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ABSTRACT
Background: Linear growth faltering is determined primarily by
attained heights in infancy, but available data consist mainly of cross-
sectional heights at each age.
Objectives: This study used longitudinal data to test whether
faltering occurs episodically in a few months of very low growth,
which could potentially be prevented by timely intervention, or is a
chronic condition with slower growth in every month of infancy and
early childhood.
Methods: Using anthropometric data collected monthly between
August 2014 and December 2016, we investigated individual growth
curves of 5039 children ages 6–27 mo in Burkina Faso (108,580
observations). We evaluated growth-curve smoothness by level of
attained length at ∼27 mo by analyzing variation in changes in
monthly growth rates and using 2-stage regressions: 1) regressing
each child’s length on their age and extracting R2 to represent
curve smoothness, initial length, and average velocity by age;
and 2) regressing extracted parameters on individual-level attained
length.
Results: Short children started smaller and remained on their
initial trajectories, continuously growing slower than taller children.
Growth between 9 and 11 mo was the most influential on attained
length; for each 1-cm/mo increase in growth velocity during this
period, attained length increased by 6.71 cm (95% CI: 6.59, 6.83 cm).
Furthermore, a 0.01 increase in R2 from individual regression of
length on age was associated with a 3.10-cm higher attained length
(95% CI: 2.80, 3.41 cm), and having 2 consecutive months of slow
growth (<15th centile relative to the sample) was associated with 1.7-
cm lower attained length (95% CI: −1.80, −1.59 cm), with larger
effects in younger children, suggesting that smoother growth patterns
were also associated with higher attained length.
Conclusions: Children who experience extreme growth faltering are
likely less resilient to systematic growth-limiting conditions as well
as episodic insults to their growth. This trial was registered at clinical-
trials.gov as NCT02071563. Am J Clin Nutr 2022;115:94–104.
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linear growth

Introduction
Linear growth, measured by a child’s length or height, is an

important measure of overall child health and their potential for
thriving physically, cognitively, and economically throughout life
(1, 2). Slower than expected growth compared to a standard
reference population (3, 4) is referred to as linear growth faltering.
Typically, linear growth faltering is measured by declines in
height:age ratios relative to the WHO standards (1, 5). These
standards reflect child growth in ideal environments with no
constraints for growth, as defined by high socioeconomic status
and optimal feeding practices among children from 5 different
regions of the world (5). Whereas linear growth faltering is not
common in high-income countries where more children live in
such ideal environments, it remains a prevalent issue in low-
and middle-income countries despite substantial investments in
interventions to support early childhood growth (6).
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Understanding the etiology of growth faltering onset and
the sustained intensity of suboptimal growth (7) is critical to
designing interventions and policies that effectively reduce the
burden of growth faltering. Current knowledge of the timing of
growth faltering is largely informed by cross-sectional studies
that pool data across separate cohorts of children in different
age ranges, which fails to identify onset and patterns of growth
faltering among individuals within populations (3, 8–10). A
landmark study by Victora et al. (8) in 2010 used cross-
sectional data from 54 countries to identify the critical window
of opportunity for child growth in the first 1000 d of life,
from early pregnancy to 2 y, but left important questions
unanswered. Although we know that more children experience
growth faltering in the first 2 y of life, few studies have
collected repeated measures on the same children at a high
enough frequency to assess when and how individual children
experience their growth faltering during this period. Cross-
sectional data are inadequate to assess growth of individuals,
because one’s growth trajectory is determined by current height
or weight conditional on previous measurements (11). The
normal growth process was suggested to be saltatory, with
extended periods of stasis punctuated by short phases of growth
(12), although consensus from researchers in the field was not
reached (13). The extent to which this process occurs similarly
among children with suboptimal growth has not been examined in
depth.

We used longitudinal data from a cohort of ∼5000 Burkinabè
children measured monthly for an average of 21 mo each,
at the ages of 6–27 mo, to determine the timing and pattern
of growth faltering in individuals. We defined human growth
as the change in the size of body measurements between 2
subsequent ages (14), and growth faltering by level of attained
length at study end (∼27 mo of age). Using a combination
of data visualizations, individual regressions of length on
postnatal age for each child in our sample, and analysis of the
frequency and duration of slow growth episodes defined by length
velocity cutoffs relative to others in the sample, we identified
influential growth periods as children age and evaluated whether
growth faltering happens through continuous or intermittent slow
growth.

Methods

Study design and data source

This is a secondary analysis using data collected during a
blanket supplementary feeding trial (NCT02071563) comparing
the cost-effectiveness of 4 foods in the prevention of stunting
and wasting in children 6–23 mo old in Sanmatenga Province,
Burkina Faso. Between August 2014 and December 2016,
children whose caregivers lived in Sanmatenga Province and
had been receiving a supplementary food (∼500 kcal/d of either
a fortified blended flour or a lipid-based nutrient supplement,
delivered monthly) starting during pregnancy, as part of the
feeding program, were enrolled in the study when they reached
6 mo of age and measured monthly (recumbent length, weight,
midupper arm circumference) for 18 mo while receiving foods
and for 3 consecutive months postintervention. A total of 6112
children were measured a mean of 21 times each, adding up to

129,944 observations over ∼2.5 y. Further details of the original
study are explained elsewhere (15).

Exclusion criteria for the original intervention were severe
acute malnutrition (children with a midupper arm circumference
< 11.5 cm were referred to a health center) and age > 12 mo,
although enrolling children >6 mo old was rare. Eligible children
in the intervention zone were enrolled on a rolling basis until the
sample size was reached after 10 mo. Intervention arms were
geographically clustered; data were pooled and analyzed with
statistical controls for study arm.

Anthropometric measures and indexes

Anthropometric data were collected by trained enumerators
who participated in standardization exercises every 3 mo.
Measurements were done in duplicate for quality control,
recorded on paper forms, and double-entered into a CSPro
database and checked for consistency (16). During measurement,
enumerators were instructed by a supervisor to perform a third
measurement if the difference between the 2 measurements
exceeded 0.2 cm, and the supervisor recorded the 2 closer
measurements. Procedures for identification of implausible
anthropometric values and data preparation are described in the
supplementary data (Supplemental Methods 1). The final data
set consisted of 5039 children between 6 and 27 mo old (82% of
the original sample) who each had ≥20 repeated measurements
(108,580 total observations). Supplemental Figure 1 shows a
participant flowchart showing how the final data set was derived.
A sensitivity analyses data set with similar distributions of key
variables to the full data set consisted of only complete cases
with 22 measurements each (1158 children, 25,476 observations)
(Supplemental Table 1).

Age- and sex-standardized length-for-age z scores (LAZs)
were calculated using the WHO Child Growth Standards macro
for Stata (5, 17), and length-for-age differences (LADs) or height-
for-age differences were calculated manually in Stata using WHO
growth reference tabulated median length or height values (5).
Length velocity (cm/mo) was calculated by subtracting each
month’s length measurement from the previous measurement,
dividing by the time gap between measurements, and multiplying
by 30.44. The primary outcome of attained length was defined as
the child’s absolute length at the end of the study period (∼27
mo of age), in centimeters. We used attained length to improve
on the binary population-based metric for stunting that has a
biologically arbitrary cutoff <−2 SD based on the WHO child
growth standards (4).

Analytic methods

Growth-curve smoothness as a predictor of attained length.

To assess the episodic compared with continuous nature of
growth faltering, we examined whether growth-curve smoothness
is an important predictor of attained length using 2-stage
regression models. First, we regressed each individual child’s
length on their age, totaling 5039 separate regression models.
We extracted model fit parameters from these models, including
the R2 and F-statistics as measures of curve fit and smoothness,
constant values as a measure of initial length at 6 mo, and age-
term coefficients as a measure of average velocity. Second, we
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regressed the extracted parameters on individual-level attained
length at study end. We hypothesized that if growth faltering
occurs intermittently, a child will have more variance along their
growth curve, and therefore a lower R2 from simple regressions
of their length on their age. Thus, higher values of R2 indicate
smoother growth, in which more of the variance in length is
explained by age alone. It also follows that if higher attained
length is the result of uninhibited growth spurts, a low R2 could
also be associated with higher attained length.

To determine the appropriate functional form of the first-stage
regressions, we compared Akaike’s Information Criterion and
the Bayesian Information Criterion between a linear regression
model with a cubic term for age, linear splines with 6 knots
evenly spaced, linear splines with 4 knots, and cubic splines.
Linear splines with 6 knots had the best fit for the data. Individual
regressions for each child, i, thus took the form:

Lengthi = β0i + β1iage +
K∑

k=1

bk (age − ξk ) + (1)

where K is the number of knots, (age − ξ k)+ refers to the kth

linear function with a knot at ξ k, and

(age − ξk ) + =
{

age − ξk : if age − ξk > 0
0 : if age − ξk ≤ 0

}
(2)

We placed 6 knots at 9, 12, 15, 18, 21, and 24 mo; the slope
of the relation between length and age changes at each knot
based on the weight of each linear function, bk. Although we
imposed a common functional form on all individuals’ growth
models, functional form may differ by child. We therefore
performed sensitivity analyses using the candidate functional
forms (Supplemental Table 2). Because these are individual
regressions of length on age, overfitting is not an issue.

The second round of regressions to estimate the average
association between model parameters from the first stage and
attained length took the form:

AttainedLengthi = δ0i + δ1i
(
R2

) + δ2i (Intercept)

+ δwi

(
K∑

k=1

bk (age − ξk ) +
)

+ εi (3)

where for each child, i, δw is the coefficient for each age spline:
6–8 mo, 9–11 mo, 12–14 mo, 15–17 mo, 18–20 mo, 21–23
mo, and 24–28 mo, the Intercept represents initial length, and
R2 represents the smoothness of growth from the individual
model.

To check that our inferences about the biological nature of
growth faltering were made irrespective of original study arm, we
checked for differences in mean R2 by attained length quintile,
stratified by study arm. In all study arms, the differences in R2

from each quintile to the next were similar (Supplemental Table
3). We can therefore interpret our findings with the assumption
that provision of different types of food supplements did not
influence growth trajectories over time.

Variation of changes in monthly growth rates.

To identify periods of slow growth, we identified all months
in which a child grew more slowly than others of their age in
our sample. The appropriate threshold for slow growth depends

on the magnitude of measurement error relative to the prevalence
of actual illness or inadequate diet. In this exploratory analysis,
we used the lowest cutoff at which >95% of the children in
the sample had ≥1 such month, to include all children who
might have periods of slow growth. The threshold, set here
based on length growth (cm/mo), was determined as growth
<15th centile for children of the same age. We tested how the
frequency and duration of episodes of slow growth related to
the child’s attained length by the end of the study. Whereas a
single month of slow growth could be caused by measurement
error, randomness, or trend reversion, consecutive months of slow
growth are likely to indicate an episode of illness or inadequate
diet. Our primary hypothesis is that children who experience ≥2
consecutive months of slow growth have lower attained length by
the end of the study, and that this effect is larger when slow growth
occurs in younger children. The deficiency of models that use this
threshold is that they do not consider the serial autocorrelation of
the growth process. As such, we conducted sensitivity analyses
using a second threshold of 2 consecutive negative residuals from
regressions of length on age, conditional on initial length.

Visualizations and analyses were done in R Studio version
1.2.5033(18) and Stata version 16.1 (19).

Ethics

Original data collection was approved by the Tufts University
Health Sciences Institutional Review Board (IRB) (10899) and
the ethics board of the Ministry of Health in Burkina Faso (2013-
10-090). Secondary analysis for this article was deemed exempt
by the Tufts University Health Sciences IRB (STUDY00000255)
and was exploratory, with no prespecified endpoint.

Results

Sample anthropometric characteristics

Table 1 shows a summary of anthropometric characteristics
by quintile of attained length. Age at both first and last
measurements was similar across quintiles; as such, attained
length quintile was an appropriate indicator of growth faltering.
There was a 5.3-cm difference in absolute length at first
measurement between the highest and lowest quintiles, which
increased to 9.1 cm at last measurement. LADs all decreased
between the first and last measurements, regardless of quintile,
but the decrease was larger in children in the lowest quintile of
attained length.

Kernel-density plots of LAZs among the sample children in
each quintile compared to the WHO reference at ages 6, 12, 18,
and 24 mo showed population-level shifts in LAZ distribution by
attained length level (Figure 1). Regardless of attained length, the
LAZ distribution shifted further to the left of the WHO reference
as children aged. By 24 mo, even those with the highest attained
length had a LAZ distribution skewed to the left of the WHO
reference.

Visualizations of individual growth curves

We compared individual growth trajectories in selected
centiles of attained length (Figures 2 and 3). In lower centiles of
attained length, growth curves were flatter, and slopes appeared
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TABLE 1 Sample anthropometric characteristics by quintile of attained length, main data set1

Overall
(n = 5039)

Quintile 1
(n = 1028)

Quintile 2
(n = 999)

Quintile 3
(n = 1010)

Quintile 4
(n = 1009)

Quintile 5
(n = 993)

Total observations, n 108,580 21,996 21,489 21,784 21,825 21,486
Female sex 2484 (49.3) 610 (59.3) 522 (52.3) 505 (50.0) 465 (46.1) 382 (38.5)
Observations per child 21.55 ± 0.68 21.40 ± 0.76 21.51 ± 0.69 21.57 ± 0.65 21.63 ± 0.64 21.64 ± 0.63
Linear growth velocity, cm/mo 0.94 ± 0.59 0.85 ± 0.59 0.91 ± 0.58 0.94 ± 0.58 0.98 ± 0.58 1.02 ± 0.58
Age at first measurement, mo 6.16 ± 0.58 6.10 ± 0.59 6.13 ± 0.58 6.13 ± 0.57 6.19 ± 0.58 6.23 ± 0.59
Age at last measurement, mo 26.68 ± 0.75 26.48 ± 0.86 26.61 ± 0.76 26.67 ± 0.74 26.80 ± 0.66 26.86 ± 0.65
Length at first measurement, cm 65.62 ± 2.58 63.06 ± 1.98 64.59 ± 1.71 65.64 ± 1.78 66.55 ± 1.72 68.36 ± 2.06
Length at last measurement, cm 84.96 ± 3.25 80.43 ± 1.66 83.32 ± 0.52 85.01 ± 0.49 86.71 ± 0.51 89.49 ± 1.57
LAZ at first measurement − 0.59 ± 1.06 − 1.62 ± 0.87 − 1.01 ± 0.71 − 0.56 ± 0.77 − 0.23 ± 0.69 0.50 ± 0.84
LAZ at last measurement − 1.36 ± 0.97 − 2.64 ± 0.59 − 1.81 ± 0.34 − 1.33 ± 0.32 − 0.86 ± 0.30 − 0.06 ± 0.51
LAD at first measurement − 1.34 ± 2.37 − 3.60 ± 1.95 − 2.28 ± 1.62 − 1.27 ± 1.75 − 0.55 ± 1.60 1.06 ± 1.89
LAD at last measurement − 3.77 ± 3.18 − 8.02 ± 1.88 − 5.31 ± 1.06 − 3.70 ± 1.01 − 2.16 ± 0.97 0.47 ± 1.69

1Values are means ± SDs or n (%). LAD, length-for-age difference; LAZ, length-for-age z score.

less constant throughout the observed period (Figure 2A).
Children with lower attained length started smaller and remained
on their initial trajectories, continuously growing slower than
taller children. Those in the lowest centile of attained length
reached 76 cm by 28 mo, whereas those in the 99th centile
reached this length by 10 mo of age. Growth velocity was
highly heterogeneous over time among all children, regardless
of attained length rank (Figure 2B). Length velocities at each age

were similarly normally distributed across quintiles of attained
length, implying that heterogeneity in growth velocity was not an
artifact of measurement error (Supplemental Table 4). Although
there was heterogeneity in the rate of growth in all selected
centiles, the amplitude of length velocities was smaller among
children in the lower centiles.

Examination of LAZ and LAD curves (Figure 3) revealed that
children in the lowest centiles of attained length experienced

Length-for-age z score
FIGURE 1 Kernel-density plots of LAZs at ages 6 mo (n = 3809), 12 mo (n = 4760), 18 mo (n = 4776), and 24 mo (n = 4807), by quintile of attained

length at study end (∼27 mo). The dashed vertical line is the WHO reference population of healthy children whose z scores have a mean of 0 and an SD of 1,
centered at 0 on the dashed vertical line; the solid vertical line is the stunting cutoff (−2 SD < WHO mean). LAZ, length-for-age z score; Q, quintile.
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FIGURE 2 Length (A) and length velocity (B) by age among children from selected centiles of attained length. Each colored line represents the growth
curve over time of 1 individual child. Horizontal bars indicate (A) mean attained length and (B) mean length velocity . The graphs use the sensitivity analysis
data set containing only full cases with no imputations. n = 12–13 in each centile.

continuous steep declines in growth relative to the reference
population as they aged, whereas children in the highest centiles
had relatively constant growth rates in relation to the reference
population. The steepest declines happened before 12 mo of age;
however, LAD curves (Figure 3B) among the lower centiles (1st–
50th) showed that declines continued throughout the study period.
Relying only on LAZ, one may conclude that declines in growth,
even among the lowest centiles, level out after 12 mo of age;
however, LAD is likely a more appropriate indicator to evaluate
the extent of linear growth faltering in children as they age (20).

Growth smoothness and attained length

Two-stage regressions testing the relation between smoothness
of growth and attained length revealed that the smoothness
of growth curves was associated with higher attained length,
but growth velocities were the most influential determinant
of attained length. Table 2 summarizes regression parameters
extracted from individual regressions of length on age by attained
length quintile. Those with higher attained length had higher
intercepts (initial length), R2 (smoothness of growth), and age
coefficients (mean length velocities) from the individual spline
regressions. Linear regressions of parameters from individual
growth curves on attained length (Table 3) revealed that
smoothness of growth curves alone was significantly associated
with increased length. Without considering growth velocities,
each increase of 0.01 in R2 was associated with a 3.10-cm higher
attained length (95% CI: 2.80, 3.41 cm) (Model 1). Sensitivity

analyses using alternative functional forms for the individual
regression models showed similar results (Supplemental Table 1).

As additional parameters from individual linear spline models
were added into the model for attained length, the importance of
R2 decreased in relation to mean growth velocities but remained
statistically significant (Models 2–9). This is expected, because
the only roughness of growth to explain once all growth velocity
variables have been included occurs within the 3-mo spline
intervals. The most influential age period for growth was between
9 and 11 mo; during this period, for each 1-cm increase in length
gained per month, children achieved an additional 6.71 cm of
length at the end of the study period, compared with 3.91 cm in
the next most influential period from 12 to 14 mo.

Changes in monthly growth rates and attained length

Analysis of how variation of changes in monthly growth rates
is related to attained length at 27 mo of age showed that slow
growth periods, defined as 2 consecutive months of growth <15th

centile compared with others in the sample, were related to
shorter attained lengths in children (Tables 4 and 5). A much
larger proportion of children with the lowest attained length had
≥1 instance of slow growth (40.7%) than among those with the
highest attained length (14.8%). Episodes of slow growth were
also more frequent among shorter children (3.9 episodes) than
among taller children (2.4 episodes) and lasted longer (1.5 mo
and 1.1 mo, respectively) (Table 4).
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FIGURE 3 LAZs (A) and LADs (B) by age among children from selected centiles of attained length. Each colored line represents the growth curve over
time of 1 individual child. Horizontal bars indicate (A) the reference population z score mean and (B) 0 LAD from the reference population median. The
graphs use the sensitivity analysis data set containing only full cases with no imputations. n = 12–13 in each centile. LAD, length-for-age difference; LAZ,
length-for-age z score.

On average, after controlling for study arm, length at first
measurement, and total number of illness episodes over the study
period, 2 consecutive length velocity measurements <15th centile
as compared with the sample population was associated with 1.7-
cm lower attained lengths (95% CI: −1.80, −1.59 cm) than for
those who did not experience periods of slow growth by this
definition. With every unit increase in frequency of episodes
where growth was <15th centile, attained length was 0.69 cm

lower (95% CI: −0.70, −0.68 cm), and with every unit increase in
the longest duration of slow growth episodes, attained length was
1.25 cm lower (95% CI: −1.27, −1.23 cm) (Table 5). Sensitivity
analyses using a threshold for slow growth of 2 consecutive
negative residuals from growth models, which account for the
autocorrelative nature of the growth process, showed the same
direction of effect, at a smaller magnitude, owing to the high
frequency of such events in the data set (Supplemental Table 5).

TABLE 2 Descriptive statistics of regression diagnostics from individual linear spline regressions of length on age1

Overall
(n = 5039)

Quintile 1
(n = 1028)

Quintile 2
(n = 999)

Quintile 3
(n = 1010)

Quintile 4
(n = 1009)

Quintile 5
(n = 993)

Intercept 57.88 ± 3.84 56.07 ± 3.46 57.12 ± 3.17 57.70 ± 3.64 58.52 ± 3.95 60.03 ± 3.71
R2 0.9956 ± 0.003 0.9944 ± 0.004 0.9953 ± 0.003 0.9956 ± 0.002 0.9960 ± 0.002 0.9964 ± 0.002
Average velocity, 6–8 mo 1.27 ± 0.40 1.16 ± 0.37 1.24 ± 0.36 1.30 ± 0.39 1.31 ± 0.44 1.35 ± 0.40
Average velocity, 9–11 mo 1.02 ± 0.30 0.95 ± 0.30 1.00 ± 0.29 1.01 ± 0.29 1.06 ± 0.27 1.11 ± 0.30
Average velocity, 12–14 mo 0.94 ± 0.28 0.86 ± 0.27 0.89 ± 0.27 0.94 ± 0.27 0.99 ± 0.26 1.04 ± 0.27
Average velocity, 15–17 mo 0.92 ± 0.27 0.82 ± 0.28 0.89 ± 0.26 0.93 ± 0.27 0.94 ± 0.25 1.01 ± 0.26
Average velocity, 18–20 mo 0.88 ± 0.26 0.77 ± 0.28 0.87 ± 0.25 0.89 ± 0.25 0.92 ± 0.25 0.97 ± 0.24
Average velocity, 21–23 mo 0.82 ± 0.26 0.74 ± 0.28 0.81 ± 0.25 0.81 ± 0.25 0.86 ± 0.24 0.91 ± 0.25
Average velocity, 24–28 mo 0.70 ± 0.51 0.62 ± 0.69 0.65 ± 0.49 0.71 ± 0.44 0.73 ± 0.28 0.79 ± 0.54
F-statistic 895.18 ± 539.27 742.23 ± 462.74 841.24 ± 518.16 865.44 ± 510.16 984.45 ± 576.42 1047.33 ± 568.72

1Values are means ± SDs. ANOVA tests for significant differences in each variable between quintiles, with Bonferroni correction for multiple comparisons, all
showed significant differences (in all cases P < 0.0001).
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Age at slow growth onset was itself an important predictor
of attained length; if a slow growth period first occurred when
children were 7–8 mo old (the earliest possible observation
among this sample), children were on average 2.4 cm (95% CI:
−2.49, −2.27 cm) shorter at the end of the study period than if
they never experienced any periods of slow growth. Later onset
of slow growth periods had less of an effect on attained length,
although still a significant one—the smallest effect was for onset
between 24 and 28 mo, which was still associated with attained
lengths 1.37 cm lower than for those with no periods of slow
growth (Supplemental Table 6).

Discussion
Using multiple methods to examine individual growth curves

among young children in Burkina Faso, we have found that
the shortest children started small and stayed on their initial
growth trajectories, continuously growing slower than those who
were in the highest quintile of the population distribution of
attained length at 27 mo. We demonstrate the importance of
smooth growth for attained length, including the detrimental
effects of punctual episodes of slower growth, as well as the
relative influence of growth velocities at different age periods. At
6–27 mo of age, growth faltering manifests through consistently
slow growth, as well as greater levels of heterogeneity in growth
velocities with frequent episodes of slower growth.

That children who end shorter start with slower growth
velocities that continue to decline as they age confirms that the
timing of growth faltering among individuals closely resembles
what has been concluded based on cross-sectional studies of
population averages. Such studies have been consistent in
showing that children are often born with LAZs already <0,
and that children have lower mean LAZ at each increasing age
(1, 3, 8, 21). Longitudinal studies of child growth in Malawi
and the Gambia, as well as an analysis of pooled data from
31 longitudinal cohorts, have found similarly that linear growth
faltering starts at birth and continues throughout the first 3 y
of life, with larger deficits at younger ages informing higher
incidence of later stunting (10, 22, 23). Findings from our
analyses of individual growth curves confirm that children who
start with larger deficits in relation to the WHO standards
maintain and increase these deficits. Thus, the addition of
children to the stunted category of LAZ < −2 as they age is a
function of children who already had lower LAZs continuing to
lose LAZ as they age.

In our study population, as has been seen in other studies set in
low- and middle-income countries (1, 3, 24), despite a nutrition
intervention covering the entire region, the distribution of LAZs
was shifted to the left of the WHO growth reference distribution,
and got further to the left as the children age. Clearly, population-
wide conditions are not conducive to optimal child growth and
development (3, 25). Even so, we found significant variation in
trajectories, including evidence that growth tempo plays a key
role in overall height attainment. Children in the lowest centile of
attained length reached ∼76 cm by 28 mo of age, whereas those in
the 99th centile had reached this length by 10 mo. Slower growth
tempos, contributing to larger growth delays, may also influence
attained height (26). Further, the comparison of LAD with LAZ
in our sample, in which we found the largest differences between
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LAD and LAZ to be among the shortest children, corroborates
important conclusions by Leroy et al. (9, 20) regarding limitations
of the z score approach, which does not accurately reflect the
continued linear growth deficits that children experience in low-
resource settings. Using indicators other than LAZ to assess
growth over time in children has consistently shown that, for the
most vulnerable children, limiting interventions to children <2 y
old may be insufficient to prevent further growth faltering.

We show, to our knowledge for the first time, that the
smoothness of a child’s growth is an important factor in relation
to attained length. Children who were shorter at 2 y of age
not only had slower velocity in each month but also greater
variation in velocity, including more frequent and longer episodes
of slow growth than taller children. This suggests that consecutive
months of slow growth may be an early warning of lower future
growth and indicates a significant role for episodic growth insults
at multiple time points. Although we lack data on growth between
birth and 6 mo, a period which has previously been shown to
contain the highest stunting incidence (between 0 and 3 mo)
(10), we demonstrate that there are additional influential growth
windows to consider when designing interventions.

Effects of increased growth heterogeneity and episodes of
slow growth are more pronounced if they occur among younger
children, but are still significant if onset happens at older
ages. In addition, growth between 9 and 11 mo may be
especially influential, because length velocity during this period
is associated with almost twice the increases in attained length
compared with the next most influential period (12–14 mo). This
period from 9 to 11 mo may be related to the transition of the
child from exclusive breastfeeding to complementary feeding;
although children often begin this transition at the recommended
age of 6 mo (8, 27), use of household complementary foods is
minimal until ∼9 mo, when the WHO recommends increasing
meal frequency and quantity, which are often far from adequate
(28, 29), In contexts such as Burkina Faso, transition to
complementary household foods may pose challenges to child
growth owing to increased exposure to pathogens and food
insecurity that limits the quality and safety of complementary
foods (28, 30).

If conditions are favorable to growth, with adequate micro- and
macronutrient intake for the biological processes that regulate
bone growth and limited environmental exposure to infection
and inflammation, a child will grow to their genetic potential
(31). Episodic growth insults, in addition to the chronically slow
growth caused by earlier or continuous exposure to adverse
factors that constrain optimal child growth, make achieving
this genetic potential for height challenging in contexts such
as Burkina Faso. Catch-up growth may be possible in some
contexts, whereby growth velocity exceeds the normal statistical
range for a child’s age for a period of time, to bring them back
to their original growth trajectory after episodic growth insults
(32). However, such catch-up is unlikely to occur when children
chronically live in conditions that do not favor optimal growth
and in which children are repeatedly exposed to growth insults
(31–33).

We note several limitations to our study design. First, the
lack of data on maternal height, pregnancy histories, birth size,
and measurements ≤6 mo of age, given the importance of fetal
growth restriction and size at birth (10, 31, 34–36). We are
thus unable to condition our results on genetic factors that may
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influence growth curves and cannot account for heterogeneity
in gestational age at birth, which can affect growth in the first
2 y of life. We assume the initial length measurements in our
study to be an indicator of the cumulative growth velocities in
the first 6 mo of life. In addition, because these are secondary
analyses, all children were part of the supplementary feeding
intervention trial, so we cannot determine how growth faltering
would have happened in the absence of the intervention program.
Nonetheless, growth faltering patterns were consistent across
supplementation groups. Lastly, the data were collected from a
sample of children in 1 province in Burkina Faso and may not be
representative of children in every low- or middle-income country
setting. However, the results align well with many other studies
from low- and middle-income countries, suggesting some level
of generalizability.

Our use of longitudinal data that follows a single cohort
of children each month from ∼6 to 28 mo adds important
nuances to discussions of the timing of growth faltering that
have implications for the optimal timing and nature of growth
interventions. Findings point to the utility of addressing the
overall conditions in which children live that constrain their
growth and underline the importance of improving community-
level systemic factors that constrain growth among the en-
tire population, rather than simply focusing on household or
nutritional factors. In addition, growth surveillance programs
could plausibly detect early signs of growth faltering using a
minimum of 3 consecutive measurements (to get ≥2 consecutive
growth velocity measurements) if the measurements are taken at
sufficiently high frequency to avoid missingness. Further research
should use anthropometric indexes appropriate for the study of
longitudinal growth (i.e., LAD, length velocity, etc.) to examine
the factors that contribute to slow growth periods, validate the
threshold for slow growth episodes, explore both relative and
absolute thresholds, and determine the number of months of
consecutively slower growth that would balance the sensitivity
and specificity of identifying growth faltering early in growth
monitoring programs.
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