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Abstract

Growth faltering, when children fail to attain expected height and/or wigkteirage in

relation to growtlof a standard reference population, is associated with increasgality and
morbidity and decreased educational attainment and earning potential. Despite programming and
policy efforts to prevent it, growth faltering remains a salient issue in manyalmvmiddle

income countries. Knowledge that growth falteringascentrated in the first two years of life is
largely based on crosectional studies that pool data from separate cohorts of children in
different age ranges. This limits our understanding of the timing of growth faltering along an

i ndi vi durawth tajéctory. Conbinimg a longitudinal anthropometric dataset comprised
of 5,039 Burkinabé children agee?8 months with remotely sensed climate data, we
characterize longitudinal growth faltering among individual children to determine optimal timing
and nature of growth interventions.

To determine the timing of onset and continued intensity of growth faltering among individuals,
we visualized individual growth curves by quintiles and selected centiles of attainedde2igth
monthsand used twestage regression models to establish whether growth faltering happens
throughcontinuousor distinctepisodes of slow growth. First, we regressed each individual
childdés | ength on their age wusing |linear spli
representing the smoothness of the growth cun#, (Ritial length at study entry (intercept), and
average velocities in each age period (coefficients for each age spline). Next, we regressed these
parameters on individudével attained length atudy end. Growth faltering manifests as both

lower growth velocity and greater heterogeneity in growth velocity amplitude. The most

influential period for growth is41 months. Children who started shetdyed on their initial
trajectories and ended shand taller children had smoothéastergrowth.

We explored the bdirectional temporal relationships between linear (length) and ponderal

(weight) growth velocities to understand how current growth conditions influence both linear and
ponderal growh, and how they relate to each other. Using nteNtel mixed effects models, we
investigated the concurrent and lagged associations between linear and ponderal growth velocity,
controlling for time trends, seasonality, and morbidity. Among individuasdef ponderal

growth is associated with faster concurrent and subsequent linear growth, while faster linear
growth is associated with slower future weight gain.

Using harmonic regression models with higher order sine and cosine terms, we determine how
peak timing in indicators for growth faltering are related to peaks in temperature, precipitation,
and vegetation. Length and weight velocity are slowest twice a year, coinciding both times with
the highest temperatures, as rains are beginning and endingitarpeak fever and diarrhea
incidence. This challenges the popular notion that children are most vulnerable to growth
faltering during the rainy season. Pathogens causing diarrheal disease and fever thrive and have
more opportunities to infect childrevhile temperatures are high, and precipitation is low.

Children who experience the most extreme growth faltering are likely to be less resilient to
systematic growttimiting conditions(repeated infection, inadaate feedingas well as

episodic insults to growtfacute infections)The same growth limiting conditions affect both
linear and ponderal growth. Future research should focus on ways of improving environmental
conditions to support growth.
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Chapter 1: Introduction

Background andsignificance

Growth faltering, characterized by slower weight or length growth than expected in
relation to a standard reference population measured in ideal growth conditions, is indicative of
undernutrition and is a sensitive measure of overall ¢tialdth(1i 3). Extreme growth faltering
is associated with morbidity and mortality in the short term and decreased cognitive function and
earning potential as well as increased risk of chronic disease later(#).lIRopulations with
high levels of growth faltering experience loss of human capital and slow economic development
as a resulf5). Currently, extreme linear (lengtklated) growth faltering affects 21.38bthe
worl dés children under five, a n d -refated gpowdhr e af f
faltering (6).

In children, growth faltering has been observed to beaunated within the first 1,000
days of life, from conception to two years of 4gg However, this representation of the timing
of growth faltering is largely based on cresectional studies that pool data across separate
cohors of children in different age ranges. A limited number of longitudinal studies have
observed growth over time in children from populations with high levels of growth faltering, and
similarly find that on average, linear growth faltering starts in utedocantinues throughout the
first three years of lif¢8i 11). Since growth faltering has rarely been observed longitudinally
among individuals at fine time intervals in a large poputatibchildren, we know when growth
faltering happens on average or at cresstions of different age categories, but knowledge of
the patterns and timing of growth faltering a

limited.



Longitudinal growth sidies among healthy children have shown that normal growth is
saltatory, with extended periods of littie-no growth punctuated by short phases of grdd/).
This growth process has yet to be studied in children witkoptimal growth; we do not know
if children who experience growthlfering are shorter than expected for their age because of
intermittently slow growth, or constant slow growth.

In addition, there are two distinct types of growth falteiinmear and ponderal. Studies
have shown that extreme ponderal growth faltefimgsting, weighffor-length zscores <2 SD
from the reference population mean) often precedes extreme linear growth faltering (stunting,
length/heighfor-age zscores <2 SD from the reference population meéi8), and that when
the two ceoccur, risk of mortality is higlil4). However, the temporal relationships betwten
two have mainly been studied using attained sigeares, which include information on past
growth up to the point of measurement and thu
growth environment. The use of attained sizeares is not grartar enough to allow for
assessment of how changes in length and weight relate to each other, and precludes the
identification of sensitive periods of growth in one parameter that may predict growth in the
other.

Last, numerous studies have demonstratatttte timing of growth faltering has
seasonal patterns, occurring more often in the rainyh@neest seasons than the dry, harvest
seasons, in the context of sBaharan Africd15). These studies form the basis of our collective
knowledge about the seasonal timing of growth falteaind have informed the yearly
scheduling of growth interventions. Unfortunately, modeling of growth seasonality in these
studies is limited by categorization (often dichotomization) of seasons into large periods of time

based on assumptions about when atimconditions change. Relying on these broad



categorizations ignores the reality of climatic variability across time and space and does not
allow for understanding of differential effects of separate climatic conditions on gi@vativih
seasonality mode should instead consider season as a continuous process made up of several
climatic dimensions.

These limitations in previous work on the timing of growth faltering in children limit the
information that policy makers and programmers haveanwl lto design interventions that can
prevent undernutrition. Globally, we are-tfack to meet the nutrition targets of the Sustainable
Development Goals to reduce the number of stunted children to 82 million and lower the
proportion of wasted children 8% by 203Q(16). Interventions will only become more
challengirg amidst the COVIBL9 pandemic and climate chand®é, 17) Deepening
understanding of the timing and patterns of growth faltering among individuals, including the
timing of onset and sustained intensity over long periods of time, the temgateinship
between linear and ponderal growth velocities, and the influence of seasonal climatic conditions
on timing of growth faltering will inform improved intervention design and contribute to
eliminating all forms of undernutrition.

Specific aimsand hypotheses

The goal of this dissertation research is to use longitudinal data to characterize growth
faltering among individual children to determine optimal timing and nature of growth
interventions, through the following specific aims:

Aim 1: Detemine the timing of onset and continued intensity of linear growth faltering along the
individual growth curves of children agee8 months in Burkina Faso by establishing whether

growth faltering happens through constantly slow growth or distinct egisddgow growth.



Hypothesis 1:Linear growth faltering is intermittent among childre@ 5 months in
Burkina Faso.
Aim 2: Investigate temporal dependencies in linear and ponderal growth velocity among
children 627 months in Burkina Faso.
Hypothesis 2:Slow-downs in ponderal growth velocity precede sldawns in linear
growth velocity among children-87 months in Burkina Faso.
Aim 3: Establish the relationship between peaks in climatic exposures (temperature,
precipitation, and vegetation) and peakitighof growth faltering among childrenZy months
in Burkina Faso.
Hypothesis 3:Climatic exposures each peak at different times; thus the worst growth
faltering period has different lag periods with each of the climatic exposures, but
coincides most cledy with peaks in precipitation, among childrel2 5 months in
Burkina Faso.
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Chapter 2: Review of theLiterature

Introduction

Growth is one of the most important indicators of proper development and health in
children; slower than average gains in either weight or height (or both) are associated with
increased mortality and morbidity in the short term, and decreased cogniitvemin
educational attainment, and earning potential in the-teng(1). Reduced agricultural work
capacity due to poor growth additionally contributes to a vicious cycle of decreased food
availability, leading to more undernutrition that perpetuates ppaed slow economic
development in countries with high burdens of undernutr{l®B). Growth faltering, when
children fail to attain expected height and/or weight at each age in relation to growth in a
standard reference population, may be caused by many conditions that inhibit growth. It is
typically measured by declines in length/hetgirge, weighto-age, or weighto-length/height
ratios relative to the World Health Organization (WHO) growth reference popu(djidhthese
ratios fall below tvo standard deviations from the WHO norm, determined based on averages
from high socieeconomic status children representing all regions of the W®y|@hildren are
considered wasted (low weigfdr-length/height (WLZ/WHZ)), stunted (low length/heigflot-
age (LAZ/HAZ)), or underweight (low weigtior-age (WAZ)). Undernutrition designated by
these indicators underlies an estimated 45% ofeaitids among children under five in loand
middle- income countries (LMIC}6).

In LMICs, growth faltering is common despite programming and policy efforts on
multiple fronts aimed at encouraging appropriate grdwihin 2020, 21.3%, or 144 million of
the worldbés children were stunted(@).Bothi |l e anot

nutrition specific programs that provide food and micronutrient supplements, and nutrition



sensitive programs targeting agriculture to nutrition linkages have had limited success in
improving growth as measurég changes in WLZ and LAPI 11). The persitence of all
forms of malnutrition despite intense efforts and resources spent to minimize the problem
indicates that current interventions and policies are not as effective as needed to meet the
Sustainable Development Goal targets of reducing the nushis&snted children to 82 million
and lowering the proportion of wasted children to 3% by A8300ne research area with
potential to increase the effectiveness of nutrition interventions by informing their timing and
nature is the study of gwth faltering at the individudevel, including the timing of onset and
intensity of duration, the relationship between different types of growth faltering (length vs
weight), and how the timing of growth faltering relates to environmental exposures.
Growth faltering
Influencers of growth

While the growth potential of an individual is determined by genetics, a complex set of
dietary and environmental factors will determine their actual growth trajeda)yin
conditions that favor sufficient intake of the appropriate miarml macrenutrients, coupled
with a complex set of environmental factors that allow children to absdrbtdize the nutrients
they obtain, a child will reach their growth poten{is2). But whether these conditions are met
depends otthe basic, underlying, and immediate drivers of nutritional status as summarized in
the original UNICEF conceptual framework for malnutrit{@3) and later updated and built
upon in the Lancet 2008 and 2013 series on maternal anchatition (6, 14) The socie
economic, geographic, and political contexts of an environment all influence poverty levels and
basic access to food, sanitation, and healthcdmesd factors interact to dictate the underlying

food security, health, and hygiene circumstances of a household, and the quality of care for a



child, which affect the immediate determinants of nutritional status: dietary intake and infection
(6, 13)

Intake of certain nutrients, especially zinc and quality protein found in animal sourced
foods, are essential to theolmgical mechanisms involved in bone groiR). For infants under
6 months, the WHO recommends early initiation of breastfeeditigrvone hour after birth so
that infants obtain the benefits of the nutrieartd antibodyrich colostrum(15), and exclusive
breastfeeding16). While exclusive breastfeeding is associated with large decreases in mortality,
reduced risk of chronic disease, increased intelligence, and higher body mass index, no effects
have been observed on linear groidi). For children 823 months, the WHO recommends
continued breastfeeding, introduction of diverse complementary foods at 6 months3with 2
tastes per day and increasingnmementary meal frequency and amount around 9 months, to 3
4 larger meals per dq{t8). Across multiple country contexts, the quality (diet diversity, overall
dietquality) and quantity of complementary foods has been shown to be positively associated
with growth outcomes, including increases in HAZ and reduced underwH20)

Inflammation in the body due to infection slows growth through a number of
mechanisms; it has an inhibiy influence on the anabolic processes that build organs and tissues
(12), and can also lead to malabsorption of nutrients thrpegmeability of the small intestinal
walls and increased risk of microbial transloca{i@h). When children suffer from inadequate
dietary intake and high disease incidence, the human body adapts by strategically allocating the
limited nutrients available, prioritizing survival and immune functamg downregulating
growth, leading to growth falterin@?2). Infection and inadequate dietary intake often interact in

a cycle whereby illness leads totnent loss and malabsorption and loss of appetite, reducing the



adequacy of dietary intake, which then leads to growth faltering and compromised immunity,
increasing risk for infectio(23i 25).
Intergeneration cycle of malnutrition

Growth faltering can perpetuate over multiple generations in angetegrational cycle.
| f a wo man 6 s nmertwds not donddicee tepmoper grawth and development, this
affects her body composition and height into her teenag@rpgmnancy years. Short adult
women give birth to low birthweight infants, likely due to a combination of inadequate nutrient
supplyto the fetus and restricted room for growth in the ut€26% Low birthweight is in turn
associated with growth failure (along with a host of other issues such as low cognitive and
psychomotor development, and higher risk for chronic disease later (6,|12&), continuing
the cycle of growth faltering and several forms of malnutrition passed from generation to
generation.
Catchup growth

If growth inhibiting conditions ameliorate, and other conditions favorable to growth are
present, children may experience catgigrowth, whereby their growth velocity exceeds the
normal statistical range for their age for a defined period of time, bringing them back to their pre
growth faltering trajectory28). A study of over 6,808hildren from India adopted in Sweden
found that the majority who suffered from growth faltering caught up in both height and weight
after two years in Sweddg9). Sound evidence of catalp growth in the first few years of life
is considered weak by sor(0), who criticize the use of LAZ/HAZ to track growth progress
overtime, due to its calculation using standard deviations from @estsonal daté31). In the
same study on Indian children adopted in Sweden, the most severely stunted children had the

fastest catclup growth, but their catebp and final heights post puberty were limi{@Q).



Nevertheless, studies have shown that meaningful -cgtcan occur miathildhood and in
adolesence(32), as well as immediately after periods of diarrhea in early childhood, especially
among boy%33). Timing of interventions targeting growth should thus consider the potential for
catchup growth, and research should seek to understand how interventions can use periods of
catchup growth to their advantage in maximizing their effectiveness.
Food systems perspective

At a broader systems level, diets and nutrition, and subsequently growth are influenced
by complex food systems that are themselves influenced by envirohnr&@naatructural,
political, sociecultural, demographic, and economic drivéd4). Agricultural systems that
produce, store, transport, market, and distribute food interact with health and environmental
systems that dictate access to services and resources, which all come together to influence
household and individual decistonaking. Framing growth faltering as a consequence of the
complex interactions among multiple systems and sectors is useful in understanding potential
intervention points to promote child growth. Our food systems arelyaquidpting to meet the
needs of a growing population that is dealing with climate change and globalization, so
considering the food systems lens is essential to policies and programs for child growth moving
forward(35).
Growth assessment

By definition, to assess growth at the individiealel, one needs multiple observations
over time on a single individual. Assessment of growth faltering is done using anthropometric
measurements to i ndi ca t-sectians a theglowttovelocityt t ai ned
longitudinally (36). Normally, such anthropometric measurements include weight, recumbent

length (br children under two years) or standing height, and head andppi&Farm
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circumference$37). Attained size measured at any given cresdion for age includes inherent
information about all past growth upttee point of measurement and can be a good indicator of
the cumulative effects of growdimiting conditions. Longitudinal growth velocity indicates
growth levels around the time of measurement, and can allow for understanding of current
growthlimiting conditions(38, 39) Measures of tempo indicate the timing of onset of periods of
growth (or growth spurtg§0, 41) Failure to consider measures of tempo can bias interpretation
of measurements of attained size because an i
well-represented by thesize at any given age due to differences in the timing of onset of
growth-rate change@?2). Growth assessment using longitudinal measures allows for
determination of the growth processes through which one reaches an attained size at a given age.
Attained size

Measures of attaed size differ between sexes and change as children age, and are thus
most often assessed using-aged sex standardized-scoreq36). These zscores can either be
calculated internally among a sample based on the sample means and standard deviations or can
be calculated based on an external reference population. In calculating attainescsias zthe
LambdaMu-Sigma (LMS) method can be used to adjust for skewed distributions and allow the
mean and standard deviation of size to vary with age. The LMS method accounts for size
differences across age using Borx transformations to remove skewness (Lambda), median
size (Mu), and the coefficient of variation (Signfdp, 44) The most common reference
population used to calculate externacores is the populatiaf children measured for the
WHO Child Growth Standards. These children representsugioeconomic status populations
who are assumed to live in ideal growth conditions and come from six countries (Brazil, Ghana,

India, Norway, Oman, USA) across all mayorld regiong5).
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As described briefly in the introduction, extreme growth faltering is assessed against the
WHO growth reference populati as children who have LAZ/HAZ 2 SD from the median
considered stunted {3 severely stunted), those with WLZ/WHZ2 SD from the median
considered wasted {3 severely wasted), and those with WAZ2<SD from the median
considered underweight{ SDseverely underweight). Severe wasting can also be defined by a
mid-upperarm circumference below 11.5 q@b). The common use of stunting as a meastire o
individual child health has been criticized as inappropriate, as the indicator was originally
designed for use in assessing population levels of undernutrition and is based on a statistically
derived, biologically arbitrary cudff (46). As a result, researchers may be underestimating the
true prevalence of linear growth faltering, which exists along a continuum, and placing undue
burden on individual <caregivers pgrevgalencedfei r chi
stunting reflects larger structural issues that affect entire commu@i@e<Others have
criticized the use of HAZ to assess growth over time given the increase in SD as children age due
to the onstruction of HAZ from cross sectional data. The same researchers have proposed the
use of absolute length/heighur-age differences (LAD/HAD), which are calculated by
subtracting a childds | ength/ hei ghualatidnrftom t he
assess growth progress over ti(82).

In addition to assessment witkszores, attained size can also be assessed using
conditional size measures obtained by extracting residual error from regression of size on
preceding size measures to get an attained size measuiettie difference between observed
and expected siZ86). The advantage of these conditional measures is thaaticeynt for
regression to the mean, a repeated measures phenomenon, in which outlier measurements are

followed by subsequent measurements that are closer to the mean, making normal variation in
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measurements due to random measurement error appear tbdheanggeg47). Last, indices
based on set standards or ratios, such as body mass index (ratio of weight th baghe used
to assess attained size. Both conditional size measures and growth indices may be used as ways
of comparing the attained size between different children in the same pop(B&fion
Growth velocity

Growth velocity measures a change in body size between time periods (ages). Most often,
growth velocity is defined as the change in size units (cm for heigifdy kgeight) divided by
the change in time between measurements (days, months, etc.), but it has also been charted as
changes in percentile ranks per time (#&). Growth velocities can be assessed either as
absolute velocity, or in reference to agth velocity standard. The WHO Child Growth
Standards released growth velocity references in 2009, which can be used to calculate length
and weightvelocityzs cores (LVZ, WVZ) that compare a chi
to the standard refanee populatior{49).
Growth modeling methods

Several methods for modeling growth over time and detecting growth faltering are
descriled by auxologists William Johnson, ¥ang Tu et al, and J. Argyl@6, 48, 50) The
simplest of the described methods is tracking averagp®mes over time. Other approaches are
based ortonditioning, and include life course plots, path analysis, regressions with conditional
growth velocity measures, and conditional regression models. Each of these approaches involves
conditioning current growth on previous measures to quantify the redatmbetween growth
velocity and some outcome conditional on size at the first measuré6ed8, 50) Regression
with change scores can be done by regressing an outcome on growtty vklaog different

time periods, to identify critical windows of time for growth in relation to a particular outcome
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(50). Last, multilevel models (mixegkffects growth curves that consider repeated measures to
be level one variables clustered within each individual), latent growth curve models (jointly
modeled associations between latent growth factors and later outcantegypwth mixture

models can be used to model the growth of each individual child in a sample as well as obtain
the overall sample average growth. Growth mixture models can further be used to assess
variation in growth trajectories within specified grep6, 50) To select the most appropriate
models, the Akaike Information Criteria (AIC) and/or Bayesian Information Criteria (BIC) can
be used to balanceadel fit and parsimongs0). The AIC and BIC scores are both calculated by
subtracting the logdjkelihood ratio of the model from the number of terms in the model, with the
lowest scores signifying the best balance of fit and parsimony. While both AlBl@nokenalize

the models for each additional term and reward model fit, the BIC penalizes the complexity of a

model more heavily than the AIG1).

Timing of growth faltering
To date, the scientific communityds under s

based largely on cross sectional studies that combine multiple datasets from separate cohorts of

children across different age ranges. Knowledge of patterns and tifrgngvah faltering

among individual children is limited based on the current research. An important study by

Victora et al. in 2010 showed the fAsectondl dwi de

data from 54 countries. They found that childrebMiCs in all regions of the world experience

growth faltering between-84 months, with more and more children considered stunted as age

increases. This study helped to identify the

the first 1,000 days dife (from early pregnancyhrough 2 years(62), providing important

information about optimal timing of interventions to prevent growth faltering. It has served to
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galvanize financial support for programs and policies aimedisgally at this window of
opportunity(32). A more recent study by Leroy et al. used HAD instead of HAZ to assess linear
growth deficits in children under five from 51 different countries, and found c@atinu
deterioration in linear growth even after the 1,000 day win¢&8y

Despite the influence these studies have had and the importance of their findings, the
analyses are based on ecologicabsssectional data, so interpretation of the results is limited in
terms of what they really tell us about the timing and pattern of growth faltering among
individuals within a population. Crossectional studies cannot distinguish between continuing
cases of growth faltering (prevalence) and new cases (incid@¥eand using crossectional
data to draw conclusions about growth is inappropriate given that to measure a growth trajectory,
oneneeds growth measurements on the same individual at multiple time (36in4s3)

Several longitudinal child growth studies done in Guatemala, Maad/ithe Gambia, as
well as a recent Knowledge Initiative study that combined data from 31 longitudinal cohorts,
have found, similar to the cresgctional studies, that on average linear growth faltering starts in
utero/at birth, but that it continues dlughout the first three years of 1if82, 55, 56) The
Knowledge Initiative study found that larger deficits at younger ages informed higher incidence
of stuntinglater, and that stunting incidence was highest from birth to 3 m¢{sdhs

Studies of longitudinal growth in healthy children have determined that the growth
process is saltatory, charackexd by long periods of stasis interspersed with short growth spurts
(57). The process of growth faltering among individuals has not yet been assessed in the same
way. Understanding the longitudinal growth faltering process and timing among individual
children in populations with high levetd growth faltering will allow for determination of

whether children who experience growth faltering are shorter than expected for their age because

15



of continuously slower growth than taller children, or because of intermittent episodes of slow

growth.

Relationship between linear and ponderal growth faltering

Programs that target undernutrition have historically considered the different types of
growth faltering, linear (length) and ponderal (weight), as separate problems to be dealt with
using distinctmethodg58i 61). Ponderal growth faltering has largely been associated with the
factors hat have immediate health effects such as infection and inadequate dietary intake due to
food shortages, while linear growth faltering has been linked to the broader underlying
conditions that influence growth, such as poverty and food inse¢@zyMultiple studies have
established high levels of @xcurrence between wasting and stun{sfj 65), with the
prevalence of concurrent stunting and wasting surpassing 5% in somé&aetghen the two
happen in the same individual at the same time, stunting is more severe, and risk of mortality
increases (hazard ratio for both wasted and stunted = 12.25; 95% CI = 7.67(8®).58)ese
concurrence studies use cross sectional data and cannot establish whether one form of growth
faltering precedes or followsdm the other. In addition, they likely underestimate the true
burden of stunting and wasting concurrence, since assessing the indicators at a single time point
may not capture all cases where stunting and wasting overlap given the transient nature of
wasing and the later onset and continued duration of stu(@ing Surely, the use of stunting
and wasting cubffs instead of the entire range efeores also contributes to a likely
underestim@on of the issu¢46).

In an effort to address some of these concerns, the temporal links between the different
anthropometric measures involved in growth faltering is gaining traction as a question sf intere

among growth researchd@8). Evidence from these studies strongly indicates that episodes of
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wasting or deficits in weight gain precede the development of stunting or have significant effects
on attained heigh63, 66, 77, 60876). The hypothesis has thus emerged that sufficient weight
growth that gives a child ample energy reserves may be a necessary condition to spur linear
growth (78 80). At least one study also found significant associations in the other direction, with
linear growth faltering associated with higher risk of wasting relapse in children who had
recovered from moderate acute malnutritjef). Differential levels of growth faltering and
concurrent stunting and wasting have also been found based on the sex of the child; boys are
often found to be more vulnerable than girledmcurrent wasting and stunting and seasonal
deficits in both linear and ponderal grow@2, 83)

The time lag between ponderal growth deficits and linear growth ddfiag also been
explored. Richard et al. found that wasting in the earliest period of life betw@emodths was
not associated with future LAZ, but that wasting betwednd 6r 1217 months was associated
with decreased LAZ between-B& monthg69). Another longitudinal study conducted over a
period of 40 years in the Gambia revealed that wasting prevalence peaked when children were
between 1612 months, and stunting prevalence peaked at 24 months. Amitdhgrchvho had
one of the forms of undernutrition at the@énth mark, many were found to have experienced
frequent bouts of the other type prior to 24 months of(aGg At the population level, average
seasonal peaks in ponderal growmave been shown to precede average seasonal peaks in linear
growth by 23 months, suggesting that linear growth is spurred by ponderal gf®Wwtfi0, 84)

While a limited number of these studies have used the entire ranggeafes or looked
at attained WLZ in relation to linear growth velocit{@8®, 77, 79, 84)most havalefined linear
and ponderal growth faltering using the rigid, biologically arbitraryofis for stunting and

wasting(46). In addition, most of these studies have used indicators of attained size, which do
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notallow for understanding of the mechanisms underlying any relationship between linear and
ponderal growth, since they summarize the cumulative effects of all growth conditions up to the
point of measuremer88). Gaining clarity on the complex mechanisms underlying these
temporal relationships between linear and ponderal growth faltering is important in program and
policy design and can be partially achieved through investigation of the temporal dependencie
between linear and ponderal growth velocities. Studying how the types of growth velocities are
related will allow for understanding of how current conditions influence both linear and ponderal

growth, improving upon the use of only cumulative growthdatiéd by attained size.

Seasonality of growth faltering
Defining seasonality

Seasonality is the cyclic nature of the occurrence of any type of event over a specified
period of time, usually a yeé85). There can be seasonality to cases of malnutrition just as there
can be seasonality to climatic indicators such as temperature and precipitation. Each type of
seasonality can be definad periodic fluctuations in the magnitude, timing, and duration of the
events, and visualized using curves that resemble waves. The seasonality represented by these
curves has three main characteristics of interest: the maximum point on the curve,lifvel@mp
from the peak to the nadir, and the shape of the curve, showing the duration of a seasonal
increase. Multiple peaks could happen over the course of a year, or there could be just one peak,
depending on the length of the cy (85, 86)
Climate and growth seasonality links

The relationship between climatic seasonality and the seasonality of growth has been
relatively wellstudied since as far back as the late 1700s when a study on a single French boy

followed from birth to 18 years of age pointed to seasonal differencesvinigrate, with
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greater increases in the boy(@B7 Mdgstudidssince e e n
then (with sample sizes larger than N=1) on children living in places where the temperature
varies wdely throughout the year have shown that children often grow faster in the warmer
spring and summer months than in the colder fall or winter m¢a&)s

Early theories about direct links betwesasonality and growth thus centered on day
length and exposure to ultraviolet light. Physiologically speaking, these theories are tenable,
since vitamin D3 obtained from exposure to ultraviolet light increases absorption of calcium,
which has important tes in bone growtli88). Empirical evidence supporting these direct links
between sunlight hours and growth has been demonstrated in a few studies. In 1929, Nylin
showed that children treated withrdamps grew faster than those not receiving sunlamp
treatments, and a study done in the Congo, near the equator, showed that children grew faster in
the dry season than the rainy season, but that differences in diet, temperature, and humidity did
not appear to account for the disparity, leading them to conclude that the difference in growth
was due to increased vitamin D3 during the dry se&®nMore recent evidence from a
randomized controllettial in Bangladesh, however, shows no evidence of effects of prenatal
vitamin D supplementation on linear grow@®).

Besides these direct physiological reasons for season being related to growth, there are
many reasons why seasonal changes to the weather and climathiractlynrelated to
nutritional status, and these have been fairly steitied. The immediate drivers of growth
faltering (dietary intake and illness) are affected by climatic conditions in various ways. First, the
agricultural cycle is closely related natrition through multiple pathways including food
production and income from agricultural products that allows for increased spending on both

nutritious foods and healthca(@0). This cycle is driven by seasonal patterns of temperature and
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precipitation, which drive food production, income from agricultural prtgjugricultural labor
needs, and time demands on caregi(@t3 Second, transmission of infectious gastrointestinal
and other diseases is influenced by seasonal climatiditions, since temperature, humidity,
and precipitation are key factors in the survival of infectious agents and patli®8§e82, 93)

Many studies examining climatic season and child nutrition have investigated these
theoretical links. A recent review of such studies found that in rural areas of developing
countries, children have been shown to grow faster (in terms of both linearradetgdayrowth)
in the dry period directly after the harv€d1l). Seasonality of dietary intake was measured in
only one study that qualified for the review. Intake, meabkbyeenergy per kg consumed was
not found to be significantly different during the monsoon compared with the relatively dryer
summer months among young children in Bangladesh, but intakes were found to be lower in the
early winter and early summer monthss some seasonality effects are n¢# 91) Another
more recent study in Bangladdsiund that children measured during the harvest season were
less likely to be wasted than those measured in the monsoon season when less food was available
(94).

Seasonal differences in infection rate are also related to child ondtistatus, both
directly through conditions more favorable to disease transmission and through the amount of
time caregivers spend providing care to their childgs) 91) Infection is highly correlated with
season due to higher ambient temperatures that support pathogen survival, increased water
contamination with fecal matter with increag@eécipitation, and food scarcity that increases
host susceptibility during certain agricultural seag@3s. In addition, standing watdéeads to
more mosquitoes that can transmit malaria and other infectious diseases when precipitation is

high (92, 93) Children at different ages and different life stages may react differentially to
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seasonal growth effects; thus, age should be considered an important variable when determining
the relationship between climatic seasonality gmmvth. For example, while there are strong
correlations between season and diarrhea, with peaks happening in the hottest months of the year
and the early monsoon season right afterwards in countries that have monsoons, these effects are
more pronouncedf older children than they are for younger childi@). In addition,
caregiver time demands are variable by season and can impact the quality of care that children
get and subsequently how well they grow; for example, it has beamghat children are
exclusively breastfed less often in the summer months that correspond with heavy agricultural
periods than in the winter mont{@5).
Growth seasonality

The consensus from the most recent growth seasonality literature describing studies in
sub-Saharan Africa and South Asia is that there is less weigh(2fii@8), lower attained WLZ
(70, 73, 99103), and higher incidence of wastit04)during the rainy, prdarvest seasons
compared to the dry, harvest seasons, likely due to the aforementioned pathways of more
infectiors (91, 92, 96, 99)less time for caretakin@9, 101) and poor food availabilitgl 05,
106). Fluctuations in length or height measurements by season is less common; some studies
report either no differences in height by season, or minimal differ¢f6e402, 105)while
others find similarities to weight metrics in that children have slower heigh{@@iand more
stunting(99, 101, 104¥uring the rainy season. Only a couple studies conducted in Ethiopia and
Malawi have bund that children gain length and weight faster during the raimhagreest
season. The authors of these studies hypothesize that illness was more common in the dry, post
harvest season and was a more important driver to undernutrition than inadeqdatecess

during the rainy seasdqa07, 108)
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Limitations of seasonality models

Despite knowledge of the importance of climatic seasonality for growth, little has been
done to disentangle the effects of specifiméliic conditions on growth. The majority of the
studies that form the basis of our knowledge about growth seasonality are limited by their
categorization of the seasonal exposure variable. A recent review of methods used to study
growth seasonality in th&frican drylands found that over half of the 24 studies included in the
review defi ned dditismd periods throligboatdhs year.sAn additenalsix of
those studies based their conclusions on visualizations of nutrition outcomes by(b@@)th
The assumption thatties e ason o6, whet her that be defined a:
or postharvest season, always happens at the exact same time every year is problematic for a
number of reasons. One, there is a fair amount of variability in when these seasoaslstart e
year(110, 111) and the brute assumption that they occur each year during the same months may
lead to erroneous findings about the true seasonal timing of growth faligti2g A model that
considers the nAr ai isgptemberacgulnl show very different results thanJ u n e
one that uss actual climate data on precipitation, which will show that rains do not start exactly
on June 1, and do not end exactly on September 30. Second, lumping together all climatic
conditions and calling them a fmedastlanpeedid or t h
the timing of growth faltering fails to consider the potential interplay between temperature and
precipitation, and the exact combinations of the two that lead to more or less growth faltering.
Third, with climate change ontheriseeth t i mi ng and i ntensity of the
shift (113), and it will be important to have a precedent for models that use true climatic
conditions tgpredict when growth faltering may occur instead of relying on historical averages

delineated by month. Lastly, using season as a categorical predictor or control variable in growth
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models makes it impossible to look at other aspects of the relationshipepetlimatic seasons

and growth, such as how the timing between rains may impact growth, or whether or not the first

or last rains have more of an impact on growth than ones in the middle of the season.

precipitation, and vegetation with peak timing of growth faltering among infants and young

Addressing these limitations by exploring the relaship between peak temperature,

children, using models that can disentangle the effects of various climatic conditions on growth,

will allow for a much deeper andore precise understanding of growth seasonality.
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Chapter 3: Methods

Study design and data sources

This is a time series analysis that combines multiple data sources. Aims 1 and 2, on
constant versus episodic growth faltering and the temporal relationship between linear and
ponderalgrowth velocities, employ a dataset comprised of monthly anthropometric (length,
weight) measurements of ~6,000 children from Sanmatenga Province, Burkina Faso. For aim 3,
on the seasonality of growth faltering, the anthropometric dataset was linke@nvitety
sensed daily climate data for maximum temperature (°C), precipitation (m#idsiy) and
vegetation (Normalized Difference Vegetation Index).

Anthropometric dataset

Setting

Data were collected in the centsorth region of Burkina Faso, coveringur
departments of the Sanmatenga Province: Barsalogho, Kaya, Namissiguima, and Pissila. Burkina
Faso is a dry and arid lashdcked country in West Africa with high levels of food insecurity and
suboptimal complementary feeding due to the agroecologieadjrgphic, and demographic
characteristics that make growing and trading a variety of nutigntrops difficult(1).
According to the most recent available data from the Burkina Faso Demographic and Health
Survey publishedni 2010 (4 years prior to the start of data collection), 41.6% of Burkinabé
children 1824 months of age were stunted, and 19% were wasted in the same age category. The
Sanmatenga Province is one of 45 provinces in Burkina Faso, and had roughly 640,000
inhabitants at the time data collecti@®).

The population of Burkina Faso relies on rainfed agriculture as its primary economic

activity, with 90% of the workforce employed in agriculture. In the celNtath region of
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Burkina Faso, growing seasons aherter than average for the country, agriculture is less
diversified, and rainfall variability is high€B). The rainy season in Burkina Faso is unimodal,
with most rains occurring between June and September. Since the period betwe£862920
rainfall has declined by 15% and temperature has increased significantly (by 0.6 °®3hice 1
(3, 4)

Data collection

Anthropometric data were collected between August ZDddember 2016 as part of the
Food Aid Quality Revi ew0s -dffecivéndssaffordy on t he
supplementary foods in the prevention of stuntind wasting among children3 months. The
original study was a longitudinal, foarm costeffectiveness trial with random assignment to
study arm by geographic region that compared monthly rations of ~500 kcal/day of Corn Soy
Blend Plus (CSB+) with oilCorn Soy Whey Blend (CSWB) with oil, SuperCereal Plus (SC+),
and Readyto-use Supplementary Food (RUSF). Children participating in a blanket
supplementary feeding program were enrolled at 6 months and measured monthly (length,
weight, midupperarm circumérence) for 18 months during the intervention and for three
consecutive months pesttervention. Across all four study arms, a total of 6,112 children were
enrolled (CSB+: 1,519; CSWB: 1,503; SC+: 1,564; RUSF: 1,526). On average, children were
measured 2fimes, making for 129,944 observations over ~2.5 years.

Exclusion criteria for the original intervention were severe acute malnutrition at
enrollment (a mieupperarm circumference < 11.5 cm) and age above 12 months, though
enrolling children over 6 mohs was rare. All eligible children in the intervention zone were
enrolled on a rolling basis until the desired sample size was reached after one year of

enrolliments. Intervention arms were geographically clustered, with recipients in each of four
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distinctregions of the Sanmatenga Province receiving one of the four foods. For the purposes of
investigating longitudinal growth patterns and the timing of growth faltering, we pooled all four
intervention arms and analyzed the data irrespective of study aren G significantly higher
prevalence of entine stunting and greater total number of wasted months among children in the
CSWB arm compared to the other three study dB)ysve control for studarm in our analyses
where appropriate.

Anthropometric data were collected by trained enumerators who participated in
standardization exercises every three momhsaonthly measurement visits, enumerators
measured each «c¢hi | d-gpperarneciragrhférgnce (MJAG) m duplicaden d  mi
and reported both measurements on paper forms. Duplicate measures were later averaged to
obtain one measurement of length, weight, and MUAC per visit per child. Length was measured
in the recumbent position (evenchildren 2428 months, which was corrected for in analyses)
using UNICEF length measuring boards (S0114530, UNICEF Supply Division, Copenhagen,
Denmark). Weight was measured using digital scales (Seca 876, Olney, Maryland, USA). Scales
were zeroed with he car egi ver s weight, and chil dren
their weight. This process was used to minimize agitation in the child. MUAC was measured
using a standard tdolored norstretch MUAC tape.

At each monthly measurement visidregivers were asked if their child had experienced
any iliness in the previous two weeks, including fever, diarrhea, cough, rapid breathing,
difficulty breathing, or confirmed malaria. In addition, caregivers gavergplirts of any fever
or diarrhea onthe day of measurement itself. Food security was assessed using the Household

Food Insecurity Access Scale (HFIA®) only twice per child, at study entry and exit.

32

d

w



In-depth interviews and thome observations were conducted cressionally spread
over the course of the study, with a ss@mple of ~1,600 and ~250 caregivers respectively, to
gather data on feeding praws including dietary diversity, breastfeeding, water quality (proxied
by E.coli concentration), and handwashing. As children were enrolled on a rolling basis over a
oneyear period, and exited on a rolling basis, the food security, hygiene, and feeditigesr
data span all seasor$he geolocation of each distribution site and village was recorded using a
Garmin eTrex 20 handheld Global Positioning System (GPS) device.

Nonparticipant observations of a subset of study children and their caregivers were
conducted by female observers with the primary purpose of directly observing breastfeeding and
complementary feeding practices, and understanding how food distribution recipients used the
foods in the household. Each observation lasted for four consedagrgein which the observer
was in the household for 12 hours per day, from-@800. During observations, observers
followed the study child wherever they went, both within and outside the home. Each time the
child was put t o tedsteed;therolesgrvevstaned atimbryaadss®pgpedtthe b
timer once the child was taken off the breast.

Diet diversity was assessed durinediepth interviews by asking caregivers to report
everything that their child consumed during the previoub@4 period, starting from the same
time of the interview the previous day, up until the time of the interview. Enumerators coded the
reported foods into a grid of 30 food groups adapted from that used by the Demographic and
Health Survey$7).

At the end of indepth interviews and thome observations, study participants were
asked to provide a small (100 mL) water sample from their household drinking water source.

Samples were mixed with a chromogenic growth mediunkfooliand assessed usitite
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Aquagenx compartment bag test Eacoli concentration (CBT kit, AqQuagenx, Chapel Hill, NC,
USA) after an incubation period of 28 hours (depending on ambient temperature). After the
incubation period, enumerators estimated the number of colifamirfg units (CFU) by noting
which combination of the five compartments in the bag turned from yellow to green, and
matching that to a most probable number (MPN) table based on WHO guidelines and provided
in the compartment bag testing Ki.coli concentrédon was classified as safe (<1 CFU/100 mL),
intermediate risk (L0 CFU/100 mL), high risk (>2200 CFU/mL), or very high risk/unsafe

(>100 CFU/mL)(8).

All data were doublentered into a CSPro database and checked for consi¢g&nagy
discrepancies were corrected by referencing the paper forms. Data were further field cleaned by
checking for implausible values for néime-varying data such as birthdates; when necessary
and possible, enumerators were sent liaickthe field to collect noitime varying missing data
or verify implausible values (i.e., caregivers under age 10, children over age 5).

Remotely sensed climate data

Daily time series of three remotely sensed climatic variables, including the Normalized
Difference Vegetation Index (NDVI), maximum temperature, and precipitation, were merged
with the anthropometric data using GPS coordinates from each of the 199 villages in the study
area. The NDVI was downloaded from the National Oceanic and Atmosphernimisttation
(NOAA) Climate Data Record of Advanced Very High Resolution Radiometer Surface
Reflectancg10). For temperature and precipitation, used the Climate Hazards center Infrared
Temperature with Stations (CHIRTS) higésolution daily maximum air temperature dta),
and the Climate Hazards Infrared Precipitation with Stations (CHIRPSY&sgitution daily

precipitation dat#12). All climatic data were downloaded at a Skepatial resolution. Data

34



were downloaded, extracted from raster to points, and mergedhwidnthropometric dataset
using Rstudio(13).
Data preparation and cleaning

Prior to conducting data analyses, data were cleaned using astaeplprocess to identify
implausible valuegnvestigate the randomness of missing and implausible values, and impute
missing values. First, biologically implausible anthropometric values were classified using
jackknifed residuals, according to the methods described in Shi et al. 2018 for id@mtifata
outliers in longitudinal growth da{d4). In brief, after regressing length and weight
measurements on the square root of age (to account for growth rate variation as children age) for
each child sparately, we flagged absolute values of the jackknifed residuals from these
regressions above 5 as biologically implausible. Flagged values were examined manually before
decisions were made to exclude them. In a few cases, upon manual examination of the
measurements and their corresponding dates, it was clear that measurement dates were entered in
error, as they made the child appear to be yo
these cases, correct dates were imputed using the correspamutirgjdtribution dates as a
proxy for the measurement date. While the food distribution date can potentially be different
from the measurement date if the child missed the distribution, and was measured at their home
instead of the site, the standardizedly procedures required children to be measured within the
three days following their food distribution date. Roughly 7% of measurements from the original
dataset (8,444 observations) were identified as biologically implausible or missing, with each
child missing one value on average.

Once biologically implausible values were identified and set to missing, we assessed the

prevalence and randomness of missingness by regressing indicators for missingness (including
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implausible values) on a variety of factoncluding location, enumerator codes, and socio
demographic variables. Though we aimed to enroll children in our study at ~6 months of age and
follow each child for 21 months (18 months during the intervention + 3 months post

intervention) until they rezhed 27 months of age, children in our sample range fr8ih 1

months, with the vast majority (99%) falling betweeB&months. We thus restrict our analyses

to children 528 months, though most analyses are done on child@@ngonths, as the sample

sizes are small among those at the extremes. We further restrict analyses to children who had at
least 20 repeated measurements. Our final dataset for analysis includes imputations for missing
and implausible values using simple linear regressions of lengtkight on time for each child

and imputing the predicted values.

After assessment and imputation of missing and implausible values, the final dataset
consisted of 5,039 children betwee2& months (82% of original sample) who each had at least
20 repeatd anthropometric measurements, adding up to 108,580 total observations. We
conducted sensitivity analyses using a dataset consisting of only children who had full data (at
least 22 measurements per child) with zero missing or implausible values. Thigisensi
analysis dataset had 1,158 children (19% of original sample) and 25,476 total observations and
had similar distributions of all key variables compared to the full dataset.

Variable specification

Growth Outcomes

Attained size indicators
Age and sex standardized LAZ, WLZ, and WAZ were calculated using the 2006 World
Health Organization (WHO) Child Growth Standards macro for $1&tal6) and LAD was

calculated manually in Stata using WHO growth reference tabulated median length/height values
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(15). Z-scores identified as biologically implausible{&/SD for LAZ, +} 5 SD for WLZ) were
flagged automatically by the macro and removed. Final attained length (cm) was defined as the
chil dbés absol uftlestudgpegod.h at the end o
Growth velocity indices

Absolute length and weight velocities were calculated by taking the difference between
previous and current measurements, dividing by the time gap between them, and multiplying by
30.44 to get velocities in cmbmth and kg/month for length and weight, respectively. Growth
velocity zscores were calculated manually in Stata using the tabulated Laviib&gma
(LMS) parameters from the 2009 WHO Child Growth Standétdy Because the WHQ009
growth standards are restricted to children under 2, and the lowest granularity references
available are in-2nonth windows, we calculated velocityszores fo each 2month interval for
children between-24 months. Velocity -scores are thus constant between eackhntanth
interval (e.g., 8 months, 8.0 months, 1412 months, etc.) and can be interpreted as the extent
to which a c¢hil dadvenagerntewa differs feoin the growth veloagity chtheg
reference population in the same age interval, stratified by sex.

Climatic exposures

Since all three climatic variables were merged into the anthropometric dataset at the
village level, each villag has unique values for daily maximum temperatucg, daily
precipitation (mm), and daily NDVI. The ND\takes remotely sensed images and divides the
normalized difference between red and near infrared light bands by their sum to indicate the
density ofgreen vegetation. Values for NDVI range frein(water) to 1 (rainforest), with
numbers close to zero corresponding to barren areas made up of rock @03and

Morbidity exposures
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We use dichotomous variables for current fever or diarrhea at the time of measurement,
as well as reported uppezgspiratory symptoms (cough, difficulty breathing, rapid breathing),
and confirmed malaria in the two weseprior to the interview. In the aim 3 growth seasonality
harmonic models, morbidity exposures were each modeled as continuous variables for
prevalence (percent of the population reporting each illness at a given time period). In addition,
we coded a diaitomous indicator for any illness in the previous two weeks, combining all
upperrespiratory symptoms, fever, diarrhea, confirmed malaria, accidents, or burns, which was
also modeled as a continuous variable for prevalence of any illness in the aimI8 growt
seasonality models.

Food and nutrition security exposures

We descriptively analyzed cressctional food and nutrition security data collected at
different times throughout the study period. The HF(8Bwas recorded for each study
participant at two timgointsi study entry and exit. In addition, for a subset of 1,615
participants who were subject to ardepth inteview, we collected data on household drinking
waterE.coli concentration based on the AquagenX Compartment BagT®8)sand dietary
diversity scoresfrom2hour recall s of the childds di et
calculated using #hfood groups from the Infant and Young Child Minimum Diet Diversity
scale, ranging from-8 (19). On a further subset of 176 participants, we timed the number of
hours the child was breastfed per day during-fiay inrhome observations.

Study arm/geographic region

In several models, we control for the original study arm in which the child was enrolled.
Since the original trial was geographically clustered, in doing so we also control for geographic

regions.
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Analytic methods

Aim 1: constant ersusepisodic growth faltering

Growth curve visualization

We visualized childrends individual growt h
faltering among children in our sample using multiple methods. For each descriptive graph, we
divide the samplento either quintiles or selected centiles of attained length to show how growth
differs at different levels of attained length. We examine popukdgiosl shifts in LAZ among
each of the attained length quintiles in our sample by plotting the distrilmitlohZ at four
selected ages (6,12,18, and 24 months) against a hypothetical WHO growth reference
distribution curve with mean zero and standard deviation of one. To visualize what individual
growth trajectories look like at different levels of attaineagth, we graph scatterplots of all
childrenbds | engt h, |l ength velocities, LAZ, an
containing only full cases with no imputations. As this dataset has fewer children, we were able
to plot the entirety of the sangfrom each selected centile of attained length. Visualizations
were done in Rstudio(13) and Stata 16.(20).
Modeling

To empiricdly assess the episodic versus continuous nature of growth faltering, we
examine whether growtburve smoothness is an important predictor of attained length using two
stages of regression model s. Fir st ,duaMieear egr e s
regression models for each child, totaling 5,039 separate regression models. We extract model fit
and diagnostic parameters from these models, including’thadRFstatistics as measures of
curve fit and smoothness, constant values as auresatinitial length at 6 months, and age

term coefficients as a measure of average velocity. In the second stage, we regress the extracted
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parameters on individudével attained length at study end. The hypothesis is that if growth
falteringisepisodic occurring intermittently, then a
curve will have more variance around that curve, and therefore a IgfrenRsimple

regressions of their length on their age. Thus, higher valuesionfliRate smoother growthy i

which more of the variance in length is explained by age alone. Using this logic, it also follows
that if higher attained length is the result of uninhibited growth spurts, a3@eurdl also be
associated with the highest levels of growth.

To determine the appropriate functional form of the initial individual regressions of
length on age for each child, we compared the AIC and BIC between a linear regression model
with a cubic term for age, linear splines with 6 knots evenly spaced, lpleasswith 4 knots,
and cubic splines. We found that linear splines with 6 knots had the best fit for the data overall.
Individual regressions for each child thus took the form for each ¢hild,

0 QEMOT 1 OQQB & ©QQ, ;
whereK is the number of knots® "QQ, + refers to thé" linear function with a knot at ,

G000, dOVQQ,
nDQQQQ, 1

and ®'QQ, +=
We place six knots at 9, 12, 15, 18, 21, and 24 months; the sloperefat@nship

between length and age changes at each knot point based on the weight of each linear

function,® . This regression was run separately for each childugh we impose a common

functional form on al/l i nd mwmaydlitfea by 6hddd. Wer o wt h

therefore perform sensitivity analyses to check the coefficients arhén attained length is

regressed on$rom each of the models using the candidate functional forms. We also note that

since these are individual regressiongngth on age, overfitting is not an issue.
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After each c¢childds growth curve was model
parameters and ran a second round of regressions to estimate the average association between
model parameters and attained gn@f the form:

600 ONROAMO 1Y ] 08 0QI AR ® ©'QQ, - ;

where for each childQ] is the coefficient for each age spline86nonths, 911 months, 12

14 months, 187 months, 1&0 months, 2223 months, and 228 months, théntercept
represents initial length, arif represents the smoothness of growth from the individual model.

To check that our inferences about the biological nature of growth faltering were made
irrespective oktudy arm, as this is a secondary analysis of data collected during an intervention
trial, we checked for differences in meahl®y quintile, stratified by study arm, and found that in
all study arms, the differences it flom each quintile to the next very similar. We can thus be
confident in interpreting our findings with the assumption that provision of different types of
food supplements did not influence growth trajectories over time.

Aim 2: temporal relationships between linear and ponderal brelbcities

To estimate the relationship between linear and ponderal growth indicators, we used multi
level mixed effects linear regression models with chéleel random intercepts. To control for
the effects of seasonality and overall time trends dd ghowth, we included trigopnometric
terms, and a continuous daily time indicator, centered at zero to represent the first day the study
was initiated21, 22) We investigated multiple functional formsdontrol for age in our
models, and ultimately decided, for ease of interpretation, to stratify the models by narrow age
categories, as well as by sex of the child, since our sample size is large enough to handle

relatively fine stratifications. Age categes were set in thremonth intervals, with separate
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models for children® months, 91, 1214, 1517, 1820, 2123, and 248 months. Models

were specified for the entire sample, as well as each age and sex category as follows:

@ f
I OEW“] Qf

—0

00f OFf YT Q7Ff OEd1 Q1 Aid1 Q

where® is the growth outcome for childon study dayl. Growth indicators for linear
and ponderal growth are paired together by type (absolute velocity, velsdtyres, attained
size indicators) and serve as each otherds ou
models. Pairs include lengthcgweight velocity, length velocity-gcores (LVZ) and weight
velocity zscores (WVZ), and LAZ and WLZ. The coefficidntrepresents the explanatory
growth variable(, which is the opposing linear or ponderal growth indicator to the outcome
(i.e., when tle outcome is length velocity, the explanatory growth variable is weight velocity).
The relationship between the previous monthos
the outcome isepresented by the coefficidnd, wherePGi s t he pr emeasoreneentmo nt h
for the outcome variable. The effect of the explanatory growth variable on the outcome growth
variable is therefore conditional on the previous growth trajectory of the outcome variable.
Morbidity in the previous two weeks is controlled fordmnefficientbs, wherel is a dichotomous
indicator for any seffeported (by the caregiver) iliness in the previous two weeks, and study
arm,S is controlled for bybs. The coefficientos represents a control for the overall time trend of
the model. Seasality is controlled for by the coefficients of the sine and cosine terms where
is a constant equal to 1/365.25, representing the frequency of the annual cycle in days accounting
for the 2016 leap year. Individual child level random effects are acabtortby| , and- is
the timevarying error term.
Each model was fit with concurrent indicators from the same month for both the outcome

and explanatory growth indicators, as well as a lagged explanatory variable, with growth
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indicators from the gevious month in relation to the outcome indicator. For LVZ and WVZ
models, in which growth indicators are constant for-manth periods of time, lagged growth
indicators were those from two months ago in chronological time. In addition to these models,
we ran harmonic regression models with each of the growth and morbidity indicators as
outcomes and only the trigonometric and time indicator terms as the predictors, to investigate
overall seasonal and time trends for each indicator.

Last, as a secondaryalysis we fit ordinary least squares regression models to examine
the relationship between LAZ or WLZ at the end of the study and total months of wasting or
stunting measurements throughout the study period, respectivelfit these models to increase
generalizability of our analyses and be able to compare our results with those from previous
studies that examined the relationships between early episodes of wasting (beiweaanriihs)
and later stunting or LAZ (after 18 months) and expand on thosadsdiy also looking at the
reverse (how early stunting effects later WLEhese models took the form:

W 0 T 7Y T YOO Qwol ®Waae Qivie €D * ;

where® is end (~27 months of age) LAZ or WLZ for childhe primary independent
variableN is total number of wasted or stunted months throughout the study pgAiod,
represents starting anthropometriscores StudyArmindicatesdummy variables fothe orignal
study arm]linessis an indicator of the total number months in which an episode of iliness was
reported, andonthis an indicator from 412 for calendar month at the end of the study.

Aim 3: seasonality of growth faltering

Harmonic regression oadels, also commonly referred to as Fourier or Trigonometric
regressions, were used to estimate the magnitude and timing of seasonal peaks in temperature,

precipitation, NDVland measures of morbiditgs well asnadirs in child growtimetrics This
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methodallows for the use of only two parameters, maximizing degrees of freedom and imposing
symmetry and repetition in the rise and fall of the curves over the period of @8$gdn the
simplest form of the models, referred to herein as base models, amplitude of the peaks was
estimated using sine and cosine functions, and peak timing was estimated using au®ntinu
daily calendar time indicator, centered with the origin at zero to represent the first day of the
study (August 13, 2014). Base models were fit with maltel mixed effects linear regressions
(equation 1) for all outcomes except precipitation, whiels fit using a negative binomial model
(equation 2). Note that binary outcomes for morbidities were fit using both logistic and linear
regressions, with almost identical results, so we use linear models for ease of interpretation:

1. » i I Q1 OEd1 Q1 Al®1 Q1 OEd]1 Qr Ail0O71 Q

2. li | Q@wn I I Q1 OEdg 1 Q1 Aid®1 Q1 OEl] Q

I ATO1 Q| -

where® (or log(Oxby ) from equation 2) is the growth outcome, or climatic or
morbidity exposure for childin villagej on study day for linear models. The coefficiebt
represents a control for the overall time trend of the model. Peak timing and magnitude are
estimated by the coefficients of the sine and cosine terms whegpresents the frequency of
the annual cycle in days accounting for the 2016 leap year and is a constant equal to 1/365.25.
Individual child level random effects are accounted for byand- is the timevarying error
term. For each growth outcome and climatic variable, to determine the number of peaks per year,
we examined graphs of the mean of the variable over time, as well as testing the statistical
significance of p and 4 terms Pairs of sine and cosine terms were removed if they were not
statistically significant at the 5% significance level (p<0.05). If bgtlardd 4 terms were
significant and graphical representations of the variables indicated two peaks, both pairs of terms

were kept in the model. While we recognize the importance of age as a predictor of growth
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outcomes, and that seasonality patterns may bel@genden24), including age terms in these
models would have ovaromplicated interpretation, and the time trend closely approximates the
agingof the cohort; thus we did not include age as a covariate in these models. However, to
visualize changes in anthropometry by age, we constructed heat plots to examine how
anthropometric indicators change over time in relation to age.

Peaks and nadirs timing for each curve were determined by ordering the predicted
values for each outcome chronologically, taking their first derivatives, and identifying each point
at which the value of the first derivative changed signs. To determine peak timing, the
comresponding dates at each change point were noted as peaks when values changed from
positive to negative, and nadirs when values changed from negative to positive. The lag period
between each climatic variable and each growth outcome was calculated iéfe tbecd
between the dates of climatic variable peaks and growth outcome nadirs. Magnitude of seasonal
peaks was determined by taking the average difference in predicted yearly peak and nadir values
to get the amplitude of the peak, representing its atesoitensity.

The statistical relationship between each of the climatic exposures and metrics of child
growth was assessed separately for each climatic factor usinglewaltmixed effects linear
regressions by adapting the above equation as follows:

» 1 f Q1 OEJ1 Q1 Ai¢®1 Q1 OEd1 Q1 Ai©®]1Qr 6 1 O

where the effects of the climatic exposutejs estimated by thies coefficient, and any
reported illnessdl, in the past two weeks is controlled forliny Unadjusted relationships

between the climatic exposures and growth, as well as any illness and growth were also modeled.

Models were stratified by child sex to test flifferential effects by sex.

Ethics
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Abstract

Linear growth faltering, or slower than expected growth in relation to a standard
reference population for a given age and sex, is associated with increased mortality and
morbidity. Understanding the agelated patterns of growth faltering within a pagidn is
important to crafting preventive policies and interventions; however, knowledge is limited by
crosssectional data. We examine the longitudinal characterization of the timing of growth
faltering among young children. Using anthropometric datacitl at monthly intervals
between August 20tBecember 2016, we investigate individual growth curves of 5,039
children ages-7 months in Burkina Faso (108,580 total measurements) to determine whether
growth faltering occurs through intermittent episodeslower growth, or continuously slow
growth. We visualized individual growth curves by selected centiles of attained length (at ~27
months) and used tw&tage regressions to evaluate the smoothness of growth curves by level of
attained length. Intherfist st age, we individually regressec
simple linear spline regressions, and extracted model fit and diagnostic parameters. Parameters
included R as a metric of curve smoothness, initial length at 6 months, and avetagiy in
each age block. In the second stage, we regressed extracted parameters on itelieidual
attained length at study end. Growth faltering manifests as both lower growth velocity
throughout the observation period, and greater heterogeneitgvithgvelocity amplitude.
Children with lower attained length start smaller (Quintilés3.1 cm initial length; Quintile b
68.4 cm) and remain on their initial trajectories, continuously growing slower than their taller
counterparts. Growth during thenmod between-941 months was the most influential on attained
length; for each cm/month increase in growth velocity during this period, attained length

increased by 6.71 cm (95% CI: 6.59, 6.D2Imost double the second most influential period

49



from 1214 months. In addition, a 0.01 increase in tRg$Rnoothness) from regression of a
childés Il ength on their age is associated wit
3.41), showing that smoother growth patterns are also associated weh diigined length.
Children who experience the most extreme growth faltering are likely to be less resilient to
systematic growttimiting conditions as well as episodic insults to their growth. Future research
should focus on ways of improving environrtedrconditions to support growth.
Significance statement

Understanding the timing of growth faltering (failure to reach expected growth in relation
to standard reference population) in children is critical to appropriate targeting, timing, and
nature ofundernutrition interventions. Knowledge of the timing of growth faltering is primarily
based on conclusions from cressctional studies. This study uses longitudinal anthropometric
data from a cohort of young children in Burkina Faso to examine indiviptaath curves and
identify the timing of growth faltering among individuals. Findings indicate that children who
experience growth faltering have both greater variation in growth velocity over time, and
consistently slower growth velocity than those whaia greater length. Shorter children likely
experience chronic conditions that limit their growth rates and may be less resilient to episodic

insults to optimal growth.
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Introduction

Linear growt h, measur ed bngitivaindicatordftied s | engt

overall health of a child and their potential for thriving physically, cognitively, and economically
throughout life(1, 2). Slower growth than expected compared to a standard reference population
(3, 4)is referred to as linear growth faltering, and may be caused by numerous factors that inhibit
growth. Typically, linear growth faltering is measured by declines in héigage ratios relative
to the World Health Organization (WHO) standaftis5) These standards represent child
growth in ideal environments; they were determined based on®eoenal averages at each
age, from high socti@conomic status children representingedions of the world5). Growth
faltering is associated with increased mortality and morbidities, as well as decreased cognitive
function,educational attainment, and earning poteriiab), and remains a prevalent issue in
low- and middle income countries despite years of growth intervent{@hs

Understanding the timing of growth faltering, including the timing of onset and the
sustained intensity of sutiptimd growth (8) is critical to designing interventions and policies
that effectively reducente burden of growth faltering. To date, knowledge of the timing of
growth faltering is largely based on cross sectional studies that pool data across separate cohorts
of children in different age ranges, which fails to identify patterns in the timingoitigr
faltering among individuals within populatio(, 9 11). A landmark study by Victora et al. in
2010 used crossectional data from 54 countries to identify the critical window of opportunity
for child growth in the first 1,000 days of life, from early pregnancy to 2 {{@arbut leaves
many important questions unanswered. While we know that more and more children experience
growth faltering at each age between 3 and 24 months, we know little about when individual

children experience their growth faltering during this period. Despitm#ppropriate nature of
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usingcross ecti onal data to assess growth of indiuvi
determined by current height or weight conditional on previous measureff2nigrowth
researchers and programmers have relied mamth@se crossectional analyses to inform their
interventions due to lack of sufficient longitudinal growth faltering studies. While the normal
growth process has long been understood to be saltatory, with extended periods of stasis
punctuated by short pses of growth, likely within 2our periodg13), the extent to which this
process occurs similarly among children with-gytimal growth has not been examined in
depth.

In this study, we use longitudinal data from a cohort of ~5,000 Burkinabeé children
measured monthly for an average2@ months each, from ages28 months, to determine the
timing of growth faltering in individuals. We define human growth as the change in the size of
body measurements between two subsequent{adgsand combine several strategies for
growth modeling, including conditional growth measures and individual growth curves. Using a
mix of data visualizations, and individuagressions of length on peasatal age for each child in
our sample, we seek to identify influential growth periods as children age, and understand if
children who attain less height by the end of the study period (~27 months of age) were
consistently gowing slower than those who attain more height, or if they experienced episodic
instances of slow growth that led to growth faltering.

Typically, researchers have chosen to use the binary metric of whether or not a child was
stunted, defined having anigth/heightfor-age zscore (LAZ/HAZ) below-2 standard deviations
from the WHO growth standard median to define growth faltering. However, the use of this
bi ologically arbitrary cutoff to draw concl us

intenced use as a measure of population health can easily lead to misclassification of children as
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having normal growth when in fact they experience growth faltering but do not fall below the

cutoff (4). We therefore usguintiles and selected centiles of attained length (cm) at the end of

the study period to differentiate between chi
calculating attained length using this method: not all children were in the stulthe fexact

same amount of time. However, we restrict our analysis to children who had a minimum of 20
measurements throughout the study period, which maximizes our sample size, as the average

time in the study was 22 months, while minimizing bias fromuidiclg children who exited the

study earlier than 20 months.

Uncovering the timing of growth faltering among individuals will help determine if
interventions should aim to prevent multiple distinct growth faltering episodes, or if they should
be designedtb prevent consistently slow growth. We hypothesized that when children end up
with lower-thanaveragdength for their age, they have experienced greater episodic bouts of
growth faltering that cause them to deviate from their potential growth trajectorie
Methods

Study design and data source

This is a secondary analysis using data collected during a blanket supplementary feeding
trial aimed at determining the comparative esfééctiveness of four different supplementary
foods in the prevention of stunting and wasting in childr&3 6nonthsn Sanmatenga Province,
Burkina Faso. Between August 20Décember 2016, children whose caregivers lived in the
Sanmatenga Province and had thus been receiving a supplementary food starting during their
pre-natal period as part of the blanket supplemerfegging program, were enrolled in the study
when they reached 6 months of age and measured monthly (recumbent length, weight, mid

upperarm circumference) for 18 months while receiving foods and for three consecutive months
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postintervention. A total of 8,12 children were measured an average of 21 times each, adding
up to 129,944 observations over ~2.5 years. Further details of the original study are explained
elsewherg15).

Exclusion criteridor the original intervention were severe acute malnutrition (a mid
upperarm circumference < 11.5 cm) and age above 12 months, though enrolling children over 6
months was rare. All eligible children in the intervention zone were enrolled on a rollisg basi
until the desired sample size was reached after one year of enroliments. Intervention arms were
geographically clustered, with recipients in each of four distinct regions of the Sanmatenga
Province receiving one of the four foods. For the purposes esiigating growth patterns and
the timing of growth faltering, we pooled all four intervention arms and analyzed the data
irrespective of study arm.

Anthropometric data were collected by trained enumerators who participated in
standardization exercisesey three months. Each measurement was done twice at each visit for
quality control, and both measurements were recorded on paper forms and lateedtereld
into a CSPro database and checked for consis{@sgy

Data preparation

Biologically implausible anthropometric values were classified using jackknifed
residuals, according to the methods described in Shi et al. 2018 for identification of outliers in
longitudinal growth dat§l7). Jackknifed residuals from regression of length and weight
measurements on the square root of age with absolute values above 5 were flagged as
biologically implausible and excluded. Roughly 7% of measurements frewriginal dataset
(8,444 observations) were identified as biologically implausible or missing, and imputed using

linear predictions from ordinary leastjuares regression of length on age, with each child
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missing one value on average. Missingness andausgility were not found to be related to
enumerators or socidemographic variables.

Though we aimed to enroll children in our study at ~6 months of age and follow each
child for 21 months (18 months during the intervention + 3 monthsip@svention)until they
reached 27 months of age, children in our sample range f#®fnionths, with the vast majority
(99%) falling between-28 months. We thus restrict our analyses to childr28 months,
though most analyses are done on childr@7 Bnonths as thsample sizes are small among
those at the extremes. As our primary outcome is attained length at the end of the study period,
we further restrict analyses to children who had at least 20 repeated measurements.

After assessment and imputation of missangl implausible values, the final dataset
consisted of 5,039 children betwee2® months (82% of original sample) who each had at least
20 repeated anthropometric measurements, adding up to 108,580 total observations. We
conducted sensitivity analysesnga dataset consisting of only children who had zero missing
or implausible values, with at least 22 measurements per child. The sensitivity analysis dataset
had 1,158 children (19% of original sample) and 25,476 total observations and had similar
distributions of all key variables compared to the full dataset.

Specification of growth indicators

Age and sex standardized LAZ were calculated using the World Health Organization
(WHO) Child Growth Standards macro for Stéda18) and length/heighfior-age differences
(LAD) were calculated manually in Stata using WHO growth reference tabulated median
length/heightvaluet). Length velocity was calculated by

measurement from the previous measurement, dividing by the time gap between measurements,
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and multiplying by 30.44 to get length velocity in cm/month. Our primary outcome of attained
lengh i s defined as the childbds absolute I ength

Growth curve visualizations

We visualized childrends individual growt h
faltering among children in our sample using multipktimods. For each descriptive graph, we
divide the sample into either quintiles or selected centiles of attained length to show how growth
differs at different levels of attained length. We examine popukdgiosl shifts in LAZ among
each of the attaine@mhgth quintiles in our sample by plotting the distribution of LAZ at four
selected ages (6,12,18, and 24 months) against a hypothetical WHO growth reference
distribution curve with mean zero and standard deviation of one. To visualize what individual
growth trajectories look like at different levels of attained length, we graph scatterplots of all
childrenbds | engt h, |l ength velocities, LAZ, an
containing only full cases with no imputations. As this dataset hag tdwedren, we were able
to plot the entirety of the sample from each selected centile of attained length. Visualizations
were done in Rstudio(19) and Stata 16.(20).

Analytic methods

To empirically assess the episodic versus continuous nature of growth faltering, we
examine whether growtburve smoothness is an important predictor of attained length using two
stages of regression ohee | s . First, we regress each chil doés
regression models for each child, totaling 5,039 separate regression models. We extract model fit
and diagnostic parameters from these models, including’thadRFstatistics a measures of
curve fit and smoothness, constant values as a measure of initial length at 6 months, and age

term coefficients as a measure of average velocity. In the second stage, we regress the extracted
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parameters on individudével attained length atudy end. The hypothesis is that if growth
faltering is episodic, occurring intermittent
curve will have more variance around that curve, and therefore a IgfrenRsimple

regressions of their length dimeir age. Thus, higher values of iRdicate smoother growth, in

which more of the variance in length is explained by age alone. Using this logic, it also follows

that if higher attained length is the result of uninhibited growth spurts, a3@eurl dso be

associated with the highest levels of growth.

To determine the appropriate functional form of the initial individual regressions of
length on age for each child, we compared the AIC and BIC between a linear regression model
with a cubic term for ag linear splines with 6 knots evenly spaced, linear splines with 4 knots,
and cubic splines. We found that linear splines with 6 knots had the best fit for the data overall.
Individual regressions for each child thus took the form for each ¢hild,

DR T I ®@QQB o ©QQ, ;
whereK is the number of knots® "QQ, + refers to thé" linear function with a knot at ,

0'QQ, dOQQQ, Tt
nDQQQQ, 1

and ®"QQ, +=
We place six knots at 92115, 18, 21, and 24 months; the slope of the relationship

between length and age changes at each knot point based on the weight of each linear

function,® . This regression was run separately for each childugh we impose a common

functional formora | | i ndividual 6s growth model s, funct.i

therefore perform sensitivity analyses to check the coefficients arhén attained length is

regressed onRrom each of the models using the candidate functional foBusglementl

Table 1). We also note that since these are individual regressions of length on age, overfitting is

not an issue.
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After each childds growth curve was model e

parameters and ran a second round of regressions t@testime average association between
model parameters and attained length, of the form:
600 ONROAMO 1Y ] 08 0QI AR ® ©'QQ, - ;
where for each childQ] is the coefficient for each age spline86nonths, 911 months, 12
14 months, 187 months, 180 months, 223 months, and 228 months, théntercept
represents initial length, arif 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 study arm, as this is a secondary analysis of data collected during an intervention
trial, we checked for differences in meaht®y quintile, stratified bytsidy arm, and found that in
all study arms, the differences it flom each quintile to the next is very simil&upplemental
Table 2). We can thus be confident in interpreting our findings with the assumption that
provision of different types of food splements did not influence growth trajectories over time.
Ethics
The original study from which data are derived was approved by the Tufts University
Health Sciences Institutional Review Board (IRB #: 10899) and the ethics board of the Ministry
of Health inBurkina Faso (#: 20230-090). Secondary analysis for this paper was exempt by the

Tufts University Health Sciences Institutional Review Board (IRB ID: STUDY00000255).

Results

Sample anthropometric characteristics

Table 1lays out a summary of the anthropometric characteristics of our sample by
quintile of attained length. Age at both first and last measurements is similar across quintiles,

affirming that attained length quintile is an appropriate indicator of growthifajteérhere is a
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5.3 cm difference in absolute length at first measurement between the highest and lowest
quintile, which increases to 9.1 cm at last measurement. Lémg#yge differences (LAD) all
decrease between the first and last measurements, lesganéi quintile, but the decrease is much
larger in children in the lowest quintile of attained length, going #&:® to-8.02 (difference of
-4.42), whereas in the highest quintile, LAD goes from 1.06 to 0.46 (differen0ex8},
remaining positiveen at the end of the study. Characteristics are similar in the sensitivity
analysis dataset.

To investigate population level shifts in linear growth faltering among children in each
quintile of attained length, we examined kernel density plots of LAZngntiwe sample children
in each quintile compared to the WHO reference at ages 6, 12, 18, and 24 rRgutfes X).
Regardless of attained length quintile, as the children age, the LAZ distribution shifts further to
the left of the WHO reference. Childremthe highest quintile have a distribution that is skewed
slightly to the right of the normal WHO reference curve at 6 months, but by 24 months, even
these children6s distribution is skewed to

Visualizations of individual grwth curves

Given our objective of determining when
individual growth curves, we compare individual growth trajectories in selected centiles of
attained lengthRigures 2 & 3). In lower centiles of attained lengthe growth curves are
flatter, and slopes appear less constant throughout the observed pryuwd 2a). Children
with lower attained length start smaller and remain on their initial trajectories, continuously
growing slower than their taller counterfgarThose in the lowest centile of attained length reach

76 cm by 28 months whereas those in thie @&ntile reach the same length by 10 months of age.
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Growth velocity is highly heterogeneous over time among all children, regardless of
attained length r&k (Figure 2b). To exclude the possibility that heterogeneity in growth
velocities is an artifact of measurement error, we examined distributions of length velocity at
each age, including the standard deviations and coefficients of variation (standard
deviation/mean) and found them to be similarly normally distributed across quintiles of attained
length Supplemental Table 3. While there is heterogeneity in the rate of growth in all selected
centiles, the amplitude of length velocities is smaller amordrelni in the lower centiles. On
average, in the lower centiles of attained length, growth velocities stay below the overall mean of
1.0 cm/month and rise above the mean in the higher centiles.

Examination of LAZ and LAD curves over timEigure 3) revealthat children in the
lowest selected centiles of attained length experience continuous steep declines in growth
relative to the reference population as they age, while children in the highest centiles have
relatively constant growth rates in relation te tieference population. The steepest declines
appear to happen prior to 12 months of age, however, LAD curigas¢ 3b) among the lowest
centiles (#and 1¢"), show that major declines continue throughout the study period, never
leveling out as in the higher centiles. If only looking at LAZ, one may conclude that declines in
growth, even among the lowest centiles, level out after 12 months of age; howeves LAD
likely a more appropriate indicator to evaluate changes in growth as childréilagehough
growth rates among the shortest children appear constant (and slow compared to growth rates
among taller children) in relative terms over time, when compared to the reference populatio
averages, growth becomes increasingly slower as children age among those in the lowest
centiles.

Growth smoothness and attained length
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Two-stage regressions testing the relationship between smoothness of growth and
attained length reveal that the srttotess of growth curves is associated with attaining more
length, but growth velocities are the most influential determinant of attained length. Regression
diagnostics extracted from individual linear spline regressions of length on age are summarized
by atained length quintile imable 2 The higher the attained length quintile, the higher the
average intercepts (initial length)? Bmoothness of growth), and age coefficients (average
length velocities) from the individual spline regressions. Lineaessgons of the parameters
from individual growth curves on attained lengitable 3) reveal that the shortest children have
statistically significantly lower Rfrom individual regressions of length on age than taller
children. Without considering growttelocities, each increase of 0.01 ihiRassociated with a
3.10 cm increase in attained length (95% confidence interval: 2.80, 3.41) (Model 1). The
smoothness of the curve alone is therefore significantly associated with increased length.
Sensitivity anajses using alternative functional forms for the individual regression models
(linear polynomial model with cubic term for age, restricted cubic splines, linear splines with
four knots) give a range of 2.4483 for R, when attained length is regressed8nwith 95%
confidence intervals spanning 2:39D9 Supplementary Table ).

As additional parameters from individual linear spline models are added into the model
for attained length, the importance ofdecreases in relation to average growth velegitiut
remains statistically significant (Models9. This is to be expected, since the only roughness of
growth to explain once all growth velocity variables have been included occurs within the 3
month spline intervals. An increase of 1 cm in initi@dth, which provides the best estimate for
unobserved growth prior to this study, is associated with a 0.96 cm increase in attained length

(Model 9). The most influential age period for growth is betweéd gnonths; during this
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period, for each cm increasn length gained per month, children achieve 6.71 additional
centimeters of length at the end of the study period. FreddlIdonths, each additional cm
increase in length increases attained length by 3.91 cm, and f8omoéiths, each cm increase

in length increases attained length by 3.43 cm. Influence of growth velocity in the age periods
from 1523 months is slightly lower, ranging from 2.2 from 16 months to 3.06 from 223

months. Growth during the last age period studied, frof8@rhonths, wase least influential

for attained length, which increased by 0.85 cm for each additional cm of length gained during
this period.

Discussion

Using multiple methods to examine individual growth curves among young children in
Burkina Faso, we find that ddren who end up short started small at 6 months of age and stayed
on their initial growth trajectories, continuously growing slower than those who ended up taller.
We demonstrate the importance of smooth growth for attained length, as well as the relative
influence of growth velocities at different age periods. During the period framrBonths of
age, growth faltering manifests through consistently slower growth, especially fidrm@nths
of age, as well as greater levels of heterogeneity in growticitiek; taller children have both
smoother, and faster growth.

Our finding that children who end up 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-seational studies of population
averages. Crossectional studies that have measured prevalence of growth faltering at each age
have been consistent in showing that children are often born with LAZ alreanly belo, and

that children have lower average LAZ at each increasinglage 9, 22) Longitudinal studies of
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child growth in Malawi and the Gambia, as well as a reKaotvledge Initiativestudy that
combined data from 31 longitudinal catsy have found similarly that linear growth faltering
started at birth and continued throughout the first three years ¢11f&3, 24) Looking at
individual growth curves, we confirm that LAZAD and length velocity decrease as children
age, and show that among individuals, the lower the initial growth indicators are, the lower the
ending growth indicators children who start with larger deficits in relation to the WHO
standards maintain anddrease these large deficits. Among children with the most severe
growth faltering, growth becomes increasingly slower compared to the standards as they age.
This aligns with th&Knowledge Initiativdinding that larger deficits at younger ages informed
higher incidence of later stuntirf@l). Thus, the addition of children to the stunted category of
LAZ < -2 as they age is a function of the children who already had lower LAZ continuing to lose
LAZ as they age. The comparison of LAD with LAZ in our sample corroborates important
conclusions by Leroy et al. that growth faltering continues even after LAZ apparently levels out
due to an artifact of increasing standard deviations as children age inctilatean of LAZ (10,
21). We find the biggest differences between LAD and LAZ to be among the shortest children,
who continue their downward trajectories well after the end of the -d@g@ritical window of
opportunity cwoff, highlighting the importace of using indicators other than LAZ to assess
growth over time in children. For the most vulnerable children, limiting interventions to children
under two may be insufficient to prevent further growth faltering.

Though we lack sufficient growth data fndbirth to 6 months, we identified the most
influential period for growth from-@8 months as that betweefl @ months. Length velocity in
this period is associated with almost twice the increases in attained length as in the next most

influential period between 1214 months. The longitudin&nowledge Initiativestudy found
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that in the 31 combined birth cohorts, stunting incidence was highest from birth to 3 months, and
declined in subsequent age peri¢tis), but we demonstrate using more sensitive indicators that
there are additional influential growth windows that should be considered when designing
growth interventions. This specific period frorl@ months may well be related to the transition
of the child from exclusive breastfeeding to complementary fed@ir@b) While children often
begin this trasition around 6 months, household complementary foods may not make up a large
portion of a childbds diet wuntil around 9 mont
frequency and amoufi26). In contexts such as Burkina Faso, where inadequate diets are
common due to environmental conditions that make growing and trading a variety of autrient
dense crops difficulf27), transition to complenmgary household foods may pose challenges to
child growth. Quality of complementary foods aside, introduction of complementary foods may
al so be accompanied by increased expof@)re to
The combination of these factors could easily make children especially vulnerable during the
period from 911 months.

We show for the first ti me dlohgtheirgrowth s moot h
curve is an important factor in relation to attained height. The finding that growth among
children who end up shorter is characterized by greater variation in the amplitude of linear
growth velocity (i.e., lower smoothness of the groatinve) suggests that growth may be
disproportionately influenced by adverse environmental or nutritional factors in these children
compared to those who end up taller. The conditions in which a child lives must lead to
substanti al r egiowtt tate fmmagrotracted period bf itirhedndosder to lead to
extreme growth falterin¢28i 30). If conditions are favorable to growth, meaning adequate

micro- and macrenutrient intake necessary for the biological processes that regulate bone
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growth, as well as limited environmental instigators of inflammation, a child will grdieto
genetic potential30). While all children in our sample appear to live in-sybimal conditions

for linear growth, those ithe bottom quintile of attained length may not only be experiencing
the harshest chronic conditions that limit their growth rates all the time, but also may be less
resilient to episodic insults. In addition, these children are always growing slowehtluarc

in higher quintiles, so any further decline in growth velocity is more detrimental.

In addition, the fact that children in the lowest centile of attained length reach about 76
cm by 28 months of age, while those in th& 8éntile have alreadyeached the same length by
10 months provides empirical evidence that growth tempo plays a key role in overall height
attainment. Children who experienced greater levels of growth faltering may have slower growth
tempos, contributing to larger growthdeday Gr owt h del ay, or the diff
heightage, in which the observed height distribution would be normal, and their chronological
age based on their actual height, has been proposed as a new popeuatiordicator of
evaluating lineagrowth faltering that considers the importance of growth tempo in achieving
height(31).

While only children in the bottom two quintiles of attained length actually fall into the
category of Astuntedo by the end of the obser
previous findings that growth falting does not happen solely among the most vulnerable
children in the context of lonand middle income countries, including Burkina Faso, rather
occurs in most children to some deg(@@, 32) In our population, as has been seen in other
studies set in lowand middle income couatries(1, 3), despite a nutiion intervention covering
the entire region, the distribution of LAZ is shifted to the left of the WHO growth reference

distribution, and gets further to the left as the children age. On average, children in the bottom
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four attained length quintiles hat&Z below zero for the entire duration of the study period,

with even those in the top quintile dropping below zero around 24 months. A recent analysis in
the newest Lanceseries on maternal and child undernutrition showed similar popuatieh
shiftsin the entire distribution of both HAZ and WHZ among children in 31-iloeome
countries(32). This is an indicabn that populatiorwide conditions are not conducive to proper
growth and developme(iB, 33)

We note several limitations to our study design, the most flagrant being the lack of data
on birth size and measurements up to 6 months of age, given the importance of fetal growth
restriction and small size at birth to later lenfiihrage indicatorg34, 35) We assume the initial
length measurements in our study to be an indicator of the cumulative growth velocities in the
first six months of life. In additionye lack data on maternal height, which has been shown to be
a predictor of LAZ(11), and can influence child growth by affecting fetal growth and birth size
(30). We are thus unable to condition our results on genetic factors that may influence growth
curves and cannot account for heterogeneity in gestational age at birth cahicnpact growth
in the first two years of life. We therefore cannot distinguish individuals who have lower attained
height due to genetic predisposition versus those who are impacted by socioeconomic and
environmental factors. In addition, as this stueéhas not originally designed for this analysis, all
children were part of the supplementary feeding intervention trial, which had no pure control
group, so we cannot determine how growth faltering would have happened in the absence of the
intervention prgram. Nonetheless, we observed that the pattern of growth faltering and the
inferences related to the rate of growth and smoothness of the growth curves were consistent
across supplementation groups. Lastly, the data were collected from a sample af ahibdre

province in Burkina Faso and may not be representative of children in evergrlaviddle
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income country setting. However, the results align well with many other studies frerarildw
middle- income countries, suggesting at least some levetio¢iglizability.

Despite the limitations to our study design, our use of longitudinal data that follows a
single cohort of children each month from abo@8months adds important nuances to
discussions of the timing of growth faltering that have impilices for optimal timing and nature
of interventions to limit growth faltering in children. Our findings that children who experience
the most extreme levels of growth faltering have both greater heterogeneity in their growth
curves, and slower growth thrghout their early childhood, point to the utility of addressing the
overall conditions in which children live that constrain their growth. Further, the finding that
most children in the study experience some level of growth faltering underlines theaimegort
of improving communitylevel, systemic factors that constrain growth among the entire
population, rather than simply focusing on household or nutritional factors. There is much left to
be done to fully understand the timing of growth faltering indzeih. Further study should use
indicators appropriate for the study of longitudinal growth (i.e., LAD, length velocity, etc.) to
examine the factors that contribute to slow growth periods, the duration of slow growth episodes,
as well as establish the exdine points along a trajectory at which growth slows and relate
specific factors to those slowdowns.
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Tables and Figures
Tables

Table 1. Sample anthropometric characteristics by quintile of attained length

Main dataset

_ Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
Overall (N=5,039) \_1 28 (n=999)  (n=1,010)  (n=1,009)  (n=993)
Total # observations 108,580 21,996 21,489 21,784 21,825 21,486
Female sex 2,484 (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/month) 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 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 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 (cm) at first measurement 65.62 + 2.58 63.06 198 6459+1.71 65.64+1.78 66.55+1.72 68.36+2.06
Length (cm) at last measurement 84.96 + 3.25 80.43 £ 1.66 83.32+0.52 85.01+0.49 86.71+0.51 89.49+1.57
Lengthfor-age difference at first measurement -1.34 + 2.37 -3.60 £ 1.95 -228+1.62 -1.27+175 -055+1.60 1.06+1.89
Lengthfor-age difference 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
Sensitivity analysis dataset
_ Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
Overall (N=1,158) 1\_>¢) (n=228)  (n=231) (n=232) (n=231)

Total # observations 25,476 5,192 5,016 5,082 5,104 5,082
Female sex 532 (45.9) 138 (58.5) 115 (50.4) 106 (45.9) 96 (41.4) 77 (33.3)
Observations per child 22.0£0.00 22.0+£0.00 22.0+0.00 22.0+0.00 22.0+£0.00 22.0+0.00
Linear growth velocity (cm/month) 0.94 £ 0.56 0.84 £ 0.56 0.91+£0.55 0.94 +0.56 0.97 £0.55 1.02 £ 0.57
Age at first measurement 6.00 £ 0.38 5.94 £0.38 596 £0.36 5.99+0.42 6.05+£0.36 6.07 £ 0.35
Age at last measurement 27.00 £ 0.40 26.90+0.41 26.94+0.43 26.95+0.43 27.02+0.36 27.04+0.37
Length (cm) afirst measurement 65.52 + 2.50 62.98+2.06 64.38+1.68 65.49+1.54 66.58+1.67 68.18+1.78
Length (cm) at last measurement 85.23 £ 3.26 80.68 £ 1.62 83.47+£0.54 8536 £0.55 86.98+0.49 89.71+1.51
Lengthfor-age difference at firsheasurement  -1.27 £ 2.31 -3.47 £ 2.06 -226+1.62 -1.28+153 -037+153 1.05+1.72
Lengthfor-age difference at last measurement -3.77 £ 3.20 -8.12+1.79 -5.44+0.89 -3.63+1.01 -2.13+0.87 0.51+1.59

Notes: Values are mean = SD or n (%)
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Table 2. Descriptive statistics of regression diagnostics from individual linear spline regressions of length on age

Intercept

RZ

Average velocity, 8 months
Average velocity, 9.1 months
Average velocity, 1214 months
Averagevelocity, 1517 months
Average velocity, 180 months
Average velocity, 223 months
Average velocity, 228 months
F-statistic

Overall Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
N=5,039 n=1,028 n=999 n=1,010 n=1,009 n=993
57.88 + 3.84 56.07 £3.46 57.12+3.17 57.70+3.64 58.52 + 3.95 60.03 £ 3.71
0.9956 + 0.003 0.9944 £ 0.004 0.9953 £ 0.003 0.9956 £ 0.002  0.9960 % 0.002 0.9964 + 0.002
1.27 £0.40 1.16 £ 0.37 1.24 £0.36 1.30 £0.39 1.31+£0.44 1.35+0.40
1.02 +0.30 0.95+0.30 1.00 £ 0.29 1.01 +£0.29 1.06 £ 0.27 1.11 +0.30
0.94 £0.28 0.86 £ 0.27 0.89 £ 0.27 0.94 £ 0.27 0.99 £0.26 1.04 +0.27
0.92 +0.27 0.82+0.28 0.89 £0.26 0.93+£0.27 0.94 +£0.25 1.01+£0.26
0.88 £0.26 0.77 £0.28 0.87 £0.25 0.89 £0.25 0.92+£0.25 0.97+£0.24
0.82 +0.26 0.74 +0.28 0.81 £0.25 0.81+£0.25 0.86 £0.24 0.91+0.25
0.70£0.51 0.62 £ 0.69 0.65 + 0.49 0.71+0.44 0.73+£0.28 0.79£0.54

895.18 + 539.27 742.23 + 462.74841.24 + 518.1€865.44 + 510.16 984.45 + 576.42

1047.33 + 568.7:
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Table 3. Contribution of uninterrupted growth and age-specific velocities to attained height of children at 28 months

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9

R? (Smoothness) 3.104*** 3.370*** 3.300*** 2.656*** 2.092%** 1.735%** 1.168*** 0.567*** 0.412%**
(2.796, 3.411) (3.113, 3.628) (3.058, 3.543) (2.473, 2.839) (1.938, 2.246) (1.584, 1.886) (1.025, 1.311) (0.442,0.692) (0.295, 0.529)

Initial length 0.610*** 0.671*** 0.946*** 0.979*** 0.957*** 0.943*** 0.956*** 0.958***
(0.584, 0.636) (0.646, 0.696) (0.926, 0.967) (0.962, 0.996) (0.941, 0.974) (0.928, 0.958) (0.943, 0.969) (0.946, 0.970)

Velocity 6-8 months 2.260%*** 3.706*** 3.677*** 3.590%** 3.473%** 3.441 % 3.433***
(2.085, 2.435) (3.567, 3.845) (3.561, 3.792) (3.479, 3.701) (3.371, 3.575) (3.354, 3.529) (3.352, 3.514)

Velocity 911 months 6.296*** 7.180*** 7.015%** 6.841*** 6.755*** 6.713***
(6.098, 6.493) (7.011, 7.348) (6.853, 7.177) (6.693, 6.990) (6.627, 6.882) (6.595, 6.831)

Velocity 1214 months 3.860*** 4.153** 4.062*** 3.938*** 3.906***
(3.700, 4.020) (3.997, 4.308) (3.919, 4.204) (3.816, 4.060) (3.792, 4.019)

Velocity 1517 months 1.760%** 2.262%** 2.213*** 2.203***
(1.600, 1.920) (2.112, 2.412) (2.084, 2.341) (2.084, 2.322)

Velocity 1820 months 2.383*** 2.910*** 2.900***
(2.234, 2.533) (2.780, 3.041) (2.779, 3.021)

Velocity 21-:23 months 2.786*** 3.056***
(2.658, 2.914) (2.936, 3.176)

Velocity 2428 months 0.852***
(0.793, 0.911)

Observations 5,039 5,039 5,039 5,039 5,039 5,039 5,039 5,039 5,039
R-squared 0.072 0.350 0.423 0.675 0.775 0.794 0.828 0.873 0.891

95% Confidence Interval in parentheses
% p<0.01, ** p<0.05, * p<0.1

Sensitivity analyses using alternative functional forms for the individual regression models (linear polynomial modeélieavigraudfor age, restricted cubic splinksear

splines with four knots) give a range of 2283 for R, when attained length is regressed éyviRth 95% confidence intervals spanning 2309.
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Figures
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Figure 1. Kernetdensity plots of lengtfior-age zscores among sample children at selected ages, compared to WHO growth curve
distribution.
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Figure 2. (A) Length (cm) and (B) Length velocity (cm/month) by age among children from selected centiles dfagned length.
Each colored line represents the growth curve over time of one individual child. Horizontal bars indicate average radtirgagl, le
and average length velocity (B).
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Figure 3. (A) Length-for-age zscores and (B) Lengthfor-age difference by age among children from selected centiles of
attained length. Each colored line represents the growth curve over time of one individual child. Horizontal bars indicate reference
population zscore mean (A) and zero lengtir-age difference from reference population median (B).
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