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ABSTRACT Five growth models are compared using weight data from 95
rural Congolese infants between birth and 13 months of age. The objective is to
find the best model in terms of goodness of fit and distribution of parameter
estimates. The Infancy component of the Karlberg model, the Count model, and
the Kouchi model, which are all three-parameter models, are tested together with
the four- and five-parameter versions of the Reed model. The closest fits are
obtained using the Reed models, followed by the Karlberg model, while the Count
and Kouchi models provide poor fits. The five-parameter Reed model is not supe-
rior to the four-parameter version. Examination of mean residuals by age shows a
systematic bias in neonatal weight estimation with the three-parameter models.
Mean within- and between-individual correlations are especially high for the
Kouchi and Reed models. Extreme skewness is observed for some parameters of
the Kouchi model and of the five-parameter Reed model. Despite its high degree of
collinearity, the four-parameter linear Reed model should be preferred on weight
data between birth and 1 year. The I-component of the Karlberg model could be

used between ages 2 and 12 months.

In developing countries almost 30% of pre-
school children suffer from impaired growth
(Keller and Fillmore, 1983) due to local eco-
logical conditions, mainly improper nutri-
tion and infections (Martorell et al., 1988).
Growth during infancy is thought to be espe-
cially important because of high growth
velocity and sensitivity to external factors
in that age range (Waterlow, 1988; Forman
et al., 1990). Food supplementation has been
shown to have the largest effect on weight
and height growth prior to 1 year of age and
virtually no effect after 2 years in children
from Guatemala (Lutter et al., 1990). Fur-
thermore, nutritional status (in terms of
weight, length, or length for age) at 12
months is more predictive of the child’s pre-
school status than is status at birth or dur-
ing the first months of life (Scholl et al.,,
1983; Simondon et al., 1991), suggesting
that a child’s preschool nutritional status is
largely determined by growth during in-
fancy. Therefore, research on growth im-
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pairment should focus on the infancy, i.e.,
the first year of life.

The modelling approach is a powerful tool
for the study of growth. It provides smooth
curves of status and velocity, even from ir-
regularly spaced measurements. Further-
more, the comparison between families of
curves can be done using parameter esti-
mates. Several models have been used for
the modelling of infant growth, but no gen-
eral evaluation of existing models is avail-
able as it is for growth from 3 months to 6
vears (Berkey, 1982), for pubertal growth
(Marubini et al., 1971; Hauspie et al., 1980),
and for total lifetime growth (Preece and
Baines, 1978; Jolicoeur et al., 1988). The
present research compares the models cur-
rently used for infancy or preschool growth
using weight data from Congolese infants
between birth and 13 months of age.
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AGE IN MONTHS
Fig. 1. Means, maxima, minima, and quartile values of the original weight data (in Kg) by age.

MATERIALS AND METHODS
Study population and data

The data were taken from the 1987 Na-
tional Survey of Nutrition in The People’s
Republic of Congo, Central Africa (Cornu
et al., 1990). Briefly, a sample of 2,429 chil-
dren under 5 were selected using a stratified
cluster sampling design. Their nutritional
status and the potential risk factors of pro-
tein—energy malnutrition were assessed.
Weight measurements taken at the local
health centers during infancy were copied
from the children’s health cards when these
were available in their homes, and the corre-
sponding ages noted. The objective was to
study the relationship between growth in in-
fancy, nutritional habits, and subsequent
nutritional status. These routine weight
measurements were used for the present
study. Weights were recorded to the nearest
20 g.

Ninety-five children who had been moni-
tored until 13 months of age were selected.
They were all weighed before 1.5 months
and between 12 and 13.5 months of age, and
they were measured during at least 7 differ-
ent examinations. Birth weight was also in-
cluded in the analysis whenever it was
available (79% of the children).

The nutritional status of most children
was poor, but a broad spectrum of growth
patterns was represented in the sample.
Mean weight by age is given in Figure 1
together with maxima, minima, and quar-
tile values of the distributions.

Models

The following five growth models were
compared: the Count model, the Kouchi

model, the first- and second-order Reed
models, and the I-component of the Karlberg
model.

The Count model (1943) is linear in its
three parameters:

y=A+Bt+ Chit)

and it was proposed for modelling anthropo-
metric variables such as weight, height, and
head circumference. Berkey (1982) com-
pared it to the Jenss model on weight and
height data for children between 3 months
and 6 years and concluded that it had severe
age-related biases.

The Kouchi model was developed by Kou-
chi et al. (1983a,b), who applied it to weight
(Kouchi et al., 1983a) and length (Kouchi
et al., 1983b) data for children from the Fels
Longitudinal Growth Study between birth
and 2 years. This three-parameter nonlin-
ear model is

y=A+ Bt°
The two linear Reed models (Berkey and

Reed, 1987) are extensions of the Count
model. The first-order model is

y=A+ Bt + Cln(t) + D/t
a four-parameter model, which is more flex-
ible than the Count model since it allows an
inflexion point. The second-order model is
y=A+ Bt +Clnt) + D/t + Eft?

where the fifth parameter allows a second
inflexion point. The first-order version was
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shown to perform well on height between 3
months and 6 years: only a few children
needed the second order version {Berkey
and Reed, 1987).

The Karlberg or ICP model (Karlberg,
1987) is a combination of three components
describing, respectively, infancy, childhood,
and pubertal growth. It is analytical rather
than descriptive. The infancy component is

y =A + B[1 — exp(—Ct)]

It was used to study length data from
healthy Swedish children (Karlberg et al.,
1987) and from nutritionally at-risk Paki-
stani children (Karlberg et al., 1988; Jalil et
al., 1989). The fit of the infancy component
(I-component) was good up to 9 months, on
average, in the Swedish sample, and up to 1
year in the Pakistani sample. The I-compo-
nent of the Karlberg model has previously
been used on the Congolese infancy weight
data reported here. The objective was the
estimation of individual weights and quar-
terly weight increments for the prediction of
linear growth retardation in preschool chil-
dren (Simondon et al., 1991). The goodness
of fit was satisfactory. Only the I-compo-
nent, named the Karlberg model for conve-
nience, will be considered here.

Modelling

The Count and Reed models are not de-
fined at age = 0. One of the aims of this
study was to find a model which properly
fits the neonatal period. Therefore, it was
important to include birth weight in the
modelling.

The linear models were modified as fol-
lows:

Count:y =A + Bt + Cln(t + 1)

Reed1l:y=A + Bt + Cln(¢ + 1) + D/
t+1)

Reed2:y =A + Bt + Cln(¢ + 1) + D/
t+D+E@+ 172

Another solution would have been to shift
the age scale using £ = age + 1 (in months).
In this case, the parameter estimates and
correlations would not be the same as in the
present study, but goodness of fit would re-
main unchanged.

Fitting of both linear and nonlinear mod-
els was achieved on an AT microcomputer by
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the nonlinear regression program 3R of the
Biomedical Data Analysis Package (BMDP,
1985), which gives least-squares estimates
of the parameters using an iterative Gauss—
Newton algorithm. Initial parameter esti-
mates were provided, together with the
growth model and its derivatives with re-
spect to the parameters. For each child, the
program provided extensive output in addi-
tion to the parameter estimates, such as re-
sidual variance measuring overall goodness
of fit, and residuals which are recorded
weights minus estimated weights and which
assess age-specific goodness of fit. The within-
individual parameter error correlation ma-
trix was also given,

Individual velocity curves were computed
for all children, using the estimated param-
eters, by derivation of the growth models:

Kouchi: dy/dt = BC('¢™ 1)
Karlberg: dy/dt = BC exp(—Ct)
Count: dy/dt = B + C/¢ + 1)

Reed 1l:dy/dt =B + C/(t + 1) — D/
t + 17

Reed 2: dy/dt =B + C/(t + 1) — D/
(t + 1)° — 2Ef(¢ + 138

Birth velocities were estimated only for the
75 children for whom birth weight was
known.

Statistical analysis

Residual variances were compared be-
tween models two by two using the Wilcoxon
paired-sample rank test. The first- and sec-
ond-order Reed models were compared, the
first-order Reed model was compared to the
Karlberg model, the Karlberg model was
compared to the Count and Kouchi models,
and the Count and Kouchi models were com-
pared. Using five comparisons, a signifi-
cance level at 0.01 was needed (Bonferroni’s
Inequality). Mean residuals were computed
for every month of age from birth to 13
months. No distinction was made between
sexes, because differences were minor when
compared to differences in nutritional sta-
tus.

RESULTS

Successful fitting was obtained for all lin-
ear models and for the nonlinear Karlberg
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TABLE 1. Pairwise comparison of residual variances {in kg?)

Model! Mean SD Minimum Median Maximum p?

Count 0.1382 0.1298 0.0013 0.0902 0.6800

Kouchi 0.1323 0.1300 0.0006 0.0879 0.6829 0.0153

Karlberg 0.0971 0.1101 0.0020 0.0745 0.5826 <0.0001

Reed 1 0.0714 0.0805 0.0005 0.0393 (0.4610 <(.0001

Reed 2 0.0688 0.0841 0.0006 0.0405 0.4815 0.108

"Models are ranked according to increasing goodness of fit.
“Wilcoxon's paired-sample rank test.

*The twa models compared are the one on the lineabove the Pvalue (here the Count model) and the one on the line (herethe Kouchimodel).

model. The data of 5 children could not be
fitted by the nonlinear Kouchi model be-
cause extremely high within-individual pa-
rameter error correlations aborted the fit-
ting procedure. Results are given for the
remaining 90 children.

Goodness of fit

Residual variances were compared pair-
wise (Table 1). Only paired comparisons
were carried out because the aim was to
rank the models according to their goodness
of fit. The closest fit was provided by the
Reed models, but the second-order version
did not perform significantly better than the
first-order version. The first-order Reed
mode! fitted 62 children better than the
Karlberg model (P < 0.0001). The Kariberg
model fitted 68 children better than the
Kouchi model (P < 0.0001) and 70 children
better than the Count model (P < 0.0001).
The Kouchi model did not fit the data signif-
icantly better than the Count model (P =
0.015 compared to a significance level at
0.01, Bonferroni’s Inequality). The mean re-
sidual variance of the Count medel (0.138
kg?) was twice as high as the mean residual
variance of the second order Reed model
(0.0688 kg*).

Mean residuals by age (in g) and 95% con-
fidence intervals of means are given in Fig-
ure 2. The fewest significant deviations from
zero were obtained using the Reed models.
The Karlberg model performed almost as
well, while the Count and Kouchi models
exhibited strong patterns of systematic un-
der- and over-estimation. In addition, the
Kouchi model suffered from extremely large
confidence intervals.

A similar cyclical tendency was obvious
for all models: underestimation of weight at
birth and at age 5-6 months alternated with
overestimation at 2-3 months and 11-12
months. Maximum bias was observed at 1
month for the models of Karlberg (-138 g or

3.5% of recorded weight), Count (—281 g or
7.2%), and Kouchi (—264 g or 6.6%). The
flexibility of the Reed models ensured good
fit in the neonatal period (bias at age one
month: —42 g or 1.0% and —15 g or 0.3%,
respectively). Using these models maximum
bias was at 10 months of age (-93 g or 1.1%
and —78 g or 0.9%, respectively).

Velocity estimation

Velocities were estimated between birth
and 13 months for all children. Mean veloc-
ity curves are given in Figure 3 together
with mean monthly increments which were
computed from the raw data. The velocity
curves also illustrate age-specific goodness
of fit. Both Reed velocity curves fitted the
increment curve very well, while the Karl-
berg curve was less satisfactory during the
first months. The Count and Kouchi curves
exhibited rather poor {it over the whole age
span,

The three-parameter models (Count, Kou-
chi, and Karlberg) had decreasing velocities
throughout infancy, because no inflexion
point is allowed by these models. The mean
age at inflexion of the Reed curves was at
0.7 months of age. Velocity increases before
this age and decreases thereafter. The sec-
ond-order Reed model allowed negative ve-
locities in the neonatal period. Birth velocity
estimation was imprecise, as birth is at an
end point of the growth curve.

Parameter distribution

Means, medians, and standard deviations
of parameter estimates are given in Table 2
(weight units are kg and age units are
months). The Kouchi A and B parameters
exhibited extreme skewness as illustrated
by the gap between means and medians
(—45.4 against —8.8 and 48.3 against 11.2,
respectively). The skewness was due to 5-10
outliners with extremely high values. Stan-
dard deviations were especially high for the
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Fig.2. Mean weight residuals (in g) and 95% confidence intervals of means by age.

Kouchi A and B parameters and for the sec-
ond-order Reed A, D, and E parameters.
Only the Count and Karlberg models had all
mean parameter estimates higher than
their standard deviations. However, the
univariate distributions of the parameter
estimates give a very incomplete description
of the distributions because of high collin-
earity among parameter estimates.

Between-individual correlation matrices
are given in Table 3. The Count and Karl-
berg parameters had rather low correlations
(no coefficient exceeded .80 or .60, respec-
tively), while those of the Reed models were
high. Maximal correlations were found for
the Kouchi model as the A and B estimates
were linearly related (r = —1.0).

Precision

The high between-individual parameter
correlations were partly due to high within-
individual parameter error correlations
{Table 4). When they are very high, the pa-
rameter estimates are poor. The Karlberg
model had all mean correlations less than
.65, while those of the Reed models were
all greater than .90. The Kouchi model also
had unacceptably high within-individual

parameter error correlations, while those
of the Count model were rather low. As
noted earlier the choice of age scale in
these models may affect parameter corre-
lations.

Mean within-individual standard devia-
tions and coefficients of variation of param-
eter estimates are given in Table 5. The
within-individual standard deviations ac-
counted for a very important part of the high
between-individual standard deviations of
the Kouchi model and the second-order Reed
model. The mean within-individual coeffi-
cients of variation for the Kouchi model all
exceeded 1 in absolute values and those of
the second-order Reed model were ex-
tremely high (—6.6 for the D parameter esti-
mate and —58.6 for the E parameter esti-
mate).

DISCUSSION

The present study did not consider all
models available for the study of weight in
preschool children. The Jenss model (Jenss
and Bayley, 1937) was not used since it was
constructed to approach a linear asymptote,
which is characteristic of late preschool
growth, but not of infancy growth. No poly-
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Fig. 3. Estimated weight velocity curves compared to mean monthly weight increments (in kg*/month).

TABLE 2. Means, medians, and standard deviations
(SD) of parameter estimates (weight and age units
are kg and months)

Model Mean Median SD
Count A 2.071 2.731 0.659
B 0.052 0.057 0.121
C 2.052 2.024 0.658
Kouchi A —45.437 —8.781 66.122
B 48.279 11.207 66.115
C 0.190 0.169 0.167
Karlberg A 2.942 2.986 0.580
B 6.533 6.366 1.493
C 0.190 0.186 0.066
Reed1 A —0.883 —1.325 5.981
B —0.192 —-0.209 0.352
C 4.434 4.658 3.787
D 3.801 3.981 7.369
Reed2 A —0.926 1.000 18.408
B —0.117 —0.150 0.561
C 4.363 3.598 8.629
D 4.661 —0.002 39.404
E —1.563 1.703 28.300

nomial models were included because too
many parameters would have been needed;
only high order polynomials provide satis-
factory goodness of fit in preschool growth
(Berkey and Kent, 1983) and in pubertal
growth (Marubini, 1978; Hauspie, 1989).

TABLE 3. Between-individual correlation matrices
of parameter estimates

Count 214
—.387 —.760
Kouchi —1.000
678 —.678
Karlberg 020
—.157 —.571
Reed 1 919
—.980 —.,966
—.982 —.874 945
Reed 2 911
—.987 —.961
—.980 —.825 941
887 659 —-.816 -—-.958

Modelling weight is more difficult than
modelling height, because weight might de-
crease with age for shorter periods. In the
Congolese infants temporary weight losses
during infancy were common. The quality of
data collection will also influence the mod-
els’ goodness of fit, since severe measure-
ment errors increase residuals. The data
used in this study were routine weight mea-
surements taken by health workers and
they were, therefore, likely to be less accu-
rate than measurements from prospective
studies. No reliability data were available.
However, mean residual variances were
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TABLE 4. Mean within-individual error correlation
matrices of parameter estimates

Count 576
—775 —.946
Kouchi —.854
.8306 —.939
Karlberg -.138
—.584 -.607
Reed 1 943
—.990 —-.979
—.995 —.927 980
Reed 2 976
—.997 —.989
—.996 —.958 .988
.980 922 —.965 —-.993

TABLE 5. Mean within-individual standard deviations
(SD)} and coefficients of variation (CV)
of parameter estimates

Model SD Ccv
Count A 0.323 0.10
B 0.082 0.40
C 0.425 0.23
Kouchi A 59.099 —-1.25
B 58.929 1.37
C 0.134 1.47
Karlberg A 0.254 0.11
B 0.945 0.11
C 0.037 0.24
Reed1l A 2,727 -0.45
B 0.169 —0.19
C 1.707 0.40
D 3.236 0.26
Reed2 A 17.379 ~0.60
B 0.510 —-1.31
C 8.079 —6.59
D 36.425 -58.58
E 23.813 1.49

lower than those of a prospective study on
healthy American children between birth
and 2 years (0.216 kg” for boys and 0.152 kg*
for girls, Kouchi et al., 1983a), Furthermore,
data quality is only a minor issue for the
comparison of models.

The Kouchi model failed to fit 5 curves.
This is a problem specific to nonlinear mod-
els, because adjustment of nonlinear models
must use iterative procedures. Computional
problems arise if the shape of a growth curve
differs from the one imposed by the model
(e.g., when fitting a straight line to a model
including a curvature) and parameter esti-
mates cannot be provided. Furthermore, the
goodness of fit of the Kouchi model was un-
satisfactory and the high degree of collinear-
ity was unacceptable.

The I-component of the Karlberg model
provided good fit from 2 to 12 months of age.
Successful adjustment was obtained for all
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children and between-individual parameter
correlations were low, It was the best three-
parameter model among those considered.
Still, as this model is nonlinear, adjustment
might not succeed for all growth curves in
other studies including abnormal growth
patterns. When successful adjustment was
achieved for most children, as in the case of
the Kouchi model in the present study, the
remaining curves can simply be excluded
from analysis. However, exclusion of even a
few curves is not satisfactory, because the
growth patterns of these children are obvi-
ously different and their exclusion would in-
troduce a bias in the sample.

Linear models are simpler to use than
nonlinear models. Fitting can be performed
using multiple linear regression programs
like BMDPI1R. In the present study, the non-
linear regression program BMDP3R was
used also for linear models because it pro-
vided the within-individual parameter error
correlation matrix and because results do
not depend on the program used.

The goodness of fit of the linear Count
model was not satisfactory. The same obser-
vation was made by Berkey (1982) on height
data between 3 months and 6 years of age in
American children. This model has previ-
ously been applied to infancy weight growth
in developing countries (Kim and Pollitt,
1987; Wohlleb et al., 1983), but the 0-6
months and the 6-12 months intervals were
fitted separately in an effort to improve
goodness of fit. No elements of the resulting
goodness of fit were given. Berkey and Reed
(1987) improved the Count model by adding
one, respectively two parameters. These lin-
ear Reed models provided the closest fit to
the data in the present study, However, the
second-order model was overparameterized
for this data set. It did not fit the data signif-
icantly better than the first-order version,
and the within-individual standard devia-
tions were very high. It is a general feature
of models that goodness of fit increases to-
gether with collinearity, when a parameter
is added.

Collinearity is dependent on the age scale.
Berkey and Reed (1987) suggested an age
scale transformation, where ¢ = (age in
months + 9)/9. Using this age scale, ¢t = 0 at
conception and £ = 1 at birth. The resulting
between-individual parameter correlations
were not given. Preliminary investigations
were carried out with this alternative age
scale in the present study, but correlations
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were not significantly changed. In a study
on adolescent height growth, Berkey et al.
(1989) were concerned about collinearity us-
ing the Reed model because it remained
high despite the use of an age scale espe-
cially chosen in an effort to reduce it. Kouchi
et al. (1983a,b) corrected the between-indi-
vidual correlations for within-individual er-
ror correlations, using a procedure devel-
oped by Bock et al. (1973) and mentioned by
Berkey (1982). The resulting correlations
were low, but the procedure is rather com-
plex.

High parameter correlations are a matter
of concern for the comparison between fami-
lies of curves. If the parameter estimates
were independent, families of growth curves
could be compared through ¢ tests on mean
parameter estimates. This method is com-
monly used (Kim and Pollitt, 1987; Simon-
don et al., 1991; Byard et al., 1991). How-
ever, some degree of collinearity is present
in all models, so the modelling of individual
curves is not the most efficient approach.
Statistically correct methods fit the growth
model to the sample of curves in each group
to be compared and the estimated parame-
ters are then compared between groups.
Methods available for the estimation of pa-
rameters are those of Goldstein (1986) and
Laird and Ware (1982) for linear models and
that of Berkey and Laird (1986) for nonlin-
ear models. These methods take within- and
between-individual parameter correlations
into account, but still numerical difficulties
might arise when parameter correlations
are too high (Berkey et al., 1989). These
methods have seldom been used for the
study of growth, probably because they are
rather complex.

The estimation of weights and velocities
using the three-parameter models were bi-
ased between birth and 1 month, as already
noted by Kouchi et al. (1983a). The explana-
tion might lie in the weight loss experienced
by most newborns during the first week of
life. The three-parameter models will not be
able to fit a weight loss because they only
allow positive, decreasing velocities, while
the first-order Reed model allows one inflex-
ion point. The second inflexion point al-
lowed by the second-order Reed model was
not useful on these data.

In conclusion, the present research com-
pared five growth models developed for in-
fancy or early childhood growth. The four-
parameter Reed model was the best among
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the models for the modelling of weight
growth between birth and 13 months of age.
This result cannot be generalized to other
types of growth or other age spans without
caution. In Western countries the pattern of
infancy growth is somewhat different from
that in poorly nourished populations.
Growth velocities are higher in developed
countries after 3 months of age (Waterlow
et al., 1980). However, the postnatal weight
loss described here, which required the in-
flexion point of the Reed model, also occurs
in Western countries. Therefore, the fourth
parameter of the Reed model is probably
necessary also for “normal” infancy weight
growth when birth weight is included in the
analysis,

In many growth studies only a few mea-
surements are taken per child, so parameter
parsimony is crucial. In this case the neona-
tal period should be excluded from model-
ling because a three-parameter model might
be satisfactory between 2-3 and 12 months
of age. The Karlberg model would probably
provide the closest fit among three-parame-
ter models. If second-year measurements
are included, the I-component of the ICP
model is no longer satisfactory alone (Karl-
berg, 1987; Karlberg et al., 1987). Instead,
the Kouchi and Jenss models might be inter-
esting. The Kouchi model fitted well longitu-
dinal weight data for American children be-
tween birth and 2 years (Kouchi et al.,
1983a), while the Jenss model fitted well
semilongitudinal weight data for children in
Zaire between birth and 2 years (Pagezy and
Hauspie, 1985).
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