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ABSTRACT. Energy partitioned to maintenance plus ac-
tivity, tissue synthesis, and storage was measured in 41
children in early recovery {W/L (wt/length) < Sth percent-
ile] from severe protein-energy malnutrition and in late
recovery (W/L = 25th percentile) to determine energy
requirements during catch-up growth. Metabolizable en-
ergy intake was measured by bomb calorimetry and meta-
bolic collections. Energy expended (¥ = SD) for mainte-
nance and activity estimated by the doubly labeled water
method was 97 % 12 kcal/kg FFM (fat-free mass) in early
recovery and 98 * 12 kcal/kg FFM in late recovery (p >
0.5). Energy stored was 5-6 kcal/g of wt gain. Tissue
synthesis increased energy expenditure by 1 * 0.7 kcal/g
gain in both early and late recovery. From these data a
mathematical model was developed to predict energy re-
quirements for children during catch-up growth as a func-
tion of initial body composition and rate and composition
of wt gain. The model for predicting metabolizable energy
requirements is [(98 x FFM + A (11.1 B + 2.2 C)], kcal/
kg.d, where FFM is fat-free mass expressed as a percent-
age of body wt, A is wt gain (g/kg-d), B and C are
percentage of wt gain/100 as fat and FFM, respectively.
The model was tested retrospectively in separate studies
of malnourished children. (Pediatr Res 25:503-508, 1989)

Abbreviations

APE, atom percent excess

rCO,, CO; production rate

EE..+., energy expenditure for maintenance and activity
ES, energy stored

FFM, fat-free mass

ME, metabolizable energy

PEM, protein-energy malnutrition

SMOW, Vienna Standard Mean Ocean Water
TBW, total body water

TDEE, total daily energy expenditure

W/L, wt-for-length

Current nutritional guidelines for energy requirements of chil-
dren are based on observations of energy intake (1). It has been
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recommended, however, that new evaluations based on energy
expenditure be made when methods and data become available
(1). This need is particularly acute for malnourished children
who enter into a period of rapid growth during treatment.

Recently, the doubly labeled water method for measuring long-
term daily energy expenditure was validated in preterm infants
(2) and postsurgical infants (3). This method does not interfere
with normal clinical treatment and thus provides the necessary
component for new evaluations of energy requirements during
recovery from malnutrition.

During recovery from malnutrition, the required intake of
matabolizable energy is partitioned between energy expenditure
for maintenance and activity (m + a), energy expenditure for
new tissue synthesis, and energy stored in new tissues. Because
energy expenditure for m + a is partially dependent on fat-free
mass (4) and because energy stored is dependent on the compo-
sition of the new tissue, concurrent measures of body composi-
tion would further facilitate the reevaluation of energy require-
ments. We therefore applied the doubly labeled water method to
develop a model for predicting metabolizable energy require-
ments of children with growth failure secondary to protein-
energy malnutrition.

METHODS

Subjects. Children studied (Table 1) were from periurban areas
of Lima, Pert, and were being treated for PEM in an in-patient
metabolic ward. They were classified as being either in early
recovery (W/L <5th NCHS percentile (5)) or in late recovery
W/L = 25th NCHS percentile). Written consent was given by
each child’s parent or guardian. The protocol was approved by
the University of Chicago Clinical Investigation Committee and
the Ethical Review Committee of the Instituto de Investigacion
Nutricional in Lima, Perd, where the studies were done.

Criteria for admission to the study were height-age of 3 to 18
mo, wt deficit of at least 2.5 Z scores below the National Center
for Health Statistics reference median for length (5), no detectable
organic disease or edema, serum albumin >2.5 g/dL, and wt
gain for 3 consecutive d. Children with systemic infections or
diarrhea were excluded until these illnesses were successfully
controlled or had resolved. Data were excluded from the analyses
if infections, diarrhea [defined as three or more liquid stools/24
h with or without accompanying blood or mucus (6)], or stea-
torrhea (defined as fecal fat in excess of 15% of fat intake)
occurred during energy balance studies. A total of 18 children
completed two energy balance studies, the first in early recovery
and the second in late recovery. Data from five additional
children were limited to a single period (four in early recovery
only, one in late recovery only) due to infections, diarrhea, or
steatorrhea during the other energy balance study.
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Study protocol. The timeline for an energy balance study is
shown in Figure 1. The protocol concerning '*O and deuterium
was conducted in a manner identical to one already described
for deuterium (7). Briefly, on d 0 of each energy balance study,
0.40 g H,'®0/kg (hydrogen normalized water, Mound Labora-
tories, Miamisburg, OH) and 0.11 g *H,0/kg (Argonne Special
Materials, Argonne, IL) were given to measure ‘%0 and deute-
rium elimination rates from which total daily energy expenditure
was calculated (8) and to measure TBW (9, 10). Energy balance
perdiods averaged 7 # 2 d, with a range of 5 to 10 d. The range
in periods was necessary to accommodate the range of isotope
elimination rates (11). TBW alone was measured on the final d
of the energy balance study after doses of 0.078 g H,'®0/kg and
0.031 g *H,0O/kg. Metabolic collections were done on the final
3rd or 4th d of each energy balance study, as previously described
(7), except that all formula intake was measured by feeding
bottles which were weighed before and after each feeding. Energy
expenditure data were normalized for FFM which was estimated
from the dilution spaces of deuterium and '*0O as described
below.

TBW was measured by *H,'®0 dilution (9, 10) on the morning
of d 0 and again on the final d of each energy balance study as
previously described (7). To calculate FEM from corrected TBW,
we used published hydration coefficients (12) except that the
published values were adjusted for a 4% overestimation of TBW
by deuterium dilution rather than for a 1.3% overestimation (9,
10). TBW was calculated from measured dilution spaces cor-
rected by 1.04 and 1.01 for overestimations of TBW by deute-
rium and '*O, respectively (8).

All dietary and water intake was from modified milk-based
formulas (Enfalac, Mead-Johnson, Evansville, IN) mixed daily
for each child in the metabolic unit and fed in six to eight equai-
vol feedings/d. Formulas provided 8 or 11% of energy as protein
and 40 to 45% as CHO. Vitamins and minerals were supple-
mented (Mead-Johnson).

Metabolic collections were done as previously described during
the final 3 or 4 d of each energy balance study to measure
metabolizable energy intake and nitrogen balance (13). Intake
was measured from pre- and post-feeding bottle wt. Boys’ urinary
vol in each 24-h period were measured and aliquots frozen at
—20°C. Feces were weighed and homogenized, and aliquots were
frozen at —20°C. For girls, feces and urine were collected together.

Metabolizable energy intake was the arithmetic difference
between gross energy intake and the sum of fecal energy and
urinary energy. Nitrogen was measured by the micro-Kjeldahl
method (14), dietary and fecal calories by bomb calorimetry (15),
and fat by the van de Kamer method (16). Urinary calories were
calculated as 5.4 kcal/g urinary nitrogen (17). Nitrogen balance
was the difference between intake and the sum of fecal plus
urinary nitrogen plus 7.5 mg N/kg to estimate unmeasured losses
(18). Fat and carbohydrate absorption was estimated as the
arithmetic difference between intake (g/d) and fecal fat or fecal
carbohydrate (19) where fecal carbohydrate calories (4.18 kcal/
g) were calculated as the arithmetic difference between total fecal

DAY 0 1 2 3 E-4 E-3 E2 E-1 END
PROCEDURE
TBW X X
Encrgy Expenditure X X
Weighed food intake X X X XX X X X
Metabolizable energy X X X X
Nitrogen balance X X X X

Fig. 1. Protocol for early and late recovery energy balance studies.
Day E-4...E-1 are the consecutive days before completion of the energy
balance study. The *H,"*O isotopes administered on day 0 measure TBW
and energy expenditure; the isotopes administered on d end were given
to measure TBW only.

FIELD ET AL.

calories and the sum of kcal from fecal protein (N X 6.25 X 5.65)
and fecal fat (g X 9.46) (19).

Body wt (5 g) was measured daily on a K-tron (K-tron,
Scottsdale, AZ) electronic balance, which was calibrated daily.

CO:s production and energy expenditure. CO, production was
measured by the 2-point doubly labeled water method from 2H
and 80 enrichment in urine samples, (8, 11, 20), which were
collected between 0600 and 0900 h the morning after dosing (d
[) and again 4 to 9 d later. An additional urine was collected
between d 3 and 6 to test the internal consistency of isotopic
analyses. Samples were reanalyzed if CO, production rates dif-
fered by > 10% between the entire energy balance study and the
portions up to the midpoint. No differences > 10% were found
after reanalysis. These midpoint data were not used in calculating
rates of CO, production. Mean daily rates of CO, production
were calculated according to equations 1 and 2 (7, 20, 21):

rCO, = (N/2.078)(1.01ko — 1.04kp)
— 0.0246 rH,Oy, mol/d (1)

rH,Or = 1.36 N (1.01ko — 1.04kp), mol/d 2)

where rCO, is mean daily CO, production rate, ko and kp are
isotope elimination rates of oxygen and deuterium, respectively,
and N is mol of body water calculated from mean corrected
TBW measurements by both isotopes on the first and last energy
balance d. As water efflux via transcutaneous and respiratory
routes is subject to isotopic fractionation, rH,Or is the rate of
water loss via both routes, calculated as a function of CO,
production (20). For our specific study conditions, rH,Or was
estimated assuming transcutaneous water efflux is 1.77rCO, and
respiratory water efflux is 1.54rCO; (7). The standard deviation
in rCO; due to uncertainty in the isotopic enrichment is 5%,
estimated for these quantities of isotope administered and aver-
age duration of the balance studies (11). Uncertainty in the RQ
(see below) to convert rCO, to energy expenditure increases the
uncertainty to 6% (11, 22).

Caloric equivalents of CO, were estimated from food quotients
(22), adjusted for tissue deposition. For this it was assumed that
1) all absorbed carbohydrate was oxidized; 2) protein oxidation
equaled 6.25 X urinary nitrogen; 3) the difference between CO,
production and the sum of CO, from carbohydrate plus protein
oxidation was from fat oxidation; 4) CO, production (liter/g
substrate) was 1.427 liter/g, 0.766 liter/g, and 0.829 liter/g for
fat, nitrogen, and carbohydrate, respectively (23). Caloric equiv-
alents were 125.4 + 3.7 and 124.6 £ 4.6 kcal/mol CO, in the
early and late recovery energy balance studies, respectively.

Artifacts in CO, production rates due to changes in dietary
water source and thus in natural isotopic abundance (24) were
avoided by dietary equilibration periods before isotope admin-
istration of at least 4 d (range 4 to 20 d). In addition, this dietary
equilibration followed 7 or more d of feedings from diets which
had different dry ingredients but the same water source used in
the study. Adequacy of the equilibration period was demon-
strated by the absence of change in baseline enrichments (slope
<0.02 per mil/d) as a function of equilibration period duration.

Energy stored. ES was calculated as the difference between
mean daily ME intake and TDEE, measured by the doubly
labeled water method. The composition of tissue gained was
estimated from nitrogen balance, energy balance, and wt gain,
assuming 35.3 kcal/g nitrogen retained and 9.4 kcal/g fat.

Development of the model. The mathematical model developed
for predicting ME requirements based on EEn.., energy ex-
pended and stored in tissue synthesis, body composition, and
rate of wt gain is shown in equation 3.

(FFM)

ME = EE.+a + AB(EE; + ESy)

+ AC(EEr + ESq), kecal/kg body wt-d  (3)
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where:
ME = metabolizable energy requirement
EE.+. = energy expenditure/kg FFM for maintenance and

activity

FFM = FFM, kg
W = body wt, kg
A = wt gain, g/kg-d
B = percentage of wt gained as fat/100
C = percentage of wt gained as FFM/100
EE; = energy expended for fat deposition
ES; = energy stored as fat
EEy = enegy expended for synthesis of FFEM
ESy = energy stored as FFM

EE,... was estimated from the difference between total daily
energy expenditure and energy expended for tissue synthesis
where the latter was calculated from the regression of total daily
energy expenditure () on weight gain (x). FFM was estimated
from TBW as described above. Expenditures for fat and protein
deposition were estimated as 1.6 kcal/g fat (25, 26) and as 7.2
kcal/g protein respectively (27, 28) and used to develop the
model. Energy stored as fat was assumed to be 9.46 kcal/g and
5.65 kcal/g protein respectively (19). FFM was assumed to be
17% protein (12). Thus EE; + ES; = 11.1 kcal/g and EE; + ESy
= 2.2 kcal/g.

Isotopic analyses. Isotopic analyses were performed by isotope-
ratio mass spectrometry as previously described (20). Briefly, the
130 isotope abundances were measured on a Nuclide 3-60 isotope
ratio mass spectrometer (MAAS-Nuclide, Belefonte, PA). Urine
samples (1.5 mL) were equilibrated with 1 mL STP of CO; at
25°C for 48 h. The CO, was isolated under vacuum by cryogenic
distillation, and the '*O abundance was measured in ppm (9)
relative to a working standard, calibrated against Vienna SMOW.
The results were corrected for background, abundance sensitiv-
ity, and for “C and '"O interference (9). Each sample was
analyzed in duplicate.

Hydrogen isotope abundances were measured on a Nuclide 3-
60 HD isotope ratio mass spectrometer as previously described,
(7). In about one-third of the studies, water from 1 uL of urine
was isolated by vacuum distillation and then reduced to H, over
uranium turnings (Special Materials, Argonne National Labo-
ratory, Argonne, IL) at 700°C. In the other two-thirds of the
studies, water was reduced over zinc. A total of 2 L of fluid
were distilled into a 6-mm outer diameter Vycor (TM) tube
containing 80 mg of zinc reagent (Friends of Geology, Bloom-
ington, IN). The H, was isotopically analyzed against two work-
ing standards that had been calibrated against SMOW and Stand-
ard Light Arctic Precipitation. The results were corrected for Hy*
and other proportional errors by a combination of electrical
compensation and double comparison analysis (20) and ex-
pressed as the per mil difference from SMOW and corrected for
memory on the reduction system. APE of isotopes used for
dosing were measured by isotopic ratio mass spectrometry of
known dilutions of the stock solutions.

Statistical analysis. Primary data from early and late recovery
were compared by paired or group ¢ tests. The mathematical
model for predicting ME requirements was fit by linear regression
of energy expenditure/kg FFM (y) on wt gain (x). The variance
in ME explained by the model was calculated from the regression
of predicted (y) on observed (x) ME. The 95% confidence
interval on mean ME was calculated from paired differences
between predicted and observed intakes.

RESULTS

Ages, wts and heights of children in the early and late energy
balance studies are listed in Table 1. Rate of wt gain did not
differ statistically between study periods. However, statistically
significant (p < 0.01) differences were seen in body wt and
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W/L between the two periods, because W/L was a criterion of
the stage of recovery.

TBW vol, FFM percentage body wt, isotopic elimination rates,
and rates of CO, production in the early and late recovery energy
balance studies are shown in Table 2. FFM was 86 + 5.6% of
body wt in the early recovery balance study, and 78 * 3.8%
during the late recovery balance study (p < 0.001). Comparing
only the paired data sets (n = 18) did not change the statistical
significance of the difference. At the final TBW measurement,
when wt was at the 25th percentile for length (5), TBW averaged
4,96 + 0.69 kg or 60.3 £ 3.1% of body wt (range 55 to 66%).
Body water for reference length-age and 50th percentile W/L
would be approximately 61% of body wt (recalculated from Ref.
12).

ME intake increased from 877 + 170 to 1020 %= 194 kcal/d
between the early and late periods equivalent to 90.5 = 2.2%
and 91.4 £ 1.9% of daily gross intake ( p > 0.10) in the respective
periods. Table 3 lists energy intake/kg body wt. There were no
statistically significant differences (kcal/kg body wt) between
group means for gross caloric intake, caloric losses in excreta, or
ME when these values were compared by stage of recovery (Fig.
2).

No statistically significant differences were found for mean
TDEE (kcal/kg body weight-d) or for ES (kcal/kg-d) when these
were compared by stage of recovery (Table 4). However, paired
comparisons from the 18 children who completed both balance

Table 1. Selected characteristics of children in early and late
recovery energy balance studies*

Early recovery Late recovery

(n=22) (n=19)
Age (mo) 16.0 £6.5 16.3+5.3
Wt (kg) 6.99 = 1.30 8.24 + 1.20
Length (cm) 709 £5.2 71.8 =49
Length-age (mo) 85+34 92+34
W/Lt -22+04 —0.9+0.3
W/AT —3.4+0.7 -23+0.5
L/At -29+12 -27+1.0
Wt gain, g/kg-d 7.3+38 7.6 £3.6

* All values are mean % SD.
1 Z scores, mean wt-for-length (W/L), wt-for-age (W/A), and length-
for-age (L/A) (5).

Table 2. Isotope dilution and elimination in early and late
recovery energy balance studies*

Early recovery Late recovery

(n=22) (n=19)
Body wt, kg 6.99 = 1.30 8.24 + 1.20
Total body water, kg 4.58 +0.72 4.96 + 0.69
Fat-free mass, % body wt 86 £ 5.6 78 +£ 3.8

Ky, d7° 0.2736 £ 0.0343  0.2833 = 0.0352
ko, d™’ 0.3255 £ 0.0367 0.3368 = 0.0323
rCO,, mol + d™' 495+ 0.79 552 +0.78
kcal-mol co,™' 125.4 = 3.7 124.6 £ 4.6

* All values are mean = SD.

Table 3. Energy intake, expenditure, and storage (kcal- kg™ -
d™") in early and late recovery energy balance studies™

Early recovery  Late recovery

(n=22) (n=19) 4
Gross energy intake 140.4 = 22.0 136.1 £ 26.3 NS
Fecal energy [1.8+34 104 + 3.9 NS
Urinary energy 1.5+0.7 1.4 +0.7 NS
Metabolizable energy 127.1 £ 20.5 1243 +23.2 NS

* All values are mean =+ SD.
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Fig. 2. Energy partitioned to fecal and urinary output, maintenance
and activity, tissue synthesis, and in early and late recovery from PEM.

Table 4. Energy partitioning in early and late recovery energy
balance studies

Early recovery Late recovery

(n=22) (n=19) r

Energy expended* (kcal/kg 105+ 12 107 £ 13 NS
FFM = SD)

Energy expended* (kcal/kg 90 £ 12 84 £ 10 NS
body wt = SD)

Maintenance + activity* 97 + 12 98 £ 13 NS
(kcal/kg FFM + SD)

Maintenance + activity* 83 £54 76 = 3.7 <.01
(kcal/kg = SD)

Tissue formation* (kcal/g 1 +£0.6 1+0.6 NS
gain = SE)

Energy stored* (kcal/g gain 5.5+24 5625 NS
+ SD)

* See “Methods,” development of the equation, which defines these
terms.

studies showed higher levels of TDEE (kcal/kg-d) in the early
than in the late energy balance study (mean difference = 6.8 =
2.4 kcal/kg-d; p < 0.001).

EE..+. (kcal/kg-d) was statistically greater in early than in late
recovery (p < 0.01) (Table 4). However, when EE,,., was nor-
malized for FFM, there was no difference between early (97 +
12 kcal/kg FFM -d) and late (98 + 13 kcal/kg FFM -d) recovery
for either group means ( p > 0.50) or for the 18 paired compari-
sons (mean difference early recovery — late recovery = —0.7 +
1.9 kcal/kg FFM.-d; p > 0.10). The relationship between TDEE
in early and late recovery is plotted against FFM in Figure 3.

Mean rates of wt gain were 7.3 = 3.8 (2 to 15 g/kg-d) and 7.6
+ 3.6 (2 to 12.5) g/kg-d, respectively, in early and late recovery
energy balance studies (Table 1). ES was 37 + 8 kcal/kg body wt
in early recovery and 40 = 24 kcal/kg in late recovery, equivalent
10 5.5 £ 2.4 and 5.6 + 2.5 kcal/g gain (p > 0.5) in the respective
periods and corresponds to an estimated 50% of wt gained as fat
(Table 4). At these caloric intakes, approximately 67 = 9.2% of
ME intake was partitioned to maintenance and activity and 28
+ 10.6% to storage in early recovery compared to 64 £ 10.9%
and 30 % 13.7% in late recovery.

Model for predicting ME requirements during recovery. Using
the mathematical model (equation 3) for ME requirements dur-
ing recovery and catch-up growth in malnourished children and
substituting the value for EE, .. from Table 4 yields:

ME = [98 x%+A(11.1B

+ 2.2C)], kcal/kg, body wt-d™"  (4)

This model accounts for 80% of the variance in actual ME
intake in these children. The y intercept of the regression of

FAY FREE MASS, KG

Fig. 3. Total daily energy expenditure vs. FFM in early and late
recovery energy balance studies y = (79 + 12) x + (162 + 72), kcal/d.

predicted ME required (y) versus observed ME intake was —3 £
11 SE kcal/kg-d, and the slope was 1.1 £ 0.09 kcal/kg-d. The
95% confidence interval on mean predicted values was + 4 kcal/
kg-d.

We also compared predicted intake with measured caloric
intake in a separate group of children. The prediction was based
on equation 4, measured rates of wt gain, estimated body com-
position, and composition of wt gain in 88 children during
recovery from malnutrition (Graham G, Gastanaday A, unpub-
lished data, Instituto de Investigacion Nutricional). Data from
six groups, whose height-ages (3 to 20 mo), stages of recovery
(5th to 25th percentile W/L), and clinical management were
comparable to those of the children in the present study were
available. The fat-free portion of wt gain was estimated from an
assumed hydration of 77% (12). Initial body water percentage of
wt was estimated from initial wt and the regression equation of
body water percentage of wt on W/L in the present study. Final
body water was assumed to be 61% body wt, as final body wt
was equivalent to the median for length. Rates of wt gain were 3
to 5 g/kg-d. Gross intake was determined by vol intake and diet
composition and ranged from 103 to 127 kcal/kg-d, metaboliz-
able intake was assumed to be 90% of gross intake. Activity was
assumed to be comparable with the present study as all children
participated in the same play/stimulation program. Under these
conditions, the metabolizable energy requirement predicted by
equation 4 was 95 kcal/kg-d versus actual measured ME intakes
of 100 £+ 7 kcal/kg-d.

DISCUSSION

Using the doubly labeled water method, we were able to
complete energy balance studies under conditions where other
methods are difficult to apply and to develop a model for
predicting metabolizable energy requirements of malnourished
infants during catch-up growth. Because the new model for
predicting metabolizable energy requirements is based on energy
expenditure and body composition measured by the doubly
labeled water method, which has never been used in a study of
catch-up growth in children, several of the assumptions of the
method merit discussion.

We assumed that the 5 to 6% increase in the dilution space
due to growth was linear over the energy balance period. Thus
the TBW vol used to calculate CO, was the mean of these initial
and final measures. The greatest error in the calculation of CO,
production that could arise from this assumption would be in a
hypothetical case in which the TBW vol was unchanged from d
0 until near the end of the study, but then suddenly increased by
the same percentage, but over only 1 d. This is highly unlikely;
however, even if this occurred, the estimate of energy expenditure
would have been wrong by only 2% (11).

It was also assumed that water was the only route by which
deuterium exits the body water pool, and that water and CO,
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were the only routes of oxygen elimination. During rapid wt
gain, de novo fat synthesis would sequester hydrogen and deute-
rium and could cause underestimates of energy expenditure. We
believe that did not occur in our study. In a validation of the
doubly labeled water method against intake-balance in total
parenteral nutrition patients (8) where de novo synthesis was also
a concern, total daily energy expenditure by the doubly labeled
water method was 3% greater than by the intake-balance method.
If de novo synthesis had been responsible for the formation of
the estimated 30% of fat deposited during the 135 g/d wt gain,
then energy expenditure would have been underestimated by
5%. Furthermore, the recent validations of the method in rapidly
growing infants (2, 3) demonstrated that energy expenditure from
doubly labeled water does not differ from that measured by
respiratory gas exchange. These results indicate that deuterium
sequestration does not occur to an extent that would cause
estimates of energy expenditure to be off significantly in rapidly
growing humans.

The third assumption is that water within the body, water
eliminated from the body, and water in fluid samples used for
isotopic analysis all have equal isotopic enrichment. However,
heavy and light isotopes do not partition equally between body
water and expired gases. Uncorrected, this would result in an
overestimate of CO, production in infants and young children.
Corrections for isotopic fractionation effects have been estimated
(20) based on the observation that urinary and sweat water are
isotopically equivalent to body water but transcutaneous and
respiratory water and CO- are isotopically fractionated ( 21, 29).
Infants and young children differ, however, in that they have
higher water turnover rates, higher metabolic rates/kg body wt,
and more body surface area/kg body wt than adults. Thus we
modified the estimation of water lost via breath and transcuta-
neous water vapor (7). This modification, however, was slight
and only leads to a 2% difference in calculated CO, production.

The basic assumptions of the doubly labeled water method do
not appear to be violated in malnourished infants at the stages
of recovery studied and thus, large systematic errors are unlikely.

Previous estimates of energy requirements for maintenance
and activity during catch-up growth, calculated from the inter-
cept of the regression of energy intake on wt gain ranged from
80 to 114 kcal/kg-d (30-32). The one study in which energy
expenditure was measured (33) concluded 82 kcal/kg-d were
required for maintenance and activity. However, these results
were never confirmed and neither that study (33) nor the studies
based on energy intake considered body composition. The new
model for predicting energy requirements (equation 4) is based
on energy expenditure normalized for the metabolically active
FFM, and thus should improve predictions of energy require-
ments.

Variation in energy expenditure/kg body wt differed between
early and late recovery because energy expended to meet main-
tenance needs varies as a function of body composition. As
indicated in our study, children at earlier stages of recovery have
relatively greater depletions of fat stores, higher proportions of
FFM, and hence elevated expenditures/kg body wt.

Variation in energy expenditure/kg body wt was removed and
the findings made more widely applicable by normalizing energy
expenditure for FFM. Energy expenditure for maintenance and
activity was 97 + 12 and 98 + 13 kcal/kg FFM, and not
statistically different between early and late balance studies.
Although the finding of constant levels of energy expenditure/
kg FFM may seem surprising as adult studies have shown de-
creased energy expenditure/kg FFM during semistarvation (34),
it should be pointed out that children in our study were already
gaining wt in the early recovery study. Furthermore, although
we have seen no net difference in expenditure/kg FFM between
early and late recovery, there may have been physiologic differ-
ences with opposite effects on expenditure/kg FFM that were
not detected by our study design. In particular, it is possible that
the more metabolically active organs occupied a relatively larger
proportion of FFM in early than in late recovery, leading to a
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higher level of expenditure in the early period. Increased activity
in late recovery could have masked this effect.

Normalization of energy expenditure by FFM was done from
TBW using reference hydration constants. Although there is the
possibility that the composition of FFM is altered during mal-
nutrition, evidence suggested reference hydration coefficients
were appropriate in the present study. The primary evidence is
that TBW was 61% of the body wt in children who had repleted
their wt deficits, and thus comparabie with reference composition
(12). Reference hydration constants are thus probably valid in
late recovery. In early recovery, TBW occupied a much larger
proportion of body wt, but this appears to have been due to
decreased fat mass rather than to overhydration of the FFM. The
evidence for this is that ratios of water accretion to protein
accretion are 3 g = 1.6 g water/g protein in early recovery and 3
g + 1.1 g water/g protein in late recovery and indicate reference
hydration of the tissue gained (12).

Energy expenditure for activity may also influence energy
requirements. Though we do not have precise measures of activ-
ity, we estimate that during 24 h in either early or late recovery,
10 h were spent sleeping, 6 h awake in bed, 3 h playing, 3 h
eating, and 2 h in bathing and changing clothes. Based on an
estimated resting metabolic rate of 60 kcal/kg (1) we calculate
that 20% of the ME intake was expended for activity. Thus, large
differences in levels or duration of activity would be required to
alter significantly the estimated total energy requirement.

As indicated in the development of the model, the energy cost
of tissue synthesis in infants will also vary depending on the
composition of tissue deposited. Using data from a review of low
birth wt infant studies (25), expenditure for formation of fat
from dietary triglycerides is 1.8 kcal/g, and that for protein is 7.6
kcal/g. Similarly, evidence from studies of growing pigs and rats
(26-28, 35) suggests expenditure for fat deposition from dietary
triglycerides and for protein synthesis is 1.4 and 7.2 kcal/g,
respectively. Our observed value of 1 kcal/g is consistent with
these values. In the present study in which 40 to 50% of the wt
gained was fat, the calculated energy cost for forming this tissue,
assuming 17% of FFM is protein (12), would be 1.3 kcal/g, which
is quite similar to the observed value. Very similar values of 1.3
(35) and 1.1 (33) kcal/g have also been reported for very low
birth wt infants, gaining 15 g/g wt gain and in malnourished
children, respectively.

Energy requirements (kcal/kg body wt) for medically uncom-
plicated catch-up growth in PEM children depend on the level
of depletion of fat stores and on the rate and composition of wt
gain during nutritional repletion. Using the new model in equa-
tion 4, we have developed a mathematical model which can
easily be used in clinic or field settings to estimate ME require-
ments (Table 5).

We also used the model to predict energy requirements for a
hypothetical reference infant to compare the FAO/WHO (1)
estimates which had been based on energy intake. We assumed
reference body wt and composition, i.e. that 76% to 77% of body
wt at 9 mo of age is FFM, that wt gain is 1.5 g/kg-d, and contains

Table 5. Metabolizable energy requirements for catch-up growth
in children recovering from PEM predicted by equation 4
according to body composition, rate and composition of weight

gain
Wtgain Wtgain Body Composition Metabolizable Energy
(g/kg-d) (% FFM) (Wt % FFM) (keal/kg-d)
0 0 90 88
5 30 90 130
15 0 90 255
15 50 90 188
0 0 75 74
5 30 75 116
15 0 75 240
15 50 75 173
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14% fat (12). The metabolizable energy requirement predicted
from equation 4 is 80 kcal/kg-d. The FAO/WHO (1) dietary
recommendations are for 91 kcal/kg-d for healthy children in
this age group. Because our data include children near the end
of recovery, it is likely that our values can be extrapolated to
healthy children. As such, our method based on energy expend-
iture and body composition suggest that the FAO/WHO esti-
mation (1) of metabolizable energy requirements should be
reevaluated.

Our tests of the model have not been rigorous. However,
preliminary tests of the model indicated it accurately predicted
energy requirements of infants and young children recovering
from PEM and of healthy recovered children.
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