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ABSTRACT A follow-up study (1988—89) was carried
out in 364 rural Guatemalans, 11-27 y of age, who
earlier had participated in a nutritional supplementation
experiment. Among its objectives was the assessment
of the long-term effects of the nutrition intervention on
physical work capacity. Subjects and their mothers
from two villages had available a high-energy, high-
protein supplement (Atole: 163 kcal/682 kJ and 6.4 g
protein per serving or 180 mL), whereas in two other
villages a low-energy, no-protein supplement (Fresco:
59 kcal/247 kJ per 180 mL) was provided. Consump-
tion was ad libitum. Maximum oxygen consumption
(VO,max) at follow-up was significantly greater in Atole
compared with Fresco subjects of both sexes. In sub-
jects 14-19y, exposed to supplementation throughout
gestation and the first 3 y of life, Atole males had a
significantly higher VO,max (2.62 L/min) than Fresco
males (2.24 L/min), the differences remaining signifi-
cant even after controlling for body weight and fat-free
mass; also, there was a significant positive relationship
between amount of supplement consumed and
VO.max. The supplementation effect in females of
similar age was not statistically significant. It is con-
cluded that early nutritional improvements can have
long-lasting effects on physical performance. J. Nutr.
125: 10785-1089S, 1995.

INDEXING KEY WORDS:

e malnutrition e growth e work capacity
® adolescence ® young adull

ship of childhood nutritional status and physical per-
formance during adolescence (Satyanarayana et al.
1979}, no studies have reported on the long-term ef-
fects of early nutritional interventions on later per-
formance. Achieved growth, as measured by body size
and composition, is an indicator of general constitu-
tional development of the individual. It reflects func-
tional aspects of development and performance and
thus is a good proxy for overall well being. One im-
portant measure of functional performance that has
been shown to be related to current nutritional status,
as well as to anthropometric indicators of past nutri-
tional status, is physical work capacity (Spurr 1983).

There are very few studies of work capacity in un-
dernourished children. The single prospective study
reported in the literature found no relationship be-
tween height at 5 y and submaximal work capacity
adjusted for body weight at adolescence {Satyanara-
yana et al. 1979). However, Spurr {1983) noted in these
same data a strong negative relationship between
height at age 5 and the percentage of maximal work
capacity at which the submaximal work load was car-
ried out. This means that the shortest adolescents

Most evaluations of nutritional interventions in
children have focused on outcomes mcasured during
or shortly after the intervention has occurred. Al-
though at least one study has examined the rclation-
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would have the least endurance. The most cxtensive
study of anthropometric characteristics and work ca-
pacity in undernourished children was conducted by
Spurr and collcagues in Cali, Colombia (1982a, 1982b,
1983, 1984). This cross-scctional study of 1013 boys
(7-15 y) demonstrated a significantly lower maximal
oxygen consumption (VO,max) in children with low
wcight-for-age and low weight-for-hcight than in an-
thropometrically normal children. Thesce results, along
with thosc from India (Satyanarayana ct al. 1979),
Brazil {Desai et al. 1984) and East Africa (Davies 1977),
suggest that reduced body weight, probably reflecting
Icss fat-free mass (FFM}, accounts for the reduced work
capacity scen in adolescents who were undernour-
ished as young children. However, other cvidence
suggests that concurrent physical activity and anc-
mia affcct work capacity independently of variation
in muscle mass in Tanzanian youths and young
adults (Davics 1974).

Nonc of the studics has cxamined the possibility
that the same factors that cause poor growth also affect
maturation during adolescence {Frisancho ct al. 1970);
thus, the rclationship between body size and work ca-
pacity during adolescence may be due to rctarded
maturation becausc the latter affects work capacity
indcpendently (Bouchard et al. 1976, Kemper and
Verschuur 1987). No studics have been made of the
interrclationships among maturation, body weight,
body composition and work capacity in adolescents
undcrnourished as young children. It is not clcar how
much of the reduced adolescent body weight and its
componcnts of fat and lcan tissuc arc a function of
growth rctardation in hcight that occurred in carly
childhood and how much is a rcflection of current nu-
tritional problems.

Although the evidence from previous rescarch of
the cffects of past nutritional status on growth, ma-
turity and physical pcrformance during adolescence
have been suggestive of a long-term impact of carly
nutrition on later devclopment, these studics have
been retrospective or used indirect methods to ascribe
causality to nutritional cffccts. In this paper we test
the hypothesis that improved nutrition during carly
lifc results in improved physical work capacity during
adolescence and carly adulthood.

MATERIALS AND METHODS

The above hypothesis was tested in a sample of
Guatemalan adolescents and young adults who were
participants in a nutritional supplementation trial
while they were children. From January 1969 to Scp-
tember 1977, the Institutc of Nutrition of Central
Amecrica and Panama (INCAP) carried out a longitu-
dinal study of growth and development in four rural
Ladino (i.e., Spanish spcaking, mestizo population)
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communitics in castcrn Guatemala. The subjects of
the study were all village children aged <7 y and all
pregnant and lactating women. Cohorts of newborns
were included for study until February 1977. Data
collection for individual children ceased when they
rcached 7 y of age. All ficld data collection terminated
in Scptember 1977. Martorcell ct al. (1995) have de-
scribed the study design, sampling scheme and mea-
surcments taken in this study.

The principal hypothesis under study was that im-
provcd nutrition results in accelcrated mental devel-
opment and physical growth of preschool-aged chil-
dren. Two of the villages (one large, one small} con-
sumecd a high protcin-encrgy drink [Atole) provided
as a supplement to the normal diet. In two other
villages {onc large, one small) 2 nonprotcin low calorie
drink {Fresco) was provided. Atole contained Incapar-
ina {a vegetablc protcin mixture developed by INCAP),
dry skim milk and sugar and had 163 kcal/682 k] and
11.5 g of protcin per cup {180 mL) whereas the Fresco
contained no protcin and as little sugar and flavoring
agents as nccessary for palatability. The Fresco pro-
vided 59 kcal/247 k] per cup. Both drinks werce dis-
tributed in food supplementation centers and were
availablc daily, on a voluntary basis, to all mcmbets
of the community. A cup containing 180 mL was pro-
vided to each individual, but morc was given if desired.
The unique feature of this study was that individual
intake was recorded carcfully, on a daily basis, to the
ncarcst 10 mL. A curative-preventive medical care
program was also implemented in all four communi-
tics.

From 1977 to 1988 no rcscarch was conducted in
any of thesc villages. In 1988 INCAP rcturncd to the
villages to conduct a follow-up study of the partici-
pants in the original intcrvention trial, by then ranging
in age from 11 to 27 y. Thc design, methods and pro-
ccdures of this follow-up study arc described in detail
by Martorcll ct al. (1995). All participants, who werc
cxposcd to the intervention at some time beforc 7 y
of age were candidates for the follow-up study. Be-
causc subjects in the original supplementation trial had
varying pcriods of exposure to the intervention de-
pending on their birth cohort, it was neccessary to di-
vide the sample into cxposurc cohorts.

Figure 1 prescnts the three cohorts choscn on the
basis of the ages at which they were cxposed to the
intervention. Cohort 2, 14-18 years at follow-up, had
complete cxposurc to the intervention throughout
gestation and the first 3 y of life and is considered to
be the cohort where the cffect of the intervention
should be most obscrvable. Most of the impact of nu-
tritional supplementation on physical growth in this
population was scen before 3 y (Schroeder ct al. 1995),
therefore, 3 y was considered to be an appropriate cut-
off age. Subjccts in Cohort 1, the youngest children at
follow-up, were born before the intervention stopped
but, depending on their birth dates, were cxposed for
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FIGURE 1 Age at exposure to supplement by cohort.

varying lengths of time up to 3 y. Subjects in Cohort
3, the oldest group, were all born before the interven-
tion began in 1969 and had complete exposure from
4 to 7 y of age but variable exposure from birth to 3
y of age. The follow-up sample included approximately
1574 subjects or ncarly 73% of all original participants
(Martorell et al. 1995]).

Sample. The assessment of physical performance
is a time-consuming procedure, and not all 1574 sub-
jects could be tested. A representative subsample was
identified for the physical performance test. Approx-
imatcly 25% of the subjects (n = 366) identified as
residing in the original study villages at the time of
the follow-up were sclected at random after stratifying
by treatment, sex and cohort. Of this subsample, 206
consented to participate, while 73 individuals {40%)
from Atole villages and 87 {48%) from Fresco villages
refused to participate, so replacements were selected
with a second random sclection and eventually with
voluntecers from the villages. The primary recasons
stated for refusal to participate were similar between
groups. Fifty-one percent ““did not have the time’’ or
““were not interested,’”’ 27% werce working temporarily
or residing permanently in Guatemala City, and a
small number were pregnant or had recently delivered
(5%), were physically unable to participate (12%) or
refused to provide a blood sample [5%). A subsequent
round of random sampling yielded a similar response
rate (92/163 or 56%) and the remainder {71 subjccts)
of the subsample was filled by voluntcers from the
pool of nonsampled subjects. Five subjccts were ex-
cluded because they did not achicve the criteria for
maximal execrtion on the excrcise test, lecaving 364
subjects for analysis.

Compared with the total sample from which it was
drawn, the work capacity subsample is not signifi-
cantly different in height, weight, FFM, percent body
fat and body mass index (BMI). The subsample differed
slightly but not significantly from the total sample in
the distribution of the amount of nutritional supple-
ment ingested. Among Atole subjects of both sexes,
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the subsample slightly overrepresents the higher con-
sumers of supplement, while the subsample of Fresco
males slightly underrepresents the higher consumers.
The 71 voluntecer subjects did not differ in their an-
thropometry and supplement ingestion from the 298
subjects drawn at random.

Anthropometry and body composition. All an-
thropometry was taken by trained personnel using
standard procedures (Lohman et al. 1988). All anthro-
pomctrists were trained together, which minimized
interobserver error. Weight, height and bioelectrical
impedance (BIA} were measured at the time of the
physical exercise test while all other measurements
were taken within the previous 3 wk during an ex-
amination conducted in the subjects’ home villages.
FFM was estimated for each subject from anthropom-
ctry and bioelectrical impedance analysis {[model BIA-
101, RJL Systems, Mt. Clemens, MI) using regression
prediction cquations specifically developed for this
population (Conlisk et al. 1992).

Skeletal maturity. Biological maturity was esti-
mated for all subjects under 18 y of age by assessing
skeletal age with the Tanner-Whitehouse-2 [TW2)
procedure (Tanner et al. 1983). Maturity is expressed
in this study either as skeletal age (SA) or as the dif-
ference (SA — CA) between SA and chronological age
(CA) where a negative value reflects a delay in maturity
relative to expected skeletal development for chro-
nological age. Rivera et al. {1995) also included SA in
the analyses but called it maturation. The method for
computing SA is reported elsewhere (Pickett et al.
1995); mature girls > 16 y of age were assigned SA
cqual to their CA.

Physical work capacity. Work capacity was de-
termined as the oxygen consumption at maximum
physical exertion (VO,max) on a motorized treadmill
(model 18-54, Quinton Instruments, Seattle, WAJ.
VO,max was assessed by standard open-circuit spi-
rometry techniques similar to those described by Spurr
and Reina {1989). A continuous and progressive test
modificd from the Balke and Ware {1959} treadmill
procedure was administered to all subjects, with ox-
ygen consumption (VO,), carbon dioxide production
(VCO,) and cardiac frequency (fH) determined at each
work load. Preliminary to the actual test, all subjects
were acclimated to the trcadmill and face mask and
were instructed on the testing procedures. Testing be-
gan with 2 3-min warm-up on the treadmill at 5% grade
and 3.5 mph. Heart rate (fH) during the last 30 s was
used to determine the trcadmill velocity to be used
for the rest of the test (fH < 125, 4.2 mph; fH = 125~
140, 3.5 mph; fH > 140, 3.0 mph). Immediately after
the warm-up the subject began the continuous test at
the specified starting workload. The grade of the
treadmill increased by 2.5% every 2 min until maxi-
mum effort was achieved. In most tests the final two
or three workloads were reduced to 1 min cach so that
subject fatigue did not result in a premature cessation
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of the test before VO, max could be obscrved. Velocity
was incrcascd only if the subject had recached the max-
imum treadmill gradc {25%) but had not reached the
criteria for VO,max. Critcria for maximum cffort was
the failure to increase VO, by >150 mL between two
adjaccnt work grades on the trcadmill while main-
taining fH above 190 bpm. Maximum cxertion was
confirmed in 91% of the subjccts who reached this
platcau of VO,. The remaining 9% of subjccts achicved
maximum hcart rates > —1 s of the heart ratc pre-
dicted for their age. Five subjects (1.3% of thosc tested)
did not mect these requircments for maximum cxer-
tion and were cxcluded from the analysis. Pulmonary
ventilation (Ve), VO, and VCO, were determined
during the last 30 s of each workload using a Parkin-
son-Cowen Dry Gas Meter (model CD4, Rayfield
Equipment, Waitsfield, VT) and Ametck medical gas
analyzers {modecls S-3A and CD-3A, Thermox Instru-
ments, Pittsburgh, PA). Expiratory gas was samplcd
through a Respironics (Monrocville, PA] Spcakeasy-II
face mask-valve and a mixing chamber using a Costill-
Wilmorc apparatus (R-Pel, Los Altos, CA). Gas ana-
lyzers were calibrated after cvery second subjcct using
room air and factory standardized calibration gascs
(Fisher Scientific, Springficld, NJ). Heart ratc was
monitored with a Burdick {Milton, WI) electrocardi-
ograph (model CS-525) with precordial leads at the
CMS5 position, and backcd-up with a Uniq CIC Hcar-
twatch (model 8799, Creative Hcalth Products, Ply-
mouth, MI) remote digital heart rate recorder. Testing
was conductcd at two laboratory sites becausc the vil-
lages were spread over too large an arca to allow for
casy transport to onc laboratory. Both laboratorics
were air conditioned to maintain temperaturcs within
the range of 25 to 30°C. The average baromectric pres-
surc at thc two labs during testing was 748 and 710
mmHg. Twenty-three subjccts were retested on a dif-
ferent day within 3 wk to detcrmine test reliability.
The technical error of measurecment was 0.015 L/min
or 8% of the age- and scx-adjusted total variance for
VO,max.

Statistical analysis. Analyscs werce conducted in
two steps. Analysis of covariance controlling for age
was conducted within cohorts to test for differcnces
in work capacity and rclated mcasurcs of body size,
composition and maturity betwecn Atole and Fresco
subjects. Additional analyscs of covariancec were car-
ricd out to control for possiblc confounding cffccts of
village size {1 = large, O = small), sociocconomic status
[SES) and level of individual participation in the sup-
plementation. The SES measure used in these analyses
was derived from a factor analysis of characteristics
of the home and houschold posscssions (Rivera ct al.
1995). Total volume of supplement consumed was
used as a proxy for participation. Because participation
was dependent on the age when the subjects were born
there is a clear cffcct of child’s age and cohort assign-
ment on the amount of supplement ingested during
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the first 3 y of lifc. Only Cohort 2 children were cx-
poscd to supplementation over the cntire age rangce of
birth to 3 y. Therefore, the statistical control for par-
ticipation was applicd only to this cohort. Subjects
from Cohort 2 were ranked from lowest to highest
volumec of supplement consumed during the first 3 y
of life. Based on the reclative ranking within either
Frcsco or Atole groups, subjects were given a percentile
scorc. Total supplement consumption ranged from 0
to 386 L over the 3 y. The mean daily intake of Fresco
was 43 mL (range = 0-226 mL}, while 114 mL [range
= 0-350 mL) of Atolc was consumed daily. The sup-
plement-specific percentile scorc (volume ranking) was
uscd as a covariate along with age and SES in regression
models that tested for treatment group effects on
VO, max.

To control for the cffects of body size on VO,max
and thercfore to test for treatment effects on aerobic
powcr, the data arc presented in two ways. Tables and
figures of mcan values for various subgroups (sex
X cohort X trcatment) express VO, either in L/min or
in mL/kg body weight - min~!' and mL/kg FFM - min™!,
Howecver, the formal testing of trcatment cffects on
VO,max (L/min) includes body weight and FFM as co-
variates along with potential confounders such as vil-
lage size, age, SES and volume of supplement con--
sumecd in scparate regression models. This allows body
size to scalc itsclf relative to VO,max and is statisti-
cally a preferred means of controlling for these vari-
ablcs becausc it avoids the restrictive assumptions of
a variable computced as a ratio of two variables (Tanner
1949). Diffcrences in VO,max between groups were
considcred statistically significant if the P value was
<0.05 on a two-sided test. The P valuc criterion for
inclusion of an intcractive term in a rcgression was
0.20; howcver, a valuc of <0.10 was considered to re-
flect a strong statistically significant intcraction. To
maintain consistency across regression models other
covariatcs were rctained in all models even if they were
not statistically significant,

The sccond step of analysis tested for the dose-re-
sponsc rclationship between amount of supplement
ingested and various mecasurcs of work capacity. This
analysis was limitcd to Cohort 2 Atole subjects becausc
they were cxposcd to the intervention during a critical
period and consumed a wide cnough range of supple-
ment. Multiple rcgression proccdures were used with
VO,max (L/min) as the dependent variable and energy
consumed from Atole as the indcpendent variable after
age and SES were controlled as potential confounders.
All statistical analysis was conducted using programs
from SAS (SAS Institute, Inc., Cary, NC).

RESULTS

Table 1 presents descriptive information on the 188
male and 176 female subjects according to supple-
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TABLE 1

Mean values for physical characteristics of Atole
and Fresco subjects by cohort’

Variable, group Cohort 1 Cohort 2 Cohort 3
Males
Age, y
A 128 1.1 16.8 +1.3 22.1+ 19
F 128 £1.0 164 +1.3 226 +2.3
Height, cm
A 142.5 +£9.8* 159.7 x93 164.2 + 4.7
F 139.3 +8.7 156.4 +8.6 1628+ 7.5
Weight, kg
A 342 +6.2 48.1 +£7.5 57.5+x5.4
F 32.5 5.5 458 +7.7 56.1 +7.3
Body mass index,
kg/m?
A 16.7 £1.3 188 +1.5 21.3:+2.0
F 166 1.3 186 *1.8 +2
Body fat, %
A 17.5 =4.1 169 29 19.1 4.7
F 190 £5.0 18,0 4.2 199+ 49
Fat-free mass, kg
A 28.3 = 5.7* 40.0 = 6.1 46.4 = 3.7
F 26.3 *+4.7 37.5 x6.1 44.7 £ 4.5
Skeletal age
minus age, ¥y
A -0.81£2.66 -0.30x2.19 — —
F -097 £3.05 -045x220 — —
Sample size
A 33 44 24
F 25 42 20
Totals 58 86 44
Females
Age,y
A 12.7 = 1.1 165 =14 225+ 1.8
F 13.0 1.0 172 =14 21618
Height, cm
A 1432 7.0 152.5 +6.2* 153.3%x5.1
F 141.3 +8.3 149.3 4.6 151.3+5.9
Weight, kg
A 35.7 £6.2 47.6 6.0 49.2 £ 6.2
F 363 7.4 47.7 +6.2 493 £ 5.5
Body mass indcex,
kg/m?
A 173 +2.1 205 £25 209 +2.2
F 180 +2.4 214 +25 21.6 2.6
Body fat, %
A 19.6 +£3.5 22.6 *3.5 23.3+4.0
F 206 3.7 23.7 +34 245 £ 4]
Fat-free mass, kg
A 285 +4.4 36.7 *3.9 375+ 34
F 28.6 =5.0 36.3 139 37.1 + 3.2
Skeletal age
minus age, y
A 0.19 £ 2.60 -0.15 +1.0] — —
F -0.25 £ 2.19 -0.02 £ 0.97 — —
Sample size
A 26 34 21
F 35 40 20
Totals 61 74 41

! Values are mceans + sp. Abbreviations used: A = Atole,
F = Fresco,

*P<0.05,* P <0.0],*** P <0.001 for two-tail t test of Atole-
Fresco difference in means after adjusting for age.
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mentation group and exposure cohort. Mean ages do
not differ significantly between treatment groups
within cohorts. However, the small differences of up
to 0.9 y (Cohort 3 females) were considered sufficient
to include age as a covariate in all regression models
that follow. Subjects in Atole villages tend to be taller
and heavier than those from Fresco villages as reported
by Rivera et al. (1995) for the whole sample. Differ-
ences are statistically significant for all measures in
males and for height in females when all cohorts are
combined and age is a covariate {data and analysis not
shown). However, they tend to be nonsignificant when
exposure cohorts are analyzed separately because of
reduced statistical power. FEFM is greater in Atole
males compared with Fresco males in all cohorts, while
differences in females were not seen. BMI is similar
between both groups.

Males tend to be delayed in maturation relative to
the British children on whom the TW2 method is
standardized, but their deviations from CA do not dif-
fer according to treatment (Table 1). Girls are less de-
layed than boys, especially in Cohort 2, where the
small age deviations and reduced variances are due to
a large number of girls having already achieved skeletal
maturity comparcd with boys. (66% vs. 16%). Because
there is no significant difference by supplement type
in SA within the two younger cohorts, subsequent
analyses do not control for this variable.

Group means for physical performance mcasures at
maximum exertion are presented in Table 2. The re-
sults of analysis of covariance controlling for age in-
dicate that there are no treatment group differences
in maximum heart rate, suggesting that both groups
reached similar levels of exertion and that the heart
rates along with Respiratory Quotient values are con-
sistent with published values, which suggests these
subjects reached maximum exertion (Astrand and Ro-
dahl 1986).

Oxygen consumption at maximum exertion
(VO,max, L/min) is greater in males than females and
increases with age [cohort) in both sexes, except that
values are similar in females in Cohorts 2 and 3.
VO,max was significantly higher in Atole as compared
with Fresco subjects when all cohorts are combined as
shown in Table 3. This is seen in both scxes and re-
gardless of whether body weight or FFM were con-
trolled in the regression model. Atole vs. Fresco dif-
ferences also are observed for VO,max (L/min) in cach
cohort for males {Table 2), but the greatest treatment
effect, based on both absolute values and t values (ef-
fect size), is secn in Cohort 2. Among females (Table
2), the Atole-Fresco differences in VO,max arc similar
across all cohorts {0.09-0.11 L/min), while only in
Cohort 1 is this difference statistically significant at P
< 0.05.

Although age may be the most important covariate
in this analysis, other factors also may confound
the relationship between treatment and VO,max.
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TABLE 2

Mecan valucs for physiological measurcments at maximum exertion in Atole and Fresco subjects by cohort!

Variable, group Caohort 1 Cohort 2 Cohort 3
Males

Maximum hean rate, beats/min

A 207.1 = 6.7 2052 + 6.3 2019 = 7.1

F 208.2 = 5.2 2060 + 55 201.5 £ 7.8
VEmax [BTPS], L/min

A 618 1113 88.7 2 18.7 103.0 £134

F 594 12.0 830 169 101.8 +121.1
VCO;max [STPD|, L/min

A 1.86 £ 0.45°°** 2.89+ 0.62°** 329t 041

F 1.60x 0.34 243+ 0.59 3.13+x 045
VO,max [STP'D], L/min

A 1.70 + 0.36°° 2.62 £ 0.54*° 298 + 0.31°

F 1.50 £ 0.30 224 + 0.54 2.77 £ 0.39
VO,max [STI'D|, mL/kg BW - min~!

A 495 + 44°° 544 £ 6.4°° 520 = 5.1

F 46.1 = 3.9 486 * 6.5 49.7 = 7.1
VO,max |STPD)|, mL/kg FFM - min~*

A 60.1 =+ 6.2 655 = 7.1°*° 643 = 59

F 573 = 6.7 59.2 + 7.2 619 £ 6.5
RQ max

A 1.101 0.06 1.11 £ 0.06 1.12+ 0.08

F 1.08 £ 0.05 1.10+ 0.06 1.15 0.07
O, pulse, mL/beats

A 82 %= 1.7* 128 = 2.7** 148 %= 1.7

F 72 £ 1.5 109 £ 2.6 138 = 22
VE/VO, [STI'D] )

A 343 + 3.2°° 318 1 43" 324 + 39

F 373 = 48 352 + 44 343 + 55
Sample size

A 33 44 24

F 25 42 20
Totals 58 R6 44

Females

Maximum heart rate, beats/min

A 2104 = 6.4 2083 = 94 2024 + 8.5

F 208.7 = 7.3 2059 + 68 202.1 = 6.5
VEmax [BTPS), L/min

A 546 + 94 694 =118 689 = 94

F 533 + 98 694 113 693 = 9.0
VCO,max |STI'D), L/min

A 1.56 £ 0.25** 202+ 0.29° 198+ 0.28

F 138+ 0.28 185+ 0.33 1.85+ 0.37
VO,max [STP'D), L/mun

A 140+ 0.22° 1.74 £ 0.26 1.73+ 0.21

F 129+ 0.26 1.65x 0.3l 163z 029
VO,max [STPD), mnL/kg BW-min™?

A 395 + 3.8* 366 + 4.0 354 1+ 43

F 359 £ 4.1 345 4.5 330 = 4.6
VQ,max [STPD)|, mL/kg FFM-min™

A 49.2 + 4.2 473 1 4.7 46.1 + 4.8

F 453 = 5.0 453 + 5.8 43.7 = 6.1
RQ) max

A 1.12+ 0.08 1.17 2+ 0.07 1.16x 0.07

F 1.08 £ 0.08 1.14+ 0.07 1.15% 0.06
O, pulse, mL/beats

A 6.7 = 1.1° 84 = 16 85 =+ 1.0

F 62 + 1.3 80 = 1.6 81 x 14
VE/VO, [STPD]

A 366 + 4.8° 375 = 5.1 374 + 40

F 389 + 54 399 + 6.2 404 + 5.6
Sample sizc

A 26 34 21

F 35 40 20
Totals 61 74 4]

! Values are means + 5. Abbreviations used: A = Atole, F = Fresco, RQ = respiratory quotient.
*P<005,*P<00I,* P <0.001 for two-tail ¢ test of Awnle-Fresco difference in meana after adjusting for age.
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TABLE 3
Mean' VO, max for Atole and Fresco subjects: separate sexes, ages 11-26 y
Body size Males Females
variable
Model no. controlled' Atole (n = 92)2 Fresco (n = 77} t value Atole {n = 75) Fresco (n = 84) t value
L/min L/min
1 None 2.43 + 0.04 2.15 2 0.04 4.99*** 1.63 £ 0.03 1.51 £0.03 2.74**
I Body weight 2.41 +0.03 2.18 £ 0.03 5.47*** 1.63 + 0.02 1.52 +£0.02 3.97***
111 Fat-free mass 2.39 + 0.03 2.21 +£0.03 4.60%** 1.61 £ 0.02 1.53 £ 0.02 3.03**

I Adjusted for age, age?, sociocconomic status, village size and village size by supplement type interaction plus the body size measure

indicated for cach regression model. Values are means + SE.

2 Sample sizes reduced from Tables 1 and 2 due to missing data for socioeconomic status.
** P <0.01, *** P < 0.001, two-tailed t test for difference between Atole and Fresco.

Therefore, the multiple regression analysis was ex-
panded for Cohort 2 to include SES and level of subject
participation in the nutritional supplemecntation pro-
gram. The effect of supplement type before and after
controlling for these covariates is given in Table 4
where the regression analysis is reported for Cohort
2 males and in Table 5 for Cohort 2 femalcs. Model
1 in these tables is the same analysis for which the t
test results are reported in Table 2; that is, the differ-
ence in age-adjusted means for VO,max (L/min) be-
tween Atole and Fresco groups. Modcels 2-6 include
age, village size, SES and volume of supplement as po-
tential confounders. In all models for females and most

models for males, volume of supplement and SES arc
not significant confounders. However, they arc re-
tained in all models for consistency of comparison of
coefficients between models and between sexes. Mod-
cls 3-6 test for the potential mediating cffect of body
size on the relationship between nutritional supple-
mentation and VO,max. Model 3 gives essentially the
same results, in terms of the magnitude and level of
significance of the nutritional effect, as when VO, is
expressed per kg body weight or as maximum aerobic
power (mL/kg-min"') as shown in Table 2.

For males (Table 4} an interaction {P = 0.015) is
observed between supplement type and village size but

TABLE 4

Regression models to test the effect of nutritional supplementation on VO, max mediated
by various measures of body size: Cohort 2 males'

Model 1 Modcl 2 Model 3 Maodcel 4 Model 5 Model 6
B r B8 P ¢} P B r g P Jo) P
Intercept -1.33 0.039 -1.10 0.098 -0.52 0.25 -0.85 0.041 -4.81 <0.001 -0.83 0.39
Age,y 0217 <0.001 0211 <0.001 0.038 0.24 0.048 0.096 0.118 <0.001 0.039 0.22
Village size (1 = large,

0 = small) — — -0.69 <0.001 -0.26 <0.001 -0.22 0.002 -0.30 <0.001 -0.26 <(.001
Sacioeconomic status — — 0.029 067 -0.054 0.21 -0.053 0.18 -0.093 0.075 -0.058 0.20
Volume of supplement

ranking, percentile — — 0.004 0.073 0.0004 0.78 0.001 0.31 0.001 0.46 0.0004  0.79
Supplement type

(1 = Atole,

0 = Fresco) 0311 0.003 0.002 0.99 0.24 <0.001 0.18 0.003 0.23 0.005 0.24 <0.001
Supplement type

by village size

interaction® — — -0.51 0.015 —_ — — — — — —_ —
Weight, kg — — — —_ 0.053 <0.001 — — — — 0.050  <0.001
Fat-free mass, kg — — — — — — 0.067 <0.001 — — — —
Height, cm — — — — — — — — 0.035 <0.001 0.003 0.71
R? (df) 0.36 (2, R3) 0.51 (6, 72) 0.77 (6, 72) 0.80 (6, 72) 0.68 |[6,72) 0.77 (7,71)
RMSE 0.46 0.43 0.28 0.26 0.33 0.28

' VO,max was measured in L/min.

 Interaction was tested and il P was >0.20, the final maodel was run without interaction,
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TABLE 5

Regression modcels to test the effect of nutritional supplementation on VO, max mediated
by various mecasurcs of body sizc: Cohort 2 femalces'

Maodcl 1 Model 2 Modcl 3 Muodcl 4 Maodcel 5 Modecl 6
f r i} r r f r B8 r B8 P
Intercept 2.17 <0.001 2.02 <0.001 0.83 0.036 0.27 0.50 -1.51 0.134 -0.50 0.50
Agc,y -0.031 0.22 -0.025 0.37 -0.044 0.023 -0.034 0.061 -0.027 029 -0.043 0.023
Village size {1 large,

0  small) —_— — 0.02 0.76 -0.09 0.24 -0.09 0.18 0.013 0.84 -0.09 0.20
Sociocconomic status — — 0.016 0.73 -0.011 0.75 -0.003 094 -0.022 0.62 -0.024 0.50
Volume of supplement

ranking, percentile — — ~-0.0002 092 -0.0003 0.78 -0.0003 0.81 0.0001 093 -0.0003 0.79
Supplement type

(1 = Atole,

0 = Fresco) 0.07 0.32° 0.07 0.39 -0.02 0.83 -0.07 0.34 -0.012 0.87 -0.045 0.58
Supplement type

by village size

interaction? — — — — 0.16 0.15 0.19 0.060 — — 0.14 0.17
Weight, kg — — — — 0.035 <0.001 — — — — 0.032 <0.001
Fat-frce mass, kg — — — — — — 0.057 <0.001 —_ — — —
Height, cm — — — — — — — — 0.025 <0.001 0.010 0.042
R? (df) 005 (2,71) 0.04 (5, 61) 0.59 {7, 59) 0.63 (7, 59) 0.25 (6, 60) 0.61 (8, 58)
RMSE 0.29 0.29 0.20 0.19 0.26 0.19

' VO,max measured in L/min.

% Interaction was tested and if P was >0.20, the final model was run without intcraction.

only in Modecl 2. VO, max diffcrences in malcs are secn
exclusively in the large villages where Atole subjects
have a 0.509 L/min higher valuc than Fresco subjects.
For the modcls that include mcasurcs of body wecight
and height (3, 5 and 6}, age becomes nonsignificant as
expected. However, village size remains a significant
contributor to variation in VO,max with highcr valucs
scen in the large villages. Of importance in these mod-
cls is that the size of the supplement type cffect is
fairly constant, the diffcrence betwceen Atole and
Fresco ranging from 0.18 to 0.27 L/min.

For fcmales [Table 5) the addition of the four po-
tential confounders in Model 2 docs not change the
size or significance of the supplement type cffect scen
in Modcl 1 and there continuc to be no significant
differences in VO,max associated with supplement
typc. The intcraction between village size and supple-
ment type scen in males (Table 4, Model 2} is not seen
in fcmales. When different mcasurcs of body mass arc
included in subsequent modecls {3, 4 and 6) the sup-
plement type cffects approach statistical significance,
but only in the context of differences in village sizc.
Therc is a tendency for girls from Atole villages to
have grcater VO,max per unit of weight than girls from
Frcsco villages but only in the large villages (Modecl 3;
the P value for the interaction is 0.15). When FFM is
controlled (Model 4) the interaction is much stronger,
witha P = 0.06, reflecting a0.19 L/min higher VO,max
in the large Atolc compared with the large Fresco vil-
lage. When height is controlled {Modcl 5) ncither the
supplement type cffect (P > 0.05) nor its intcraction

(P > 0.20) with village sizc arc statistically significant.
The rcsults of thesc analyses for main effects of sup-
plement type are presented graphically in Figures 2
and 3. The adjusted mean VO,max valucs can be scen
to differ significantly between Atole and Fresco males
rcgardless of which covariates arc uscd in the adjust-
ment or whether VO,max is expressed as L/min (Fig.
2) or divided by a mcasure of body size to reflect a
measurc of acrobic power (Fig. 3). However, the Atole
and Fresco VO,max mceans are similar in females.

To asscss the plausibility of these treatment effects,
mcasurcs of physical work capacity were rclated to

31
O atole
fresco
) 2
E
=

VO,max

female

FIGURE 2 Mcan VO, max (L/min) of Cohort 2 subjects
from Atolc and Fresco villages. Statistically significant sup-
plement type effect is scen only in males after controlling
for age, SES, village size and level of participation in the
supplcmcntation.
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FIGURE 3 Mcan maximum acrobic power (oxygen consumption per body mass and per FFM) of Cohort 2 subjects from
Atole and Fresco villages. A statistically significant supplement type effect is scen in males after controlling for the same

variables reported in Figure 2.

the amount of supplement consumed by individual
subjects in Cohort 2 of Atole villages. The analysis,
shown in Table 6, was conducted using lincar regres-
sion procedures that modeled VO,max as the depen-
dent variablc with age and village size controlled as
covariates and kilocalories of supplemental cnergy
consumed during the first 3 y {kcal/d) as the indepen-
dent variable. SES also was tested as a covariate but
was not statistically significant in any model. Also,
the interaction between village size and kcal/d was
tested to determine if the slope of the relationship be-
tween VO,max and kcal/d was different between the
large and small Atole villages. No intcraction was de-
tected (P > 0.20) and the term was excluded from the
final models. The statistically significant (P = 0.044)
cocfficient 0of 0.155 in Model 1 for males indicates that
for every 100 kcal/d of Atole consumed over the first
3y of life, there is 2 0.155 L/min increase in VO,max
mcasurcd at adolescence. When body weight is in-
cluded in the Model 2, much of the dosc effect is re-
duced and the coefficient drops to a 0.065 L/min in-
crcasc in VO, for a 100 kcal/d increase in supplement
consumption (P = 0.193). For femalcs, the dose re-
sponse is opposite to that seen among males. For every
100 kcal/d increase in Atole consumption, there is a
significant (P = 0.008) 0.169 L/min decrease in
VO, max. When body weight is included in this model,
the negative effect of supplement is reduced but re-
mains statistically significant (P = 0.003).

DISCUSSION

The hypothesized effect of early nutritional supple-
mentation on work capacity at adolescence was ob-

served, particularly in males. Atole males have signif-
icantly greater VO,max values {L/min) at all ages or
cohorts, while Atole females have significantly greater
values only in Cohort 1. The Atole-Fresco differences
in Cohort 2 males persist after controlling for SES,
village size, age and level of participation in the sup-
plementation trial.

In Cohort 2 Atole males’ VO,max was significantly
related to the amount of supplement consumed. This
positive dosc-response relationship appears to be par-
tially, but not totally, mediated by body size, which
is also responsive to the amount of supplement con-
sumed. The unexpected negative dose-response seen
in girls is difficult to explain. Because Atole-Fresco dif-
fercnces in VO,max are not significant in females in
Cohort 2, this may represent a spurious relationship.
On the other hand, this may be evidence for self-se-
lection bias rclated to unmeasured characteristics of
the girls who consume higher amounts of Atole.

The subjects who participated in the physical per-
formance testing were meant to be a random subsam-
ple of all possible subjects. After two rounds of random
sampling, 84 and 77% of the selected subjects in Atole
and Fresco villages, respectively, consented to the per-
formance testing. The best response rate was found in
the younger subjects {<18 y) who were still in school
or working around the home. These included Cohort
1 and most of Cohort 2, the groups most likely to
reflect a treatment effect due to their carly age at the
time of supplementation. Evidence for the subsample
being representative of the follow-up sample can be
seen in a comparison of anthropometry and amount
of supplement ingested. The small biases that occur,
although not statistically significant, contribute to
greater Atole vs. Fresco differences in height in the
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TABLE 6

Rclationship of VO, max and amount of supplemental cnergy consumed in the first 3 y of life
in Atole Cohort 2 adolescents, controlling for age, village size and body weight!

Males Females
Modcl 1 Model 2 Modcl 1 Modecl 2
g P P i) r B P
Intercept -1.25 0.18 -0.79 0.19 2.63 <0.001 1.46 <0.001
Age,y 0.23 <0.001 0.28 —-0.05 0.14 -0.07 0.002
Village size (0 = small, 1 = large) -0.23 0.13 ~0.27 0.009 0.18 0.060 0.14 0.022
Kcal- 100 per d 0.155 0.044 0.065 0.19 -0.169 0.008 -0.122 0.003
Weight, kg — — 0.056 <0.001 — — 0.030 <0.001
R? 0.34 0.74 0.28 0.73
RMSE 0.46 0.29 0.24 0.15
df 3, 39 4,38 3,28 4,27

! VO,max measurcd in L/min,

subsample than was observed for the follow-up sam-
plc. The greater heights in the subsample of Atole sub-
jects may be duc to overrepresentation of adolescents
from Atole villages who consumed high quantitics of
supplement as young children. Thus, the subsample
mcasurcd may not be a truc random subsample of the
follow-up sample. Thercfore, the intcrnal validity of
the supplemecntation effcct can be qucestioncd. Appro-
priatc statistical control for uncqual participation can
remove some of this disproportionate representation
of Atolc subjccts. Supplement participation and other
confounding variables (e.g., age and SES) were con-
trolled through statistical proccdures and the results
in favor of better performance among Atole subjects
remaincd significant.

Physical work capacity is affcctcd by maturation
(Bouchard ct al. 1976; Kecmper and Verschuur 1987).
Howecever, skeletal maturity doces not differ between
Atole and Fresco villages, thus disqualifying it as a
confoundecr in this analysis. When skelctal age is uscd
as a covariatc {in placc of CA) to test for Atole-Fresco
differences, as done by Rivera ct al. {1995) in analyscs
of body size and composition data, the results are un-
changed.

Other individual confounders were not controlled
in this analysis, but indirect evidence suggests that
they probably did not play an important rolc in ex-
plaining the reported supplementation cffects. Most
promincnt of these is physical activity. Evidence that
this is not a scrious confoundecr in this sample was
demonstrated by Novak et al. {1990) who studied
physical activity patterns by questionnairc and heart
rate monitoring in a subsample of 132 subjccts drawn
from the same subjccts reported here. Males were sig-
nificantly more active than females, but therc was no
effect of early childhood nutritional supplementation
on time spent at levels of physical exertion sufficicnt
to raise hcart ratcs to 75% of maximum.

Anothcr potentially important confounder is iron
dcficiency ancmia. Preliminary analysis of hematolog-
ical and iron status data for thc exercise subsample
indicatcs a very low prevalence (<5%) of anemia severe
cnough to compromisc work capacity, and there are
no diffcrences in mcan hemoglobin concentration,
prevalence of anemia or prevalence of iron dcficiency
between Atole and Fresco villages.

The rcsults reported here generally are consistent
with thosc reported by other rescarchers examining
the relationship between anthropometric status and
work capacity in adolescents. The values for height
and VO,max [L/min and mL/kg FFM - min~'} for Atole
males and fcmales are similar to those reported by
Spurr and Reina (1989) for Colombian subjccts who
were underweight (<95% of Colombian reference for
weight-for-age and weight-for-height). Both the Col-
ombian undecrwceight children and the Atole adoles-
ccnts of both sexes and all ages are below normal-
weight Colombian children in height and VO,max (L/
min). The Fresco subjects arc well below the Colom-
bian underwecight children in VO,max regardless of
age or scx. These two study samples differ when
VO,max is expressed per kg FFM (Fig. 4). Spurr and
collcagues {1983, 1989) and others (Desai ct al. 1984,
Satyanarayana et al. 1979) consistently have reported
that the differences in work capacity ([VO,max in L/
min) between subjects with small body size and those
with normal size arc climinated when work capacity
is cxpressed per body weight, and often the trend is
reversed in favor of the smaller subjects when VO,max
is expressed per kg FEM. The results from this study
indicate that the differences in work capacity, although
rcduced, remain significant in favor of the Atole sub-
jects after controlling for FFM. Thus, the conclusion
of other investigators that the cffects of small body
sizc on work capacity arc mediated through muscle
mass is supported only partially in this sample of Gua-
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FIGURE 4 Relationship between maximum oxygen consumption (VO, max) and fat-free mass [FFM) for subjects from
all cohorts. Thickest and thinnest lines represent regression equations for each sex and nutrition group of Guatemalan subjects
and corresponding symbols represent means for each of three cohorts. Lines for Cali males and females represent regression
equations reported for Colombian adolescents by Spurr and Reina (1989). Trends for Atole males and Colombian males are
nearly identical and greater than Fresco males at any level of FEM. Atole females have lower VO, max for a given FFM than
Colombian girls but higher than Fresco females. The statistical analysis for Atole-Fresco differences are reported in Table 3.

temalan adolescents. Several factors could explain
these differences.

The relationship between previous nutritional sta-
tus and work capacity may be nonlinear with the
strongest effect seen below a threshold of nutritional
status as suggested by a study of Indian male adoles-
cents (Satyanarayana et al. 1979). Relative to the Col-
ombian adolescents studied by Spurr and Reina {1989),
the Guatemalan subjects show evidence of a greater
degree of growth retardation perhaps as a result of
more severe undernutrition in early life.

Another difference between the Colombian and
Guatemalan studies is the way subjects were classified.
The Colombian subjects, as well as those studied for
similar effects in Brazil (Desai et al. 1984) and East
Africa (Davies 1977), were classificd by current an-
thropometric indicators of past and/or recent under-
nutrition. Because current height and weight are only
proxies of past nutritional status and are themselves
highly correlated to current FFM, the expression of
work capacity per kg of weight and FFM would logi-
cally lead to a reduction in group differences in un-
corrected VO,max (L/min). The results reported by
Satyanarayana et al. (1979) are more consistent with
ours, possibly because they classified nutritional status
based on height during the preschool period rather
than retrospectively at adolescence.

Yet another difference between the Colombian and
Guatemalan studies that might explain the contrasting
results is the method used to estimate FFM. By apply-
ing prediction equations for FFM dcveloped specifi-
cally for this population, most of the bias in the cqua-

tions used by other authors is reduced. Whatever dif-
ferences might cxist between studies in estimating
FFM, they appear to be small. From Figure 4 it is clear
that the slopes for the relationship between VO, max
and FFM are ncarly identical among the three groups
(Atole, Fresco, Cali) for each sex, suggesting a common
cHfect of FFM on VO, max across different populations.
However, the group differences in VO, for a given
FFM persist.

What explains the fact that differences in work ca-
pacity between Atole and Fresco subjccts persist after
controlling for FFM? Unfortunately, no data were col-
lected to address this question. Future research might
consider what role early malnutrition plays in the de-
velopment of muscle fiber (Bedi et al. 1982, Saltin and
Gollnick 1983) and its oxidative capacity in later life.

The reduced VO,max of Fresco males compared
with Atole males appears not to be related to differ-
ences in pulmonary ventilation during maximum ex-
ertion. Atole subjects have a significantly lower ven-
tilatory equivalent (VE/VO,) than Fresco subjects (Ta-
ble 2), which implies that less ventilation is required
for a given amount of oxygen consumed. Also, because
maximum heart rates are similar between Atole and
Fresco groups, the oxygen pulse is significantly greater
in Atole compared with Fresco subjects (Table 2). The
exact mechanisms to explain how carly chronic un-
dernutrition affects respiratory or circulatory function
is not known for human subjects. Future research
should focus on the possible long-term or lifclong cf-
fects of early malnutrition on development of the
lungs, heart and skeletal muscle.
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The cffects of carly nutritional supplementation arc
much clcarer in males than females, both with regard
to main cffects and to dosc-responsc relationships.
This docs not secm to be related to differential partic-
ipation in the supplementation trial or in the physical
performance testing. It may be related to different lev-
cls of physical activity. Novak ct al. (1990) have shown
that females in this sample of adolescents arc much
Icss active than males and that the scx diffcrences be-
comc grcater with incrcasing age, perhaps because of
culturally prescribed changes in sex roles associated
with biological and social maturation. Spurr and Reina
(1989) also obscrved similar reductions in VO,max
among Colombian girls as they matured through ad-
olescence and suggest that age changes in physical ac-
tivitics (Spurr and Rcina 1988) might account for this
pattcrn.

Although the results revicwed above indicate that
nutrition in carly childhood influences adolescent
physiological status, little is known about the biolog-
ical mechanisms through which malnutrition affects
oxygen uptake and utilization. Also, not much is
known about the practical implications of these results
to everyday functioning of individuals living in de-
vcloping countrics.
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