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ABSTRACT The effect of early childhood nutritional
supplementation on skeletal maturation at adolescence
was investigated in 663 rural Guatemalans, aged 11-
18 y. Skeletal maturation was assessed by the Tanner-
Whitehouse-2 method. The subjects were former par-
ticipants in the Institute of Nutrition of Central America
and Panama longitudinal study of growth and devel-
opment (1969-77) residing in four villages (two large
and two small) in eastern Guatemala. The villages were
randomized within pairs to reccive elther a high energy,
high protein supplement (Atole) or a low energy sup-
plement with no protein (Fresco). Skeletal maturity was
observed across all villages to be delayed significantly
relalive to a British reference for boys < 14 y of age,
but not for older boys or for girls < 14 y of age. Delays
in girls > 14 years could not be determined reliably
because many had reached maturity. Girls < 14 years
from Atole villages were more advanced in skeletal
maturity than similar age girls from Fresco villages but
these differences were found only in comparisons of
the large villages. The relationship between early nu-
trition and biological maturation at adolescence may
be obscured in this sample by the advanced age at
which the subjects were examined in adolescence.
J. Nutr. 125: 10975-1103S, 1995.
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Morc is known about the effects of early childhood
protcin-cnergy malnutrition on growth than on bio-
logical maturation. Some studics have shown, how-
ever, that carly undernutrition delays maturation in
both expcrimental animals {Schrader and Zeman 1973)
and in humans [Alvcar ct al. 1986, Bailey ct al. 1984,
Himes 1978). In the Institute of Nutrition of Central
Amcrica and Panama (INCAP) longitudinal study,
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maturation was asscsscd in preschool children by
counting the number of ossification centers present in
a hand-wrist X-ray (Yarbrough et al. 1973). Effects of
nutritional supplementation on maturation were
found in both sexcs but the differences were of lesser
magnitude than those seen on linear growth {(Martorell
etal. 1979). Approximately 20% of the effects on linear
growth could be attributed to accelcrated maturation.
The long-term cffccts of malnutrition in early
childhood on growth and dcvelopment at adolescence
arc less well known. Associations between stunting in
carly childhood with pattcrns of growth in adolescence
and with attained adult height have been demonstrated
(Billewicz and MacGregor 1982, Hauspic ct al. 1980,
Satyanarayana ct al. 1980, Satyanarayana et al. 1989).
Martorcll ct al. (1990) found that stunting in early
childhood in rural Guatcmalans persisted into adolcs-
cence and that height gain between 5 and 18 y of age
was independent of height status at 5 y.
Satyanarayana ct al. (1989) found that timing and
duration of pcak height velocity in an Indian sample
was dependent on the degree of stunting at 5 y of age.
Cross-scctional studies from dcveloping countries
suggest that nutritional status assesscd by anthro-
pometry during adolescence is related to maturity in-
dicators such as agc at mcnarche, skeletal age (SA) and
the dcvelopment of sccondary sex characteristics
(Spurr ct al. 1983). Howcvecr, it is not known whether
preschool-age dclays in biological maturation related
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to protein-energy malnutrition persists into adoles-
cence, Biological maturation may be an important me-
diating factor for the effects of early malnutrition on
growth, body composition, work capacity, activity and
social development during adolescence—all important
outcomes examined in the INCAP follow-up study re-
ported in this volume.

The objective of this research is to assess the long-
term effects of early childhood nutritional supple-
mentation on biological maturation at adolescence,
indicated by SA. The effects of both supplement type
(protein-plus-energy vs. energy) and quantity on mat-
uration at adolescence are investigated in a follow-up
sample of the INCAP longitudinal study. Effects on
menarche are considered elsewhere (Khan et al. 1995).

MATERIALS AND METHODS

From 1969-77 INCAP conducted a longitudinal
study of growth and development with a nutrition in-
tervention in four rural Guatemalan villages (Martorell
et al. 1995). The population was Ladino, or mixed
Spanish and Amerindian, heritage. Four villages were
selected, stratified by size (i.e., two had 900 people
each and two had 500 people each) and randomly as-
signed to receive one of two types of supplement. Two
received Atole, which is a high energy drink with a
high protein content {163 kcal or 682 k] plus 11.5 g
protein per cup or 180 mL) and two received Fresco,
a low-energy drink with no protein content (59 kecal
or 247 k] plus O g protein/180 mL). Consumption was
ad libitum but recording, daily to the nearest 10 mL,
ceased when children reached 7 y of age. As reported
by Martorell et al. (1995}, both supplements contained
equal amounts of selected micronutrients (iron, fluo-
ride, riboflavin, niacin, thiamin, ascorbic acid and vi-
tamjn A}, while the Atole also contained calcium and
phosphorus. Extensive growth and devclopment data
were collected in children < 7 vy, including skeletal
maturation, assessed by counting the number of os-
sification centers present in a hand-wrist X-ray. At fol-
low-up, during 1988 and 1989, researchers returned
to the four study villages. All residents of the four
villages were considered potential subjects for the
maturation study if they had participated in the orig-
inal INCAP study, were between 11 and 18 y of age
at follow-up and were nonpregnant. Coverage was
80% and the radiographic sample for the four villages
consisted of 883 subjects.

Hand-wrist X-rays were taken by trained INCAP
field workers after gaining informed parental consent
and screening females of postmenarcheal status for
pregnancy. The radiographs were 8 X 10-inch anterior-
posterior images of the hand-wrist area, exposed
through an intensifying screen using a portable X-ray
machine at a distance of I m. An adjustable columnator
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was used to reduce scatter radiation. The radiation
dosage received was 0.015 REM; allowable annual ex-
posure for the U.S. population is 0.5 REM beyond
background radiation. The research protocol was ap-
proved by the University Committees on Human Sub-
jects Research of Stanford and Cornell Universities
and INCAP.

All radiographs were assessed in the field by one
investigator (K.E.P.). Skeletal maturation was assessed
by the Tanner-Whitehouse-2 (TW2) method (Tanner
et al. 1983). The TW2 method involves the examina-
tion of 20 bones of the hand and wrist and the assign-
ment of a letter grade to each bone dependent on the
attainment of clearly described bone-specific maturity
indicators. The letter grade is then converted to a nu-
meric score in accordance with the tables given by
Tanncr ct al. {1983) and the scores are summed for
each individual to give a maturity score on a scale of
0 to 1000. Maturity scores can be converted to SA for
each individual by comparison to British standards
given by Tanner et al. [1983) and the relative matu-
ration can be assessed by comparison of the SA to the
individual’s chronological age (CA). In this study the
radius-ulna-short bones (RUS} option of the TW2
method, using only the radius, ulna and 11 short bones
of the hand, was used to determine maturity scores,
SA and relative maturation. The carpal bones of the
hand contribute little to the assessment of skeletal
maturation after the onset of puberty {Johnston and
Jahina 1965) and the RUS scheme therefore was more
appropriate for the assessment of variation in our
sample of 11-18-y-old subjects. The accuracy of the
TW2 method is discusscd by Tanner et al. (1983). Re-
liability, composed of both precision and dependabil-
ity, was assessed for the single observer in this study
as the coefficient of reliability (R?) in a test-retest as-
sessment of a random 10% of the sample radiographs
(Marks et al. 1989). The coefficient of reliability was
very high at 0.858. Of the 14.2% unreliability esti-
mate, 3.33% could be explained by the age of the sub-
ject, 1.1% by the sex of the subject and 0.1% by the
supplement group (Atole, Fresco) to which the subject
belonged.

For statistical analysis, the sample was divided into
cohorts corresponding to differential exposure to the
nutrition intervention study in carly childhood (Mar-
torell et al. 1995). The older cohort, Cohort 2, aged
~14-18 y at follow-up, was exposed to the nutrition
intervention in utero and from birth to 3 y of age, the
period considered most sensitive to the effects of the
nutrition intervention (Schrocder et al. 1995). After
the age of 3 y these subjects had variable exposure to
the intervention, dependent on their age at the end of
the study in 1977. The subjects of the younger cohort,
Cohort 1, aged 11-14 y at follow-up, had complete
exposure in utero but variable age-dependent exposure
from birth to 3 y of age.
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Thc outcome variable in all analyses was the SA
deviation, or rclative maturation computed as SA
— CA. Approximatcly 68% of thc females in Cohort
2 had rcached skclctal maturity (SA = 15.9 y); in cascs
where CA was =15.9 y, SA was sct cqual to CA and
the SA deviation score was 0. A large number of zcro
values accumulated at the higher ages of Cohort 2 and
this created analytical problems when testing for group
differences in SA deviation scorcs. Therefore, Cohort
2 females were excluded from the analysis reported in
this paper. In contrast, only 20% of the males in Co-
hort 2 had reached skcletal maturity {SA = 18.0 y),
whilc nonc had rcached a CA of 18 y. Thercfore, this
cntire cohort was rctained for analysis.

All statistical analyses were sex- and cohort-specific,
with agc controlled within cohort. Scx spccificity was
cssential duc to sexual dimorphism in skcletal matu-
ration. CA was controlled in all within-cohort analyscs
because SA deviation will regress naturally toward zecro
with advancing age.

The analysis was conductcd in two stagces. First, the
effects of early nutritional supplemcntation were as-
sesscd by comparing supplcmentation groups (Atolc
vs. Fresco) using the GLM procedurc of the SAS sta-
tistical package (SAS Institutc Inc. 1985) for analysis
of covariance (ANCOVA). Analysis of individual sup-
plement intake followed, to cstablish the dosc-re-
sponsc to carly supplementation in Atole male subjccts
in Cohort 2. This analysis was restricted to Cohort 2
because most of the subjects in the younger cohort
had <3 y of cxposurc to the intcrvention and that cx-
posurc was confounded by age. Cohort 2, on the other
hand, was cxposcd to the intervention throughout
gestation and the first 3 y of lifc, with variable cxpo-
surc thercafter, again dcpending on age. Previous
analysis [Schrocder ct al. 1995) of anthropomctry from
this study has shown that supplcmentation cffects on
lincar growth arc scen until 3 y of age and not there-
aftcr. Only Atole villages were used in analyses of
dosc-responsc because the mean amount {110 kcal/d
or 460 kJ/d) and rangc (0-366 kcal/d or 0-1531 kJ/d])
of supplemental cnergy ingested was greater than in
Fresco villages (mean = 17 kcal/d or 71 kJ/d, range
= 0-90 kcal/d or 0-377 kJ/d). Individual supplemecntal
energy intakc was used as a continuous independent
variable in a multiple regression model using the REG
proccdurc, after controlling for sociocconomic status
and village sizc in an ANCOVA modcl using thc GLM
procedure. Scveral indicators of houschold sociocco-
nomic status relating to quality of housc construction
and household matcrial posscssions were measurcd in
1975 and includcd in a factor analysis (scc Rivera ct
al. 1995) to create a general sociocconomic index. The
resulting factor score (SES) was cvaluated as a possible
confoundcr in all analyscs. Statistical intcractions be-
tween supplementation group and village size were
tested also.
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Descriptive statistics of biological maturation mea-
sures [or the study sample are presented in Table 1.
For comparison, both thc 20-bone and RUS SA are
rcported. The RUS ages arc somcwhat greater and
morec variable than the 20-bonc ages; however, the dif-
ferences arc not statistically significant (paired t test).
Deviation of the RUS SA from CA suggests a signifi-
cant (P < 0.001) dclay in skelctal maturity in the
youngcr cohort of malces of 1.20 y, with a lesscr dclay
(P > 0.05) of 0.16 y in oldcr malcs, and no significant
dclay in fcmales from Cohort 1.

Agc-adjusted mean and sk for the difference between
SA and CA (SA dcviation) are presented for cach sex
and cohort for the Atolc and Fresco groups in Figure
1. The results of regression analysis that support this
figurc arc scen in Table 2. The Atole-Fresco differences
were tested after controlling for age and village size
(large vs. small}. Among malcs, there arcno significant
Atolc-Fresco differences in SA deviation for either co-
hort. Among fcmales from Cohort 1, the expected
trend of Atole subjccts being more mature than Fresco
subjccts is statistically significant (Difference between
Atole and Fresco means =0.39y,t = 2.13, P = 0.035].

The analysis was cxpanded to include socioeco-.
nomic status [SES) as a potcntial confounder of the
supplcmentation cffcct on SA deviation. Cohort 1 boys
and girls from Atolc villages had a tendency towards
higher SES scores (i.c., higher sociocconomic status)
than thcir agc mates from Fresco villages (P < 0.10).
Morcovcer, SES scores tended to be associated posi-

TABLE 1

Descriptive statistics of skeletal maturity indicators and
othcer variables among male adolescents in cohorts 1
and 2 and female adolescents in cohort I'

Malces Females

Variable Cohort 1 Cuohort 2 Cohort 1
CAy 12.79 £ 0,99 16.26 £ 1.01 12.81 £ 1.04
Hcight, ecm 139.3 £ 8.6 156.9 + 8.8 141376
Weight, kg 33.1159 473+ 7.3 36.1 7.6
RUS

malurity score 379 + 124 762 £ 20] 689 £ 172
RUSSAy 11.58 £2.27 16.09 £ 1.71 13.04 £ 1.78
20-honc SA y 11.59 £2.11 15.87 2 1.62 12.55 £ 1.70
SA deviation y? ~1.20 1 1.80 -0.16 £ 1.32 023+ 141
SES ~0.11 1 .89 -0.11 £ 0.90* -0.03 £ 0.91°%
Pereent

atole 58.0 54.2 52.7
n 220 223 220

! Values are means + SD. Abbreviations uscd: CA = chronological
age; RUS = radius-ulna-short boncs; SA = skcletal age; SES = socio-
cconomic status,

2 RUS age ~ CA.

*n = 185.

“u = 198.

Sn=187.
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FIGURE 1 Atole and Fresco differences in the deviation
of SA from CA among male and female Guatemalan ado-
lescents. Height of the bars represent means after adjusting
for age and village size [sce Table 2). Brackets represent SE.
Sample size for cach sample in parenthesis. P valucs are for
test of Atole-Fresco differences in SA deviation on a two-
sided test after controlling for age and village size.

tively with SA deviation (P < 0.10}, thus fulfilling the
two criteria for confounding. When SES was entercd
as a covariate into the basic models for Cohort 1 pre-
sented in Table 2, the Atole-Fresco main effects were
not changed for males but were reduced slightly from
0.39 to 0.33 y for females, with the statistical signif-
icance changing from P = 0.035 to 0.096. In Cohort
2 males the SES scores were similar in Atole and Fresco
subjects and tended to be related to the SA deviation
[P = 0.065). Inclusion of SES in the models for this
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older male cohort did not affect the Atole-Fresco dif-
ferences reported in Table 2.

The interaction between village size and supple-
mentation was tested for each sex and cohort group
with SES also included in the models. Table 3 sum-
marizes the results of the regression analysis that in-
cludes this interaction. Atole cxposure was associated
with earlier maturation only in the larger villages. The
interaction was statistically significant for females in
Cohort 1 and males in Cohort 2. Among Cohort 1
females, who also had the only significant main effect
(Table 2} of supplement, Atole subjects were 0.94 y
more advanced than the Fresco subjects in the large
villages but were 0.39 y behind in the small villages.

To measure the dose-response of adolescent mat-
uration, we investigated the relationship between SA
deviation and total supplemental energy intake from
birth to 3 y of age in Cohort 2 males from Atole villages
(Table 4). After controlling for age, village size and
SES, the effects of supplemental energy intake was not
significant,

It is important to note that the sample sizes reported
in Tables 1 and 2 are reduced by ~10% for any analysis
that includes SES (Tables 3 and 4) becausc of missing
values. The descriptive statistics reported in Table 1
are essentially the same when repeated on the reduced
sample of subjects with SES data.

DISCUSSION

We hypothesized that nutritional supplementation
in early childhood would affect positively skeletal
maturation status at adolescence. Specifically, we hy-
pothesized that subjects supplemented with the high

TABLE 2

Regression analysis of supplementation effects on SA deviation by sex and cohort®

Cohort 1 Cohort 2

Males Females Males
Independent variables Estimate Estimatec t Estimate t
Intercept -7.325 -5.11*** —-3.525 -3.08** -1.925 -1.342
Age,y 0.486 4.43*** 0.285 3.27** 0.112 1.28?%
Village size (0 = small, 1 = large) -0.377 -1.722 -0.191 —-1.06% -0.067 -0.38?2
Supplement type [0 = Fresco, 1 = Atole) 0.161 0.387 2.13* -0.044 -0.252
R? 0.10 0.06 0.01
Residual mean square error 1.62 1.33 1.30
df 3,216 3,216 3,219

1 SA deviation = SA — CA. Abbreviations used: SA = skeletal age; CA = chronological age,

2 Not significant {P > 0.05).

* P < 0.05.

*s p < 0.01.

sss P < 0.00] on two-sided test.
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cnergy, high protcin Atole would be advanced in mat-
uration at adolescence compared with subjects who
rcceived the low cnergy, no protein Fresco supplement.
As further support of the supplementation effect, we
hypothcsized that maturation at adolescence would
show a dosc-responsc to the amount of supplemental
cnergy ingested in the first 3 y of life. We found only
minimal support for these hypotheses. Atole-Fresco
diffcrences in maturation status were small (0.4 y) and
restricted to the youngest cohort of girls between 11
and 14 y of age; also, thesc weak cffects were atten-
uated after controlling for SES. No lincar dosc-re-
sponse to individual supplemental cnergy intakc was
obscrved in the only group suitable for testing this
rclationship: Cohort 2 males from the Atolc villages.
These findings differ to some cxtent from those of
Khan et al. {1995) who found that the mean age at
menarche was similar in Atole (13.75 £ 1.22 y) and
Fresco (13.74 + 1.75 y) villages. Thus, taken togcther,
the studics of skeletal maturation and of mcnarche
suggest that the effect of improved nutrition in child-
hood on maturation in adolescence is weak to abscnt.

As the results differ in some respects from our cx-
pectations, it is nccessary to scck an explanation of
our findings by cxamining both our original hy-
potheses and the various factors that may have caused
the nonsignificant results of this study: samplc sizc,
study design and the influcnce of negative confoun-
ders.

The indicator of biological maturation choscn for
this study was skecletal maturation, which is sensitive
to the cffccts of carly undernutrition. Martorcll ct al.
(1979) reported a significant impact of the INCAP nu-
trition intcrvention {of both type and amount of sup-
plementation) on skcletal maturation, measured by the
numbecr of hand-wrist ossification ccnters present in
carly childhood {12-36 mo). Wec¢ mecasured skclctal
maturation by the RUS option of the TW2 mecthod,
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TABLE 4

Rcegression analysis of amount of energy consumed per day
from Atolc and SA deviation in Cohort 2 males®

Independent variables Estimatc t
Intcreept -2.993 -1.472
Age,y 0.161 1.29%
Village size {0 = small, 1 = large) 0.370 1.43%
SES 0.318 2.25*
Supplement {kcal X 100/d)? 0.004 0.032
R? 0.06

RMSE 1.31

df 4,101

! SA deviation = SA — CA. Abbreviations used: SA = skclctal
age; CA = chronological age; SES = sociocconomic status.

2 Not significant {P > 0.05).

3 To obtain kilojoules multiply kilocalorics by 4.184.

* P < 0.05 on two-sided test.

which can be used over the cntire developmental pe-
riod and is a morc accurate and prccise mcasurc of
variation in maturation at adolescence than altcrnative
atlas methods, such as that of Greulich and Pyle {1959).
The TW2 systcm allows for population variation in
the pattcrn of maturation (Shakir and Zaini 1974),'is
robust to minor asscssment problems (Van Venrooij
and Van Ipcnburg 1978) and asscssment is neither age-
nor scx-dependent (Wenzel ct al. 1984). In addition,
the use of the RUS option allows the exclusion of the
carpal boncs, problcmatic in the adolescent age range
corrcsponding to this sample (Johnston and Jahina
1965).

Samplc sizes for Cohorts 1 and 2 of males were 220
and 223, respectively, and 220 for Cohort 1 fecmalces.
sD for the mcan deviation in maturation (SA deviation)
of the three groups werc 1.80, 1.32, and 1.41 vy, rc-
spcctively. Using a statistical power (1 — 8) of 0.90

TABLE 3

Summary of regression analysis of supplementation effects on SA deviation
by cohort, scx and village size controlling for age and SES'

Cohort 1 Cohort 2
Malces Fcmales Males
Large? Small Large Small Large Small
Sample size 100 99 88 109 89
Atole-Fresco difference in SA deviation, y? 0.47 -0.17 0.94 -0.39 0.31 ~0.62
Significance of village sizc by supplement
group intcraction (P) 0.22 0.001 0.016
Significance of SES () 0.039 <0.001 0.015
Mcan SA deviation -1.19 0.30 -0.20

! Abbreviations uscd: SA = skeletal age; SES = sociocconomic status.

2 Village sizc.
¥ Number represents value for Atole minus value for Fresco.
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and a P value (a) of 0.05 to estimate z = 6.6 for a two-
tailed test (Snedecor and Cochran 1980}, we can cal-
culate the minimum difference (5) in SA deviation that
could have been detected in this study. Solving the
equation

& = [2{Z)sD?/N]'/2

separately for males and females of each cohort shows
that sample size was sufficient to detect significant dif-
ferences in the delay of maturation between the Atole
and Fresco groups as small as 0.43 and 0.32 y in males
of each cohort and 0.30 y in females of Cohort 1. This
suggests that sample sizes within each cohort by sex
group were marginally adequate to detect differences
of biological significance (0.3-0.5 y).

It is probable that CA is acting as a negative con-
founder of the effects of early supplementation on ad-
olescent skeletal maturation at the time of follow-up,
as the age range of the subjects is 11-18 y. In well-
nourished populations, skeletal maturity is reached
around the age of 16 in females and 18 in males. As
the skeleton approaches full maturity, SA converges
with CA to reach zero difference at the completion of
maturation. The variation in relative maturation status
(SA deviation) used as an outcome in this study there-
fore decreases with age. This may explain the failure
to show any dose-response in the older cohort of males.
For the test of Atole-Fresco differences in each cohort,
CA, along with other potential confounding factors
such as village size and sex, are controlled in each
analysis. But lack of variation in SA deviation in the
older cohort cannot be corrected by controlling for
confounders.

Cohort 1, the youngest group, had shorter, although
variable, exposure to the nutrition intervention than
Cohort 2 and was not expected to provide strong cv-
idence of supplement effects on maturation at adoles-
cence. Therefore, it is somewhat surprising that the
only significant supplementation effect was seen in
this younger cohort. However, it is also likely that
even a limited exposure to the Atole supplement has
a significant effect on skeletal maturation. Martorell
et al. (1979) found a significant difference in the num-
ber of hand-wrist ossification centers between Atole
and Fresco male infants as young as 12 mo of age and
female infants as young as 24 mo. Considering that
the better test of any supplementation effect is likely
to be in younger rather than older adolescents because
of the age confounding effect discussed above, the car-
ryover into early adolescence of the early supplemen-
tation effects seen in the first 2 y is plausible.

The interaction between village size and supplement
group is statistically significant (P = 0.016) for Cohort
2 boys but weaker in Cohort 1 boys (P = 0.22). A sig-
nificant interaction also is seen in Cohort 1 girls (P
< 0.001). We observed a greater positive effect of Atole
supplementation in large compared with small vil-
lages. Large villages were more delayed in skeletal ma-
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turity than small villages [Table 2). This might be in-
terpreted as a greater potential for the intervention to
have been effective in groups where the maturation
process was more delayed. We have no explanation
for the apparent negative effect of Atole in the small
villages, especially in Cohort 2 males.

The possible persistence into adolescence of a small
and selective effect of supplementation on skeletal
maturity while the supplementation effects on height
remain about the same as seen at 3 y (Rivera et al.
1995) suggests that the effect of delaying maturity to
allow more time for catch-up growth is minimal in
this population.

In conclusion, we found that type of early nutri-
tional supplementation significantly affected skeletal
maturation at adolescence, but its effect was restricted
to females < 14 y of age and in large villages. It is
probable that the interpretation of results of this study
are obscured by the advanced age of most of the sub-
jects at the time of the measurement of skeletal mat-
uration in adolescence. A study with a similar research
design and that follows up youth and adolescents at a
somewhat younger age would help to establish
whether early nutritional supplementation affects
maturation at adolescence. Given the central impor-
tance of maturation status in cxplaining variation in
physical growth and performance, particularly at ad-
olescence, and the possibility that maturation acts as
a mediator of long-term nutritional effects on such
outcomes, the relationship of early nutrition to later
biological maturation is worthy of further attention.
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