mo-old infants.

The composition of the human milk and formulas is presented
in Table 5. The gross energy content of human milk averaged
0.66 + 0.06 and 0.62 * 0.08 kcal/g at 1 and 4 mo, respectively.
The gross energy concentration of both formulas was 0.67 = 0.01
kcal/g. Mean energy concentration calculated from the energy
equivalents of milk (5.65 kcal/g protein, 3.95 kcal/g lactose, and
9.25 kcal/g fat) (25) was within 2 + 5% of the value determined
by bomb calorimetry. Our analysis of the gross energy content
of formula (0.67 kcal/g) determined by bomb calorimetry was
not consistent with the manufacturers’ stated value (0.67-0.68
kcal/g) for metabolizable energy.

Nutrient intakes of the breast-fed and formula-fed infants
calculated from the 5-d home intake records are shown in Table
6. Energy intake was significantly different between the breast-
fed and the formula-fed infants at 1 mo (101 % 16 versus 118 +
17 keal/kg/d) and 4 mo of age (72 = 9 versus 87 + 11 kcal/kg/
d) (p < 0.001). Energy intake differed by age (p < 0.001) and
sex (p < 0.03). Energy intakes were higher among the male
infants. Supplementation (7 + 9 kcal/kg/d) accounted for § +
11% of the energy intake of the 4-mo-old formula-fed infants.
Protein, lactose, and fat intakes (g/d) were significantly higher
among the formula-fed infants (p < 0.003-0.02). Expressed on
a weight basis, the intake (g/kg/d) of these nutrients differed by
feeding mode and age (p < 0.003).

Milk and energy intakes recorded in the Clinical Research
Center did not differ from those recorded at home. Mean energy
intakes in the Clinical Research Center were 100 + 25 and 73 +
11 kcal/kg/d for the I- and 4-mo-old breast-fed infants, and
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Table 3. NCHS percentiles and Z-scores of breast-fed and formula-fed infants at birth and I and 4 mo of age

Breast-fed infants

Formula-fed infants

Index 1 mo 4 mo 1 mo 4 mo

At birth:* n=7 n=17 n=238 n=2_8
LACt 63.0 (22.5)t 72.6 (29.4) 54.0 (21.5) 43.9 (24.6)
WLCH 45.2 (23.3) 31.6 (12.4) 53.3(24.5) 46.6 (27.8)
WACT 65.4 (20.9) 66.8 (25.3) 66.4 (18.1) 52.5(26.2)
LAZS§ 0.38 (0.64) 0.80 (0.96) 0.14 (0.62) —0.15 (0.69)
WLZ§ —0.17 (0.69) —0.51 (0.38) 0.05(0.72) —0.13 (0.80)
WAZS 0.47 (0.64) 0.55(0.78) 0.52 (0.65) 0.12 (0.83)

At time of study: n=10 n=10 n=10 n=10
LACY} 554 (31.2) 52.3(21.7) 54.7 (19.0) 43.9 (24.6)
WLCt 68.8 (17.1) 65.1(22.5) 78.1 (13.5) 74.0 (20.5)
WACT 64.9 (29.8) 65.0 (18.6) 77.1(12.9) 61.9 (24.5)
LAZ§ 0.12 (1.01) 0.07 (0.60) 0.13 (0.54) —0.28 (0.73)
WLZ§ 0.56 (0.53) 0.44 (0.64) 0.84 (0.44) 0.75 (0.64)
WAZ§ 0.66 (1.23) 0.48 (0.66) 0.83(0.51) 0.43 (0.83)

* Values calculated for wt-for-length for 10 of the 40 infants were outside of the range of NCHS values at birth, probably a result of unreliable

measurements of length taken from hospital records.

+ NCHS (11) percentiles: LAC, length-for-age; WLC, wt-for-length; WAC, wt-for-age.

{ Mean (SD).

§ NCHS (11) Z-scores: LAZ, length-for-age; WLZ, wt-for-length; WAZ, wt-for-age.

Table 4. Intake of breast-fed and formula-fed infants at 1 and 4 mo of age measured over 5 consecutive d at home

Breast-fed infants

Formula-fed infants

1 mo 4 mo 1 mo 4 mo
Item (n=10) (n=10) (n=10) (n=10)
Milk (g/d) 733 (221)* 770 (104) 856 (131) 782 (136)
Feedings/d 7.2 (1.6) 6.5 (1.1) 7.8 (1.0) 6.7 (1.9)
Min/feeding 24 (5) 19 (6) 19 (7) 10 (6)
Supplements (g/d)
Apple juice 0 0 0 21.5 (35.4)F
Rice cereal 0 0 0 39.8 (79.4)
Applesauce 0 0 0 5.5(10.3)
Pears 0 0 0 5.0(13.7)
Bananas 0 0 0 0.6 (1.8)
Peaches 0 0 0 3.2(7.8)
Squash 0 0 0 1.8 (4.3)
Carrots 0 0 0 0.3 (1.0)
Supplemental water (g/d) 0.5 (1.6) 0 18.4 (29.7) 0
* Mean (SD).

+ Supplemental intake averaged over the 10 infants. Items as listed were consumed by three, four, three, two, one, two, two, and one infant,

respectively.

Table 5. Milk composition

Human milk Formula

1 mo 4 mo Enfamil Similac

(n=10) (n=10) (n=10) (n=10)
Energy (kcal/g) 0.66 (0.06)* 0.62 (0.08) 0.67 (0.01) 0.67 (0.01)
Total nitrogen (mg/g) 2.10 (0.46) 1.73 (0.14) 2.32 (0.06) 2.27 (0.04)
Protein nitrogen (mg/g) 1.61 (0.45) 1.33 (0.13) 1.98 (0.05) 2.09 (0.05)
Nonprotein nitrogen (mg/g) 0.48 (0.10) 0.40 (0.05) 0.34 (0.03) 0.18 (0.03)
Lactose (mg/g) 63.93 (2.69) 66.36 (1.02) 71.48 (2.50) 71.32 (1.89)
Fat (mg/g) 33.53(7.75) 28.04 (8.43) 33.66 (1.88) 33.23 (1.46)

* Mean (SD).

115 + 17 and 94 + 17 kcal/kg/d for the 1- and 4-mo-old formula-
fed infants, respectively.

Indirect calorimetry. Postprandial energy expenditures have
been summarized for 32 completed 4-h calorimetric tests (Table
7). Sample size was reduced to 32 to use BMDP2V analysis of
covariance for repeated measures, which requires a complete
data set. Eight infants were eliminated from this analysis because
they awakened during one of the three time intervals, EEO2,
EE23, or EE34. Available energy expenditure data for these eight

infants, however, were not significantly different from the data
of the other infants. In addition, repetition of the analysis of
covariance, substituting estimated energy expenditure values for
missing data, did not alter the results. Calculation of the missing
values used the relative position of each infant’s existing data to
the mean of the remaining seven.

Analysis of covariance for the time intervals EE02, EE23, and
EE34 indicated that the effect of feeding mode on energy ex-
penditure was dependent on age (p < 0.02). When infants were
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Table 6. Nutrient intakes of breast-fed and formula-fed infants at 1 and 4 mo of age measured over 5 consecutive d at home

Breast-fed infants

Formula-fed infants

1 mo 4 mo 1 mo 4 mo
(n=10) (n=10) (n=10) (n=10)
Total energy intake
(kcal/d)* 480 (147)t 471 (50) 573 (88) 570 (66)
(kcal/kg/d)*{§ 101 (16) 72 (9) 118 (17) 87 (11)
Protein intake
(g/dy* 7.1(1.9) 6.4 (1.0) 10.9 (1.7) 10.0 (1.6)
(g/kg/d)*t 1.5 (0.3) 1.0 (0.1) 2.2 (0.3) 1.5(0.3)
Lactose intake
(/DI 47.3(15.9) 51.1(6.6) 60.8 (9.3) 55.5(9.6)
(g/kg/d)*t 9.9 (1.9) 7.7 (0.6) 12.5(1.8) 8.5(1.6)
Fat intake
(g/d)*1 23.8(7.2) 21.1 (4.9) 29.1 (4.5) 26.6 (4.6)
(g/kg/d)*q 5.1(1.0) 3.2(0.9) 6.0 (0.8) 4.0 (0.8)
* p = 0.001-0.005 for feeding effect by analysis of variance.
T Mean (SD).

1 p =0.001 for age effect by analysis of variance.

§ p = 0.03 for sex effect by analysis of variance.

Il p = 0.02 for feeding effect by analysis of variance.

1 p = 0.01-0.02 for age-sex interaction by analysis of variance.

Table 7. Postprandial energy expenditure of breast-fed and formula-fed infants at 1 and 4 mo of age

Breast-fed infants

Formula-fed infants

1 mo 4 mo 1 mo 4 mo
(n=7) (n=29) n=17 (n=29)
Energy expenditure (kcal/min)*
EE02 0.183 (0.023)t 0.229 (0.015) 0.185(0.010) 0.253 (0.027)
EE23 0.179 (0.019) 0.218 (0.018) 0.180 (0.014) 0.243 (0.023)
EE34 0.175 (0.023) 0.220 (0.018) 0.180 (0.018) 0.244 (0.020)
EE04 0.179 (0.019) 0.223 (0.016) 0.183 (0.011) 0.247 (0.023)
Energy expenditure (kcal/kg/min)*
EE02 0.039 (0.002) 0.035 (0.004) 0.040 (0.004) 0.040 (0.003)
EE23 0.038 (0.002) 0.033 (0.003) 0.039 (0.003) 0.038 (0.003)
EE34 0.037 (0.003) 0.034 (0.003) 0.039 (0.004) 0.038 (0.002)
EEO4 0.038 (0.002) 0.034 (0.003) 0.040 (0.003) 0.038 (0.003)
Mean RQ at 0 to 4 h postprandial 0.94 (0.02) 0.90 (0.05) 0.90 (0.06) 0.90 (0.05)
Covariates
Milk intake (g) 114 (42) 108 (48) 102 (25) 126 (45)
DF (min)} 33(11) 26 (8) 23(15) 24 (16)
TBF (min)t 94 (21) 77 (24) 86 (56) 64 (25)
TFF (min)t 61 (25) 50 (21) 63 (55) 40 (21)
DT (min)} 174 (23) 193 (23) 183 (39) 196 (23)

* p = 0.02 for feeding-age interaction by analysis of variance.
1 Mean (SD).

1 DF, duration of feeding; TBF, time elapsed from beginning of feeding; TFF, time elapsed from finish of feeding; DT, duration of test.

divided on the basis of age, a significant difference in energy
expenditure (kcal/min) between feeding groups was evident only
at 4 mo of age (p < 0.01). Energy expenditures for the 4-mo-old
infants were significantly different between time intervals (p <
0.001); there was also evidence of linear (p < 0.001) and quad-
ratic (p < 0.002) trends. High variability in energy expenditure
among the 1-mo-old infants precluded detection of significant
effects or trends.

Standardized by infant weight, postprandial energy expendi-
ture values differed between feeding groups only at 4 mo of age.
Energy expenditure (kcal/kg/min) was significantly higher
among the formula-fed infants compared with that among the
breast-fed infants (p < 0.01). Energy expenditures of the 4-mo-
old infants differed between periods (p < 0.001); significant
linear and quadratic trends (p < 0.001) were demonstrated.

The mean RQ at 0 to 4 h postprandial did not differ by feeding
mode, sex, or age.

SMR and MOEE. The SMR and MOEE of the 40 infants are

presented in Table 8. The values for SMR and MOEE (kcal/
min) were significantly lower among the breast-fed infants com-
pared with values for the formula-fed infants (p < 0.005). With
SMR expressed in terms of body weight, the difference between
feeding groups was greater at 4 mo than at 1 mo of age (inter-
action between feeding mode and age, p < 0.04). MOEE, ex-
pressed in terms of body weight, differed significantly between
feeding groups (p < 0.005). Controlling for weight gain did not
eliminate differences in SMR or MOEE observed between breast-
fed and formula-fed infants. SMR and MOEE were highly cor-
related (r = 0.92). The ratio of MOEE/SMR was 0.90 + 0.03.
SMR and MOEE were not related to weight gain, ponderal
index, or NCHS rankings.

TEF. TEF, analyzed as a function of EE34, SMR, or MOEE,
is presented in Table 9. The TEF did not differ by feeding mode,
age, or sex. The TEF could not be related to intake preceding
the test, duration of the feeding, duration of the calorimetric test,
time elapsed from the beginning of the feeding to the start of the
calorimetric test, RQ, or weight gain.
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Table 8. SMR and MOEE of breast-fed and formula-fed infants

Breast-fed infants

Formula-fed infants

1 mo 4 mo 1 mo 4 mo
(n=10) (n=10) (n=10) (n=10)

SMR

(kcal/min)*t 0.159 (0.026)% 0.217 (0.017) 0.174 (0.017) 0.243 (0.022)

(kcal/kg/min)§ 0.034 (0.003) 0.033 (0.003) 0.036 (0.003) 0.037 (0.002)

(kcal/kg/d) 49.2 (4.0) 47.5 (4.4) 51.7 (4.2) 53.2(3.4)
MOEE

(kcal/min)*t 0.144 (0.023) 0.195 (0.018) 0.157 (0.015) 0.222 (0.020)

(kcal/kg/min)* 0.031 (0.003) 0.030 (0.004) 0.032 (0.003) 0.034 (0.002)

(kcal/kg/d) 44.6 (4.2) 42.7 (5.1) 46.7 (4.0) 48.4 (2.6)

* p < 0.003-0.005 for feeding effect by analysis of variance.
+p < 0.001 for age effect by analysis of variance.

1 Mean (SD).

§ p = 0.04 for feeding-age interaction by analysis of variance.

Table 9. Thermic effect of feeding of breast-fed and formula-fed
infants at 1 and 4 mo of age

Breast-fed infants Formula-fed infants

1 mo 4 mo I mo 4 mo
(n=17) (n=29) (n=17) (n=9)
TEF:EE34 4.2 (6.5)* 2.0(2.4) 2.3(7.2) 1.6 (2.7)
TEF:SMR 6.2 (4.6) 3.0(2.1) 4.7 (6.4) 2.8(2.4)
TEF:-MOEE 18.0(7.2) 15.0(7.0) 17.3(8.1) 12.7(3.7)

* Mean (SD) expressed as a percentage rise in energy expenditure.

IWL. Rate of IWL was monitored for an average of 94 + 38
min (Table 10). Room temperature and relative humidity ranged
from 22 to 26°C and 34 to 56%, respectively, during the time of
observation. IWL, standardized to body weight, averaged 0.019
g/kg/min and did not differ by feeding, age, or sex classification.

IWL (g/kg/d) was positively correlated with SMR (kcal/kg/d)
(r = 0.37; p < 0.05) and MOEE (kcal/kg/d) (r = 0.30; p < 0.05),
but not TDEE.

TDEE. Parameters generated by the doubly labeled water
method are presented in Table 10. Ny and No did not differ
between feeding groups, but were significantly different between
sexes (male > female; p < 0.02) and ages (p < 0.001). The ratio
of Nu/No did not differ with feeding mode, age, or sex. Daily
change in *H dilution space and '*O dilution space declined with
age (p < 0.001). The ky and ko were higher among the younger
infants (p < 0.004). There was a tendency for ku (p <0.13) and
ko (p < 0.09) to be higher among the formula-fed compared
with breast-fed infants. The ku/ko ratio differed only by age
(p<0.001). TDEE (kcal/d) was different between feeding groups
(p < 0.02), ages (p < 0.001), and sexes (male > female; p <
0.02). Expressed in terms of body weight, TDEE (kcal/kg/d) was
different between feeding groups (p < 0.04), ages (p < 0.04), and

Table 10. Isotope dilution spaces, fractional turnover rates of *H and *O, IWL, and TDEE of breast-fed and formula-fed infants at
1 and 4 mo of age

Breast-fed infants Formula-fed infants

1 mo 4 mo 1 mo 4 mo
(n=10) (n=10) (n=10) (n=10)
Study interval (d) 7.0 (1.4)* 7.5 (0.5) 7.6 (0.3) 7.1 (0.6)
Nu (g)t1§ 3144 (419) 3781 (372) 3135(189) 3911 (338)
No (8)18§ 3107 (401) 3669 (383) 3060 (200) 3824 (334)
Nx/No 1.01 (0.02) 1.03 (0.02) 1.02 (0.02) 1.02 (0.02)
Qu (g/d)8 26 (10) 7(3) 27(9) 13 (5)
Qo (8/d)§ 25 (10) 7(3) 26 (9) 13(5)
ku (d71§ 0.254 (0.047) 0.218 (0.011) 0.284 (0.054) 0.225 (0.022)
ko (d7)8§ 0.288 (0.050) 0.262 (0.013) 0.325 (0.060) 0.270 (0.020)
ki/ko§ 0.88 (0.02) 0.83 (0.01) 0.87 (0.01) 0.83 (0.02)
IWL
(g/kg/min) 0.019 (0.005) 0.017 (0.003) 0.021 (0.002) 0.018 (0.003)
(% "H0)§ 16.0 (4.1) 20.3 (3.4) 16.6 (2.9) 19.5 (3.0)
TDEE
(kcal/d)| 8% 291 (48) 420 (49) 316 (42) 476 (58)
(kcal/kg body wt/d)|| 1** 64 (7) 64 (8) 67 (8) 73 (9)
(kcal/kg Nu/d)I§ 92 (9) (i) 101 (13) 122 (12)
(kcal/kg No/d)II§ 94 (10) 115(11) 103 (13) 124 (11)
TDEE/SMR1 1.28 (0.12) 1.34 (0.15) 1.26 (0.16) 1.36 (0.12)
TDEE/MOEE" 1.41 (0.15) 1.50 (0.15) 1.40 (0.14) 1.49 (0.14)
* Mean (SD).

t Abbreviations: Qu and Qo, daily changes in 2H and '*0 dilution spaces; "H>O, total water output.
1 p =< 0.01-0.02 for sex effect by analysis of variance.

§ p < 0.001-0.005 for age effect by analysis of variance.

| p < 0.02-0.04 for feeding effect by analysis of variance.

1 p < 0.02-0.04 for age effect by analysis of variance.

** p < 0.05 for sex effect by analysis of variance.
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sexes (male > female; p < 0.05). Standardized by Ny or No,
TDEE differed by feeding mode (p < 0.02) and age (p < 0.001).
Controlling for weight gain did not eliminate differences in
TDEE observed between feeding groups. TDEE (kcal/kg/d) was
positively correlated with SMR (kcal/kg/d) (= 0.59; p < 0.001)
and MOEE (kcal/kg/d) (r = 0.64; p < 0.001). The ratios TDEE/
SMR and TDEE/MOEE differed only by age (p < 0.025).

The energy available for activity, derived from the difference
between TDEE and SMR, was 13 + 6 and 13 + 7 kcal/kg/d for
the 1-mo-old, and 16 + 6 and 19 + 7 kcal/kg/d for the 4-mo-
old breast-fed and formula-fed infants, respectively. The energy
available for activity did not differ between feeding groups, but
did differ by age (p < 0.02) and sex (male > female; p < 0.06).

Energy deposition, the difference between metabolizable en-
ergy intake and TDEE, was 29 = [8 and 42 + 16 kcal/kg/d for
the 1-mo-old and 2 + 7 and 7 + 13 kcal/kg/d for the 4-mo-old
breast-fed and formula-fed infants, respectively. Energy deposi-
tion differed by age (p < 0.001) and tended to be lower among
the breast-fed infants (p < 0.06). Energy deposition (kcal/kg/d)
was positively correlated with energy intake (kcal/kg/d) (r =
0.92; p < 0.001) and weight gain (g/kg/d) (r = 0.64; p < 0.001).

Multiple regression was used to explore the discrepancy in
energy intake observed between breast-fed and formula-fed in-
fants at 1 and 4 mo of age. Energy intake was designated as the
dependent variable and feeding group, age, weight gain, TDEE,
and SMR as the independent variables; variables were standard-
ized by body weight. The model accounted for 62% of the
variability in energy intake. Feeding group (p < 0.05) and age
(p <0.01) were the only significant factors. With adjustment for
age, weight gain, TDEE, and SMR, the discrepancy in energy
intake between feeding groups was reduced from 16 to 12 kcal/
kg/d, but remained significant.

Weight gain (g/kg/d) was positively correlated with energy,
protein, lactose, and fat intakes (g/kg/d) (r = 0.63-0.74; p <
0.01). Weight gain (g/kg/d) was not correlated with SMR,
MOEE, or TDEE (kcal/kg/d).

Positive correlations were observed between energy intake and
SMR (r = 0.28, p < 0.08) and MOEE (r = 0.28; p < 0.07).
Energy intake was correlated with IWL (r = 0.38; p < 0.05) and
rectal temperature (r = 0.38; p < 0.05). Energy intake was not
correlated with TDEE or the energy available for activity. Activ-
ity was positively correlated with TDEE (r = 0.84; p < 0.01), but
not with SMR, MOEE, or weight gain. Protein, lactose, and fat
intakes were not significantly correlated with any parameter of
energy expenditure. Neither TDEE nor activity was significantly
correlated with the ponderal index or the NCHS rankings. All of
the above variables were standardized by body weight.

DISCUSSION

Significant differences in TDEE, SMR, MOEE, energy depo-
sition, and weight gain demonstrated that key physiologic param-
eters were affected in early infancy by the mode of feeding.
Energy expended in activity and the TEF did not differ between
feeding groups. Our findings confirmed previously observed dif-
ferences in energy intake between breast-fed and formula-fed
infants (2-4), and revealed significant differences between the
two feeding groups in energy utilization for maintenance and
growth. Although body weight and composition did not differ,
increased rates of weight gain expected in our previous study (3)
were demonstrated. SMR, in contrast to our prior study, MOEE,
TDEE, and energy deposition (significant at the 0.06 level) were
found to be higher among the formula-fed infants.

Energy intakes of the breast-fed infants were lower than those
of the formula-fed infants not only at 4 mo of age, as observed
in our previous study (3), but also at 1 mo of age. The test-
weighing procedure underestimates human milk intake by an
amount equal to the weight of IWL during the course of feeding.
Based on the measurements of IWL and recorded feeding times,
the energy intakes of the breast-fed infants may have been
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underestimated by 2%. Differences in the macronutrient com-
position of human milk and formula, combined with disparate
levels of milk intake, resulted in significant differences in protein,
lactose, and fat intake. Although our study was focused on
differences in energy intake, we recognize that intakes of mac-
ronutrients, minerals, vitamins, and specific proteins differ sub-
stantially between feeding groups and may also influence energy
utilization by infants. Because of the marked differences in the
composition of human milk and formula, inferences regarding a
cause and effect relationship between energy intake and energy
utilization cannot be made.

Higher rates of energy deposition among the formula-fed
infants (p = 0.06) were congruent with their higher weight
velocities. (Our estimations of energy deposition are highly de-
pendent upon the assumption of equal digestibility constants for
breast-fed and formula-fed infants.) Despite higher rates of weight
gain, differences in body weights, lengths, NCHS percentiles, or
changes in NCHS percentiles between birth and the time of study
were not seen between feeding groups. Different patterns of
growth before the time of study might explain these seemingly
incongruous results. Neither the ponderal indices nor the Ny and
No dilution spaces were indicative of body compositional differ-
ences between breast-fed and formula-fed infants. The energy
cost of growth of these infants was computed for a separate
publication (26) and found not to differ by feeding mode, age,
or sex; our ability to detect significant differences, however, was
limited by individual variation and experimental error. Persist-
ence of different rates of weight gain would likely result in
different body sizes as reported for older breast-fed and formula-
fed infants (27). Similarly, if disparate levels of energy intake and
weight gain were to continue into later infancy, differences in
body composition might also emerge. It was also apparent that
weight gain was not inversely related to energy expenditure as
might be anticipated. The formula-fed infants disposed of surfeit
energy by augmented expenditure and deposition.

Differences in SMR and MOEE between feeding groups sug-
gested an adaptive response to different levels of energy intake.
Although there is disagreement among reports in the literature
(28-33), evidence suggests a reduction in overall metabolic activ-
ity in severely malnourished children (28, 29). Basal energy
expenditure was shown to have increased rapidly upon recovery
from malnutrition and was positively correlated with energy
intake (28). Although our SMR observations may be on this
continuum, they never approached the nadir of 38 kcal/kg/d
reported for malnourished infants. In addition, breast-fed infants,
unlike malnourished infants, do not increase their energy intake
when given the opportunity. The ad libitum addition of solid
foods to the diets of exclusively breast-fed infants neither aug-
mented their energy intakes nor reversed the decline in their
NCHS weight-for-age percentiles observed during exclusive
breastfeeding (34).

Nevertheless, the higher SMR and MOEE of the formula-fed
infants may reflect differences in growth rate, body composition,
facultative thermogenesis, or metabolic costs associated with the
nutrient balance in formulas. The first two possibilities are not
supported by the findings of our present study; neither SMR nor
MOEE was related to weight gain. *H and '*O dilution spaces
were similar between feeding groups. No physiologic or biochem-
ical basis for the dissipation of surfeit energy has been docu-
mented convincingly in humans. The latter explanation of nu-
trient imbalance is conjecture with no evidence from human
studies.

Our ability to detect statistically significant differences in en-
ergy intake at 1 and 4 mo, SMR, and weight gain may have been
the result of limited sample size in our previous study (3).
Therefore, we combined results from the present and former
studies to reconcile seeming inconsistencies (35). By analysis of
variance (n = 105), energy intake (kcal/kg/d, p < 0.001), SMR
(kcal/kg/d, p = 0.015), and MOEE (kcal/kg/d, p < 0.002) were
significantly lower among the breast-fed infants. Weight gain (g/
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d) was significantly different between feeding groups at the p <
0.055 level; normalization by body weight tended to diminish
the difference in weight gain seen between feeding groups (p =
0.11). ,

Although varying levels of energy intake might be expected to
influence TEF (36), we were unable to detect differences between
feeding groups in the TEF relative to SMR or MOEE. The
magnitude of the TEF, however, was difficult to resolve from
our present data because SMR and MOEE were measured under
nonfasting conditions and, therefore, encompassed a residual
component of TEF.

Postprandial energy expenditures (EE02, EE23, and EE34)
differed between feeding groups only at 4 mo of age, although
we controlled several factors that theoretically could have influ-
enced energy expenditure. Among the 4-mo-old infants, energy
expenditure clearly declined over the 4 h of observation, and
there was evidence that energy expenditure plateaued between
the 3rd and 4th h. The decline in postprandial energy expenditure
may reflect decreasing expenditure for digestion, absorption, or
synthetic activities associated with nutrient assimilation. High
variability in energy expenditure precluded detection of distinct
patterns among the 1-mo-old infants. They awakened more
frequently than the 4-mo-old infants before completion of the 4-
h test; six of the eight infants who failed to complete the test
were 1 mo old.

The measurements of TDEE should be considered from both
methodologic and biologic standpoints. Although the few vali-
dation trials of the doubly labeled water method in infants
demonstrated close agreement [0.3 + 2.6% (5); 1.6 = 6.2% (6)]
with indirect calorimetry, controversy persists as to which model
and correction factors should be used to compute TDEE (37). In
our present study, we assumed that the change in pool size was
a linear function of time; had growth been exponential, the error
introduced would have been less than 2% (37). Contrary to the
assumption that H and 80 exchange solely with water and CO»,
the isotopes exchange with nonaqueous body constituents and
the extent of exchange is different for the respective isotopes.
Because we suspect the interindividual variation in Nu/No might
have a physiologic basis related to body fatness, we chose to use
the actual dilution spaces of 2H and '®0. The Nyu/No ratio was
not related to the rate of weight gain. In this data set, we did
observe four Ny/No values less than 1 (0.988-0.999). Although
we agree that these values are not physiologic, they are within
the analytical, sampling, and biologic errors of the method.
Higher rates of irreversible isotope incorporation, particularly of
2H, might be expected in the more rapidly growing infants. Either
the differential effect or isotope accretion in tissue is minor or
the growth rate of these infants is relatively slow compared, for
instance, with that of preterm infants (5) and animals (38).

Isotope fractionation is another issue that must be addressed
in implementing the doubly labeled water method. The propor-
tion of total water loss that undergoes fractionation during evap-
oration across epithelial surfaces was based on integrated weight
loss per unit time and averaged 18% of total water flux, a value
similar to those derived by Roberts et al. (16%) (5) and Jones et
al. (18%) (6) using alternative methodologies. Measurements
based on integrated weight loss per unit time can give rise to an
overestimation of true IWL, because insensible weight loss =
IWL + I'co, + T'o, (39)

In our present study, the average RQ was 0.91 and IWL would
have been overestimated by approximately 18% had it not been
offset by environmental water influx (40). Measurements based
on integrated weight loss per unit time determine net IWL and
therefore underestimate true unidirectional water efflux, the
component of interest. At 24°C and 45% relative humidity, the
average conditions under which the measurements were made
in the hospital, we might have underestimated IWL by 25% (40).
Throughout the duration of the doubly labeled water experiment,
however, the infants were exposed to variable, unpredictable
climatic conditions inside and outside of their homes. Because
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the errors in measurements based on integrated weight loss per
unit time are opposite in direction, but unpredictable in magni-
tude, we chose not to correct IWL. Calculation of the rate of
fractionated water loss based on rco, as proposed by Jones et al.
(6) yielded values that were approximately 3% higher than our
measured IWL; this difference would introduce only an approx-
imate 1% error in TDEE.

In the conversion of CO, production to TDEE, the RQ must
be measured or assumed. We assigned the mean RQ measured
4 h postprandially; because of the frequent feeding of infants
(every 3 to 4 h), we believed this RQ to be representative of their
metabolic state. If indirect calorimetry is not available, the food
quotient corrected for digestibility and tissue deposition may be
used (41). The food quotient computed for the 1-mo-old breast-
fed and formula-fed infants was 0.93 and 0.90, respectively, and
0.87 and 0.86 for the 4-mo-old breast-fed and formula-fed in-
fants, respectively. Use of the food quotient would have intro-
duced a 0 to 4% error in TDEE.

TDEE (kcal/d), measured by the doubly labeled water method,
differed between breast-fed and formula-fed infants. Standardi-
zation of TDEE by body weight or isotope dilution spaces,
indicators of fat-free body mass, did not alter this finding. Al-
though some systematic errors introduced in the computation of
TDEE by the doubly labeled water method may persist, it is
unlikely that the basic assumptions underlying the doubly labeled
water method and the correction factors used should differ
between breast-fed and formula-fed infants. The Ny/No ratio,
RQ, and IWL at a given age did not differ between feeding
groups. Our values for TDEE are similar or slightly lower than
values reported for infants at similar ages. Davies et al. (42)
recently reported mean values of 63 and 66 kcal/kg/d for 40
term infants studied longitudinally at 1.5 and 3 mo of age,
respectively. Lucas et al. (7) cited 72 kcal/kg/d for 11-wk-old
breast-fed British infants. Roberts ez al. (8) reported mean values
ranging from 61 to 77 kcal/kg/d for 3-mo-old infants and did
not find a significant human milk versus formula effect. Vasquez-
Velasquez (9) found no appreciable trend over a wide range of
ages (2 to 29 mo); the mean TDEE of these Gambian infants
was 82 kcal/kg/d.

The ratios TDEE/SMR and TDEE/MOEE were nearly iden-
tical for breast-fed and formula-fed infants at a given age. Ac-
cepting the factorial approach, an estimate of the energy available
for activity was computed and found not to differ between
feeding groups. The activity component increased with age, but
was not influenced by energy intakes observed in our study. One
of the adaptations to inadequate energy intake is a reduction in
discretionary physical activity; the energy intakes that we ob-
served may have been above any critical threshold for energy
conservation. At this stage of development, physical activity is
largely reflexive and may be spared. An estimate of the energy
available for activity, however, provides no indication of infant
behavior. Optimal neurobehavioral development is dependent
upon the infant’s ability to interact with and explore the envi-
ronment. Complementary studies of infant behavior and activity
patterns are needed to characterize our quantitative observations
of energy expenditure.

The factorial approach, however, may not be appropriate in
infant studies, because it cannot be assumed that SMR represents
a constant metabolic baseline throughout the day. Under the
conditions of measurement, the SMR may have been influenced
by fluctuations in biosynthesis and sympathetic activity, residual
TEF, and spontaneous activity during sleep.

Our findings explain in part the discrepancy in energy intake
observed between breast-fed and formula-fed infants. Energy
intake was positively correlated with weight gain, energy depo-
sition, SMR, and MOEE, but not with TDEE or activity. Higher
energy intakes in the formula-fed infants were associated with
higher rates of weight gain, SMR, MOEE, TDEE, and energy
deposition. The discrepancy in energy intake observed between
feeding groups, however, was not totally accounted for by differ-
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ences in energy expenditure and weight gain; energy digestibility
and the composition of the newly synthesized tissues may differ
between feeding groups. Adaptations to varying levels of energy
intake during infancy appear to be mediated through growth and
basal-energy-requiring processes.
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