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Current dichotomous metrics obscure trends in severe

and extreme child growth failure

Ryan Fitzgerald'?, Helena Manguerra', Michael B. Arndt"?, William M. Gardner’, Ya-Yin Chang',
Bethany Zigler', Heather Jean Taylor’, Kelly Bienhoff', David L. Smith'3, Christopher J. L. Murray'?,
Simon I. Hay"3, Robert C. Reiner Jr."3, Nicholas J. Kassebaum

Historically, the prevalence of child growth failure (CGF) has been tracked dichotomously as the proportion of
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children more than 2 SDs below the median of the World Health Organization growth standards. However, this
conventional “thresholding” approach fails to recognize child growth as a spectrum and obscures trends in popu-
lations with the highest rates of CGF. Our analysis presents the first ever estimates of entire distributions of HAZ,
WHZ, and WAZ for each of 204 countries and territories from 1990 to 2020 for children less than 5 years old by age
group and sex. This approach reflects the continuous nature of CGF, allows us to more comprehensively assess
shrinking or widening disparities over time, and reveals otherwise hidden trends that disproportionately affect

the most vulnerable populations.

INTRODUCTION

Child growth failure (CGF) is characterized by deficiencies in height-
for-age (HAZ; stunting), weight-for-height (WHZ; wasting), and
weight-for-age (WAZ; underweight) and measured as SDs (z scores)
from the medians of age- and sex-specific World Health Organiza-
tion (WHO) growth standards (1). Suboptimal development in the
form of CGF is associated with an increased risk of acquiring com-
municable diseases such as diarrheal diseases, lower respiratory
infections (LRIs), and measles, in addition to developing noncom-
municable conditions including cognitive impairments, cardio-
vascular disease, and metabolic disorders (2, 3). Chronic nutritional
deficiencies early in life may also increase the risk of an individual
developing adverse health conditions later in life (3). This makes
CGF an important risk factor for addressing morbidity and mortal-
ity globally.

International CGF surveillance efforts have historically only
monitored the proportion of children below 2 SDs from the median
of age- and sex-specific WHO growth standards without consider-
ation for trends in those with more severe growth failure (4). The
Global Burden of Diseases, Injuries, and Risk Factors Study (GBD)
2020, in contrast, estimated the prevalence of multiple severities of
CGF while also quantifying associated relative risks for LRIs, diarrhea,
measles, and protein-energy malnutrition. Several large pooled
meta-analyses have identified that these relative risks grow expo-
nentially with worsening CGF (5, 6). Consequently, CGF-attributable
disability and deaths are disproportionately linked to severe CGF,
meaning that they occur in children who are more than 3 SDs below
the median of the WHO growth standard curves.

While tracking overall CGF can provide insight into a country’s
general progress toward reducing child malnutrition, this singular
metric often obscures more nuanced trends that affect the most vul-
nerable populations. To ensure that CGF progress is equitable and
that the most vulnerable groups are benefitting from efforts to
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reduce CGF, it is necessary to actively monitor more severe forms of
CGF in addition to overall CGF. To that end, this analysis assesses
CGF at multiple cutoffs to more comprehensively capture how the
distribution of CGF has changed over time.

RESULTS

The case for monitoring severe and extreme CGF

When a continuous distribution of child growth is assessed, as com-
pared to only point prevalence values of overall CGF, a more com-
plete understanding of progress emerges. In this analysis, completed
as part of the GBD 2020, characteristic shapes of HAZ, WHZ, and
WAZ curves were parameterized by fitting an ensemble of distribu-
tion families to anthropometric measurements from studies that
reported individual-level data (ensemble weight sets shown in table S5)
(7). These curve shapes were further optimized to align with results
from spatiotemporal regressions that incorporated evidence from
surveys that only reported point prevalences of overall and severe
CGF (data file S1 shows regression input data and results; fig. S1
shows regression covariates). This process allowed us to leverage the
wide breadth of input data that only report point prevalences while
still incorporating the nuances that can only be derived from
surveys that report individual anthropometric measurements (data
landscape maps are shown in fig. S2). The advantages of this ap-
proach are highlighted in Fig. 1 in the representative example of
stunting in Niger. Corresponding curves for all 204 countries and
territories can be found in data file S1.

The country of Niger saw only modest overall stunting progress in
recent decades, as prevalence decreased from 48.8% (46.8 to 51.0%)
in 1990 to 43.2% (40.6 to 45.9%) in 2020. This marks an 11.7%
(4.51 to 17.7%) relative decrease in overall stunting (HAZ < —2SD),
whereas severe (HAZ < —3SD) and extreme (HAZ < —4SD) stunting
saw much larger 33.0% (25.3 to 40.8%) and 57.3% (41.6 to 70.2%)
relative decreases, respectively, over the same 30-year span. These
larger improvements in severe and extreme stunting are more easily
observed when the time series of entire distributions are considered.
The mean of the curves shifted to the right over recent decades from
an HAZ value of —1.88 (-1.97 to —1.78) to —1.65 (—1.74 to —1.54),
reflecting Niger’s slight overall stunting progress. The spread of the
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Fig. 1. Stunting trends and distribution curves in Niger. Trends in each severity of stunting in Niger from 1990 to 2020 (A). The yellow line for overall stunting reflects
the conventional stunting monitoring metric; relative changes in each severity since 1990 (B). A step in our methodology by which we incorporate surveys with individual
measurements of HAZ to paramaterize characteristic curves of HAZ. Here, individual anthropometric measurements from the 2006 Demographic and Health Survey in Niger
are overlaid with the curve of final HAZ estimates for Niger in 2006 (C). This process is completed for all years, yielding a sequence of changing HAZ curves over time (D).

curves also decreased over this time, contributing to greater pro-
gress in severe and extreme stunting as compared to overall stunting
in Niger. These metrics reveal a dynamic progression of stunting in
Niger that is otherwise undetectable by tracking only the compara-
tively static prevalence of overall stunting through time.

This example also highlights that in high-burden countries, ex-
treme CGF is more common than might be expected considering
that we are unaware of any systematic reporting or tracking of it in
any previous global nutrition assessment. In 1990, 11.3% (8.79 to
14.3%) of children less than 5 years old in Niger were extremely
stunted, with an estimated 23.2% (17.7 to 29.7%) of all stunted children
in the country considered to be experiencing extreme stunting.
By 2020, 4.80% (3.77 to 6.11%) of all children less than 5 years old
in Niger were extremely stunted, with 11.1% (8.62 to 14.5%) of all
stunted children experiencing extreme stunting. While overall
stunting rates in Niger have only experienced slight decreases since
1990, this analysis reveals that the risk profile of those cases has
shifted markedly. Dichotomous estimation of CGF fails to detect
this progress and functionally assumes that all stunted children are at
the same risk for developing adverse health outcomes. This assump-
tion is an oversimplification that obscures the true risk of the most
vulnerable populations that experience severe and extreme CGF.

Worldwide CGF exposure

Of the three forms of CGF, stunting was most prevalent worldwide
in 2020, with an estimated global prevalence of 24.1% (24.0 to 24.3%)
in children less than 5 years old (Fig. 2). Stunting prevalence was
highest in South Asia [35.6% (35.2 to 35.9%)], Sub-Saharan Africa
[32.3% (32.0 to 32.6%)], and Southeast Asia [27.3% (27.0 to 27.7%)].
Of the estimated 158.3 (157.3 to 159.4) million children worldwide
who were stunted in 2020, approximately 66.2 (65.1 to 67.3) million
were severely stunted and 20.3 (19.2 to 21.4) million were extremely
stunted. Global wasting prevalence was lower, at 7.41% (7.35 to
7.46%), and was also most common in South Asia [14.8% (14.6 to
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15.0%)], Southeast Asia [8.02% (7.90 to 8.14%)], and countries in
the Sahel region of Sub-Saharan Africa such as South Sudan [21.2%
(20.1 to 22.4%)] and Chad [14.3% (13.6 to 15.0%)]. Worldwide,
approximately 48.6 (48.2 to 49.0) million children were wasted in 2020,
of which 18.1 (17.9 to 18.3) million were in India. Relatively fewer
wasting cases were severe and extreme compared with stunting cases,
as 10.9 (10.8 to 11.1) million children globally were severely wasted
and 1.32 (1.26 to 1.38) million were extremely wasted. The world-
wide prevalence of underweight among children was approximately
14.7% (14.6 to 14.8%) and was highest in South Asia [28.1% (27.9 to
28.3%)], Southeast Asia [15.8% (15.6 to 16.0%)], and Sub-Saharan
Africa [18.0% (17.9 to 18.2%)]. Of the 96.6 (96.1 to 97.1) million
underweight children around the world, approximately 35.7 million
(35.2 to 36.2) were severely underweight and 9.51 (9.13 to 9.87)
million were extremely underweight. Prevalence estimates for all forms
and severities of CGF in 204 countries and territories in 1990, 2000,
2010, and 2020 are included in table S8, and additional maps for
1990, 2000, and 2010 are shown in fig. S3.

Assessing progress across CGF severities

All severities of CGF saw notable progress from 1990 to 2020, but
not all severities experienced the same magnitude of progress. Severe
and extreme CGF have generally experienced greater relative progress
than overall CGF in recent decades. Globally, relative improvements
in severe stunting, wasting, and underweight have respectively been
1.19 (1.14 to 1.24), 1.49 (1.47 to 1.51), and 1.11 (1.06 to 1.15) times
larger than those of overall CGF since 1990. Similarly, relative
improvements in extreme stunting, wasting, and underweight have
respectively been 1.38 (1.25 to 1.51), 2.17 (2.13 to 2.22), and 1.18
(1.03 to 1.34) times larger than relative improvements in overall
CGF globally since 1990. While the strength of this trend may vary,
it remains consistently observable across GBD super regions, loca-
tions, and forms of CGF, as seen in Fig. 3 (see fig. S4 for super-
region disaggregation).
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Fig. 2. Maps of stunting, wasting, and underweight prevalences in 2020. Maps of overall (A), severe (B), and extreme (C) stunting prevalences; overall (D), severe (E),
and extreme (F) wasting prevalences; and overall (G), severe (H), and extreme () underweight prevalences. All maps shown are for children less than 5 years old, both

sexes, in 2020.
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Fig. 3. Relative changes in stunting, wasting, and underweight prevalences since 1990. Relative changes in stunting (A), wasting (B), and underweight (C) prevalences
since 1990. Bold lines reflect global trends in CGF prevalence, while thin lines represent trends for seven super regions. Density plots on the right display the range of
percent change values estimated in 2020 for countries with extreme CGF prevalences greater than one per million and populations larger than 300,000.

Locations with the highest rates of CGF often exhibited severe
and extreme CGF improvements that exceeded overall CGF im-
provements by the largest margins. In Sub-Saharan Africa, for
example, severe and extreme stunting have respectively improved
1.49 (1.39 to 1.59) and 1.98 (1.70 to 2.25) times more than overall
stunting. This is the highest margin of any super region in the world
and significantly greater than the global average. Similarly, in countries
with some of the highest wasting rates in the world, such as Yemen
and South Sudan, severe and extreme wasting have improved much

more than overall wasting. Severe wasting prevalence in Yemen and
South Sudan has respectively improved 3.57 (2.78 to 4.86) and 2.32
(1.71 to 3.44) times more than overall wasting since 1990, while ex-
treme wasting has improved 7.03 (4.86 to 10.53) and 4.19 (2.71 to
7.39) times more than overall wasting. This pattern is similarly
mirrored in underweight, as the high-burden countries of Niger and
Burundi have seen severe and extreme underweight rates improve
faster than the global average. Severe underweight has respectively

improved 1.98 (1.48 to 2.53) and 2.00 (1.43 to 2.56) times more than
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overall underweight in Niger and Burundi, while extreme under-
weight has improved 3.16 (2.09 to 4.17) and 3.25 (1.91 to 4.44) times
more than overall underweight since 1990. These representative ex-
amples indicate that in key high-burden regions where CGF prog-
ress has often been considered static, undetected progress is most
notable. While this trend is particularly strong in the highlighted
regions with the highest CGF rates, it is also widely observed across
countries for all three dimensions of CGF.

Health system strength and equitable progress

To understand factors associated with differential progress across
CGeF severities, we compared overall, severe, and extreme CGF prev-
alences to expected prevalences for a location based on its universal
health coverage (UHC) index (Fig. 4) (7). This index synthesizes
estimates of intervention coverage and health outcomes to estimate
access to quality health care, making it a useful indicator of health

A

system strength. We ran meta-regression-Bayesian, regularized,
trimmed (MR-BRT) models to capture relationships that we expected
might be heterogeneous over the domain of the UHC index (8).
(Age-sex specific model fits are shown in data file S2, with weighted
ensemble knot placements shown in data file S3.)

Health system performance, as measured by the UHC index, was
found to be strongly inversely associated with prevalence of all forms
and severities of CGF. However, there remains notable regional
variation in CGF prevalences compared with values that would be
expected based on the UHC index. This can be seen in Fig. 4 (A to C),
which compares estimated overall stunting, wasting, and under-
weight prevalences by region compared to what would be expected
based on the UHC index (see fig. S5 for region designations).
Regional variation in comparison to expected CGF prevalences is
generally consistent across CGF severities (fig. S6). Some regions,
such as Central Asia and Tropical Latin America, generally see lower
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Fig. 4. Estimated overall stunting, wasting, and underweight prevalences by region compared to what would be expected based on the UHC index. The expected
values of overall stunting (A), wasting (B), and underweight (C) based on the UHC index are represented by the solid black lines. Estimated values of overall CGF are shown
for each region and colored by super region. Points are shown every 5 years from 1990 to 2020.

Fitzgerald et al., Sci. Adv. 8, eabm8954 (2022) 20 May 2022

40f 11

€202 ‘ST AInC Uo B10°90UB 105" MMM//:ST1Y WOJ | Pape0 |UMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

CGF prevalences than what would be expected based on the UHC
index. In contrast, other regions such as South Asia, Southeast Asia,
and North Africa and the Middle East generally have CGF prevalences
that exceed expected values based on the UHC index. South Asia, in
particular, has wasting and underweight prevalences that far exceed
what would be expected based on the UHC index. Performance of
individual countries and territories compared with expected values
can be seen for all severities and forms of CGF in fig. S7.

While UHC improvements are associated with decreases in all
severities of CGF, expected decreases are sharper for severe and
extreme CGF. To compare the expected relative progress across se-
verities of CGF as the UHC index increases, the expected trajecto-
ries of overall, severe, and extreme CGF have been scaled in Fig. 5.
Although overall CGF is inherently more common than severe and
extreme CGF—meaning that absolute reductions in overall CGF
over time may be larger—this scaled analysis reveals that expected
relative decreases are larger for severe and extreme CGF. Notably,
expected severe and extreme CGF prevalences approach zero
substantially earlier than overall CGF prevalence. The sharper de-
cline in expected severe and extreme CGF prevalences as the UHC
index improves suggests that even slight UHC index changes are
associated with marked consequences for severe and extreme CGF
prevalences. The relationship between the UHC index and CGF
prevalence is strong, but likely interconnected with other factors
such as household income, food security, and immunization cover-
age. For this reason, we completed additional MR-BRT models that
included sociodemographic index (SDI) as a covariate. While ex-
pected CGF prevalences varied considerably across a range of
SDI values, the tendency for severe and extreme CGF to be more
sensitive to UHC index change remained consistent across a wide
range of SDI values (see data file S4 for age- and sex-specific
MR-BRT model fits with SDI covariate; see fig. S8 for scaled rela-
tionships across SDI range). Considering the disproportionate bur-
den of severe and extreme CGF, for locations with any given SDI,
strengthening health systems with the goal of specifically target-
ing severe and extreme CGF may have the greatest effect on total
CGF burden.

Health system disruptions and uneven setbacks

While the UHC index has generally improved steadily over the past
30 years, there have been notable exceptions, in which wars, natural
disasters, recessions, epidemics, and other factors have contributed
toward worsening UHC index. Several of these setbacks are visible
at the region level in Fig. 4 (see fig. S5 for region disaggregation).
For example, worsening UHC indexes in Oceania from 1994 to
2007 and in Central Asia from 1993 to 2000 are likely due to political
instability and violence in key populous countries such as Papua
New Guinea, Uzbekistan, and Kazakhstan during those time periods
(9, 10). Similarly, the decreasing UHC index in Southern Sub-Saharan
Africa from 1993 to 2006 likely reflects the strain placed on health
care systems during the height of the HIV/AIDS epidemic (11).
Considering the ongoing COVID-19 pandemic has likely disrupted
health care systems around the world, understanding the effects of
similar disruptions on child growth is an urgent issue (12). To assess
the historical relationship between UHC index disruptions and CGF,
we analyzed all country-years from 1991 to 2019 and categorized them
according to whether the UHC index increased or decreased. We
then compared annual changes across severities of each form of CGF
for country-years that experienced UHC index improvements and
country-years that experienced UHC index setbacks (Fig. 6).

We found that country-years that experienced UHC index
improvements tended to have larger annual improvements in CGF
as compared with country-years that experienced UHC index
setbacks. We also found that annual changes are more variable in
severe and extreme CGF as compared with overall CGF. We calcu-
lated Kolmogorov-Smirnov (KS) statistics for distributions of annual
change by CGF type and severity and found all to be significant.
Notably, KS statistics for wasting are higher than those for stunting
and underweight. This trend is expected as acute malnutrition may
be most sensitive to annual UHC index changes. Chronic malnutri-
tion in the forms of stunting and underweight may better reflect
longitudinal trends in the UHC index.

Annual changes that may seem small in magnitude have the po-
tential to accumulate if UHC index disruptions are prolonged. For
example, the UHC index worsened in Djibouti every year from
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1993 to 2001, likely as a consequence of a civil war and other con-
current crises throughout the region (13, 14). In Djibouti from 1993
to 2001, overall, severe, and extreme wasting respectively experienced
relative increases of 10.7% (5.58 to 15.8%), 17.1% (7.73 to 27.3%),
and 27.0% (11.4 to 46.2%). Considering that most CGF surveillance
strategies only monitor overall CGF at present, this example high-
lights that the true magnitude of increases in CGF prevalence may
not be easily detectable using conventional metrics. Interventions
aimed at combatting this increase were therefore likely designed
without granularity in wasting trends that could have been valuable
in ensuring that the most vulnerable populations were prioritized.

DISCUSSION
In the analyses that we conducted, a central theme is that trends are
heightened in severe and extreme CGF as compared with overall
CGF. Since 1990, severe and extreme CGF have almost universally
experienced greater improvements than overall CGF. This trend
has mainly been driven by improvements since 2000, as the 1990s
saw relatively static trends in CGF prevalence. In some cases, the
1990s actually saw worsening CGF trends, and in these cases, severe
and extreme CGF often experienced exaggerated setbacks as com-
pared with overall CGF. Relationships identified with the UHC
index revealed that as a location’s UHC index improves, severe and
extreme CGF are expected to improve more markedly than overall
CGF. In many cases, this implies that there is progress that has gone
undetected as current metrics do not capture trends in severe and
extreme CGF. However, our final analysis reveals that in times of UHC
index disruption, setbacks are similarly amplified in severe and extreme
CGF. Thus, the utilization of simplistic dichotomous metrics poten-
tially conceals concerning trends in child nutrition in times of crisis.
These trends are identified in our analyses through the utiliza-
tion of nationally representative data sources. Localized evidence is
invaluable in highlighting how these trends manifest and is crucial
for informing targeted interventions. Vulnerable subsets of a country’s
population may experience marked swings in CGF prevalence, in
part explaining widening or shrinking disparities on a national scale.
For example, in the wake of the 2008 financial crisis, China’s nation-
wide stunting rate continued to decline, but prevalence in certain
poorer rural areas sharply increased, doubling in children less than
12 months of age (15). Local trends in severe and extreme stunting
therefore may be more relevant than national trends in severe and

Fitzgerald et al., Sci. Adv. 8, eabm8954 (2022) 20 May 2022

extreme stunting. As another example, findings in India from 2009
show that neighborhoods that experienced large floods in 2006 and
2008 had wasting rates about twice as high as nearby neighborhoods
that experienced less severe flooding even after adjusting for several
sociodemographic variables (16). CGF monitoring efforts should take
these vulnerable communities into account, specifically tracking se-
vere and extreme CGF prevalences among high-risk populations.

The need to monitor severe and extreme CGF is urgent, as
COVID-19 disrupts health systems around the world. Preliminary
projections and studies aimed at forecasting increases in CGF as a
result of the pandemic paint a dire picture (17, 18). Quickly adopt-
ing a comprehensive monitoring strategy that includes severe and
extreme CGF has the potential to identify pandemic-related set-
backs that historically would not have been detected by traditional
metrics. COVID-19-associated disruptions are also connected to
rising food insecurity rates throughout the United States—which, as
evidence suggests, has uniquely affected racial/ethnic minorities—
demonstrating that this type of monitoring is also important in
high-income countries (19).

While we have highlighted the importance of severe and extreme
CGF in this analysis, it is imperative to acknowledge the importance
of monitoring overall CGF as well. Children experiencing all forms
of CGF are at elevated risks for developing adverse health outcomes,
even if their CGF is not severe or extreme. We have chosen to
emphasize severe and extreme CGF as these forms of CGF are often
overlooked in the field and have particularly high relative risks.
However, because of its inherently higher prevalence, overall CGF
remains a pressing global health issue. Overall CGF also lingers in
high- and middle-income regions—albeit at substantially lower
rates—demonstrating that vulnerable communities face a double
burden of malnutrition via both under- and overnutrition (20). Thus,
overall CGF should not be ignored or deprioritized as a global health
metric but, instead, viewed as one useful way of considering the spec-
trum of child growth and development. The thresholds of —2SD,
-3SD, and —4SD are all inherently arbitrary cut points for defining
CGF that fail to individually capture information reflected in the
entire distributions of HAZ, WHZ, and WAZ. In highlighting severe
and extreme CGF, we hope to illustrate that the use of multiple cut
points is preferable to one and that several cut points can be used in
tandem to glean insights contained in continuous distributions.

Continuous estimation of HAZ, WHZ, and WAZ is a key step
forward in enhancing our understanding of CGF progress, and future
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methodological advances have the potential to further improve this
approach. Jointly estimating height and weight in a continuous
fashion may provide a modeling strategy that better accounts for the
relationships between anthropometric variables, allowing us to over-
come limitations brought on by utilizing the distinct constructs of
HAZ, WHZ, and WAZ. In addition, a continuous risk assessment
paired with our estimates of complete CGF distributions could further
highlight the importance of addressing extreme CGF, as currently
in the GBD, our most severe risk category includes all children with
z scores below —3SD. We anticipate that relative risks for children
with more extreme forms of CGF will likely be higher, and a contin-
uous risk assessment will elucidate what portion of CGF burden is
attributable to extreme and severe CGF.

Particularly relevant for interventions aimed at addressing severe
and extreme CGF, future work should aim to relate the health con-
sequences of CGF to low birthweight and short gestational age.
Children who are born preterm are more likely to experience CGF
even years after birth (21, 22). Work linking severe and extreme CGF
to preterm birth may identify that the most effective interventions
take place upstream, aimed at preventing CGF instead of treating it
(23). These may manifest as interventions aimed at improving ma-
ternal nutrition, which has shown promise in contributing toward
lower CGF rates, but studies linking this specifically to severe and
extreme CGF are rare (24). Continuous estimation of CGF is a
substantial step forward in reflecting the complex nature of child
nutrition, but these advances could elucidate even more nuanced
discoveries with direct policy implications.

In the field of health metrics, there are many conditions that are
continuums that have historically been dichotomized to make the
process of monitoring and evaluating them simpler. CGF represents
one such condition, as for decades, international surveillance efforts
have relied on one metric to reflect an entire spectrum of measure-
ments. The use of this dichotomous metric often incorrectly implies
that all children experiencing CGF are at the same risk for develop-
ing and dying from adverse health outcomes. We have presented a
monitoring approach that overcomes that limitation, allowing for
estimation of entire distributions of HAZ, WHZ, and WAZ. By esti-
mating these entire distributions, we are able to highlight the most
severe cases of CGF, capture progress that was previously undetect-
able, and more easily view trajectories of change—whether that be
improvements or setbacks. An enhanced ability to recognize nuanced
trends in more severe forms of CGF has direct implications for policies
and interventions aimed at combatting CGF in the most vulnerable
populations. Our analysis demonstrates that assessments of policy
and intervention effectiveness may reach different conclusions if they
utilize dichotomous definitions of CGF as compared to more holistic
metrics. The measurement of entire spectrums of conditions as op-
posed to dichotomous constructs is a key step forward in achieving
this goal. The development of more comprehensive metrics to assess
other health conditions may reveal similarly nuanced findings that
are now obscured by dichotomized constructs. While the simplicity
of these categorical approaches may be appealing, the insights
garnered from more comprehensive analyses are remarkable.

MATERIALS AND METHODS

This analysis was completed as part of the GBD 2020 study. GBD is
a comprehensive, systematic effort to estimate comparative health
loss by age, sex, geography, and time for a comparative set of health
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states, disease, and injuries across all populations. What follows is a
description of the methodological approach for the GBD 2020 anal-
ysis of CGF (stunting, wasting, and underweight). Further technical
detail is available in the Supplementary Materials.

Input data and data cleaning

We included data from population-representative surveys, admin-
istrative data sources, and published scientific literature. Data sources
can be categorized into three main types: (i) age- and sex-specific
microdata from population surveys, (ii) tabulated reports, and
(iii) the WHO Global Database on Child Growth and Malnutrition.
Here, microdata refer to a cross-sectional data source with individual-
level measurements of height, weight, and age. Tabulated reports
contain sample sizes and prevalences of categorical forms of CGF,
which may be reported in an age- and sex-specific fashion or collec-
tively for children less than 5 years of age. These are often Demo-
graphic and Health Surveys and Multiple Indicator Cluster Surveys.
The WHO Global Database on Child Growth and Malnutrition con-
tains a large collection of tabulation sources that also report sample
sizes and prevalences of categorical forms of CGF. In total, we re-
spectively incorporated 1762, 1782, and 1771 stunting, wasting, and
underweight data sources into our models. Maps of input data source
counts can be seen in fig. S2. A list of sources used for each location
for stunting, wasting, and underweight models can be seen in data
file S1, while a comprehensive list of input sources for all locations
can be seen in table S4.

Studies were excluded if they were not representative of a geo-
graphy’s entire population, included self-reported height or weight
values, recruited specific subgroups, administered interventions that
could alter measurements, or presented other undue biases. Micro-
data underwent additional cleaning steps to ensure that incorporated
data were standardized according to the age- and sex-specific WHO
2006 child growth standards. This included dropping impossible
values and adjusting older data based on previous 1978 National
Center for Health Statistics growth standards. Last, age- and sex-
specific data, including microdata, were used to split age- and sex-
aggregated data into distinct age groups for children less than 5 years
of age (0 to 6 days, 7 to 27 days, 1 to 5 months, 6 to 11 months,
12 to 23 months, and 2 to 4 years), which are the age groups utilized
in subsequent modeling processes.

Estimating z score distributions and prevalence of CGF
Ensemble weight fitting

All microdata sources were included in the process of fitting char-
acteristic HAZ, WHZ, and WAZ curve shapes by creating an en-
semble of several distribution families. Ten distributions were fit
simultaneously to microdata sources: normal, log-normal, log-logistic,
exponential, gamma, mirrored gamma, inverse gamma, Gumbel,
mirrored Gumbel, and Weibull. All component distributions were
parameterized using “methods of moments,” meaning that each
could be described as a function of the mean and variance of the
CGF z score distribution. A subplex optimization (a variant of the
Nelder-Mead approach) was used to calculate the weight of each
component distribution that minimized the error in predicting CGF
prevalence <—1SD, <-2SD, and <-3SD, given the mean z score of a
microdata source. The predictive error in these three portions of the
curve was minimized across all microdata sources simultaneously,
with each input source weighted evenly. One hundred sets of initial
component distribution weights were entered into the optimization
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algorithm, and the final global stunting, wasting, and underweight
ensemble weights sets are shown in table S5.

Spatiotemporal Gaussian process regression

Spatiotemporal Gaussian process regression (ST-GPR) is a common
modeling framework used across the GBD that leverages strength of
evidence across space and time to produce estimates for each age
group, sex, year, and location. The first step is an ensemble mixed-
effects linear regression. We identified potentially predictive covari-
ates from the GBD database and regressed them against all of our
input data, incorporating nested random effects at the super region,
region, and location levels. Models with coefficients that were not
statistically significant (P < 0.05) or not in the a priori expected di-
rection were dropped. The remaining models were then ranked by
their out-of-sample root mean square error, with a weighted en-
semble of the top performing models ultimately used as the first
stage prior in ST-GPR. Ultimately, the covariates that were selected
included maternal care and immunization, health care access and
quality index, age-standardized prevalence of severe anemia, SDI,
age- and sex-specific unsafe sanitation summary exposure value,
and all age energy unadjusted (kilocalories per person per day avail-
able from food supplies) (see fig S1). The second step of ST-GPR is
aregression that incorporates evidence from neighboring locations,
proximate years, and similar age groups to smooth residuals in the
estimate from the first stage prior. The spatiotemporal smoothing is
controlled by three hyperparameters ({ = space, A = time, and
Q = age), which were adjusted to maximize out-of-sample predic-
tive validity throughout the entire time series. The third step of
ST-GPR is a Gaussian process regression that further smoothens
the residuals between input data and the stage 2 estimate, estimat-
ing uncertainty in the final modeled estimate by incorporating un-
certainty in the data itself as well as the difference between the first
two stages. We take 1000 samples from the final Gaussian process
distribution, calculating the 2.5th and 97.5th percentiles to define
the uncertainty interval of estimates.

Variance modeling and integration

We synthesized results from the previous two modeling steps to
estimate continuous HAZ, WHZ, and WAZ curves. We ran an optim
optimization (another variant of the Nelder-Mead approach) to
calculate the SD of curves—in the functional form defined from our
ensemble weight fitting—that best aligns with ST-GPR modeled
CGF prevalence below —2SD and —3SD while anchoring the mean
of the curve at the mean value estimated by ST-GPR. Using the
methods of moments equation for each component of the ensemble
distribution, a probability density function was calculated 1000 times
for each age, sex, year, and location using the 1000 estimates from
ST-GPR. Area under the curve between various thresholds was
integrated to determine the final prevalences of CGF, with the mean,
2.5th, and 97.5th percentiles of these 1000 estimates representing
the final mean and uncertainty intervals.

Relative change over time

We calculated change in CGF prevalence since 1990 using 1000 draws
of each age- and sex-specific CGF prevalence and dividing it by
the prevalence in the same demographic in 1990. These age- and
sex-specific, draw-level relative change values were then aggregated
up to relative change values for children of both sexes, less than
5 years old, using age- and sex-specific GBD population estimates.
While other estimates in this report reflect the mean of 1000 draw-
level estimates with a 95% uncertainty interval, relative change
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calculations reflect the median with a 95% uncertainty interval. This
decision was made because locations with low CGF prevalences had
some draws of prevalence that approached or were equal to zero,
leading to unrealistically high values for relative change over time
when these draws were used in percent change calculations. These
draws led to skewed distributions for estimates of relative change, in
which the mean was often not representative of the overall distribution
of draw values. The median was chosen to better represent the most
commonly estimated values of relative change in CGF prevalence.

Epidemiological transition analysis

Relationships between the UHC index and CGF prevalence were
assessed using MR-BRT models. Twenty submodels—each composed
of five component quadratic models across the domain of the UHC
index—were weighted according to their predictive validity to
generate the final model fit (see data file S3). Models were fit in
logit space to standard GBD locations (all 204 countries and territo-
ries plus subnational locations for India, China, the United States,
and Brazil), with all locations weighted evenly. In addition, splines
were fit in an age- and sex-specific manner and later aggregated using
GBD population estimates to generate a spline for both sexes and all
children less than 5 year old (see data file S2). Models were provided
with a decreasing monotonicity prior, with the lowest and highest
0.5% of input estimates relative to the spline trimmed from the model.

The final aggregated splines were scaled to aid in interpretation
of improvement trajectories across severities. To accomplish this,
a ratio of the splines for different severities was calculated at the
spline value that corresponded to the lowest UHC index value. In
this way, scaled splines were all anchored to the same starting point
at the lowest UHC index value. The splines were then multiplied by
this scalar for all values across the domain of UHC index values.

Additional MR-BRT models were run using identical specifica-
tions except for the addition of a linear covariate of SDI. This co-
variate was included to highlight the interconnectedness of factors
such as the UHC index and SDI. Expected values of CGF prevalence
for a given location with SDI values of 20, 40, 60, and 80 were gen-
erated (see fig. S8). These splines were scaled in the same manner as
previously described to assess trajectories across severities of CGF
(see data S4).

Annual changes and the UHC index

All location-years from 1991 to 2019 were included in a secondary
analysis assessing the relationship between annual UHC index changes
and relative annual CGF prevalence changes. In this analysis, 1990
was not included because there were no 1989 reference estimates
that could be used to calculate annual percentage changes. In addi-
tion, 2020 was not included in this analysis because the effects of the
COVID-19 pandemic on the UHC index remain less certain at this
time than UHC index estimates for previous years. This analysis
instead focuses on the historical relationship between the UHC index
and annual changes in CGF prevalence.

Location-years were grouped by whether UHC increased or
decreased in comparison to the previous year. Relative percentage
changes in overall (z score < —2SD), severe (z score < —3SD), and
extreme (z score < —4SD) CGF were calculated using the same
methodology as previously described, except in this case, the refer-
ence year was the prior year instead of 1990. Only location-years
with CGF prevalences greater than one per million and populations
greater than 300,000 were included in this analysis to minimize the
influence of locations with low CGF prevalence or volatile CGF
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trends. KS statistics were calculated to assess differences in the
curves of relative CGF change for each CGF type and severity.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm8954

REFERENCES AND NOTES

1.

Fitzgerald et al., Sci. Adv. 8, eabm8954 (2022)

WHO Multicentre Growth Reference Study Group, WHO Child Growth Standards based
on length/height, weight and age. Acta Paediatr. 95, 76-85 (2006).

. C.J.L.Murray, A.Y. Aravkin, P. Zheng, C. Abbafati, K. M. Abbas, M. Abbasi-Kangevari,

F. Abd-Allah, A. Abdelalim, M. Abdollahi, I. Abdollahpour, K. H. Abegaz, H. Abolhassani,
V. Aboyans, L. G. Abreu, M. R. M. Abrigo, A. Abualhasan, L. J. Abu-Raddad, A. |. Abushouk,
M. Adabi, V. Adekanmbi, A. M. Adeoye, O. O. Adetokunboh, D. Adham, S. M. Advani,

G. Agarwal, S. M. K. Aghamir, A. Agrawal, T. Ahmad, K. Ahmadi, M. Ahmadi, H. Ahmadieh,
M. B. Ahmed, T.Y. Akalu, R. O. Akinyemi, T. Akinyemiju, B. Akombi, C. J. Akunna,

F. Alahdab, Z. al-Aly, K. Alam, S. Alam, T. Alam, F. M. Alanezi, T. M. Alanzi, B. . Alemu,

K. F. Alhabib, M. Ali, S. Ali, G. Alicandro, C. Alinia, V. Alipour, H. Alizade, S. M. Aljunid,

F. Alla, P. Allebeck, A. Almasi-Hashiani, H. M. al-Mekhlafi, J. Alonso, K. A. Altirkawi,

M. Amini-Rarani, F. Amiri, D. A. Amugsi, R. Ancuceanu, D. Anderlini, J. A. Anderson,

C. L. Andrei, T. Andrei, C. Angus, M. Anjomshoa, F. Ansari, A. Ansari-Moghaddam,

1. C. Antonazzo, C. A. T. Antonio, C. M. Antony, E. Antriyandarti, D. Anvari, R. Anwer,
S.C.Y. Appiah, J. Arabloo, M. Arab-Zozani, F. Ariani, B. Armoon, J. Arnldv, A. Arzani,

M. Asadi-Aliabadi, A. A. Asadi-Pooya, C. Ashbaugh, M. Assmus, Z. Atafar, D. D. Atnafu,

M. M.. W. Atout, F. Ausloos, M. Ausloos, B. P. Ayala Quintanilla, G. Ayano, M. A. Ayanore,
S. Azari, G. Azarian, Z. N. Azene, A. Badawi, A. D. Badiye, M. A. Bahrami, M. H. Bakhshaei,
A. Bakhtiari, S. M. Bakkannavar, A. Baldasseroni, K. Ball, S. H. Ballew, D. Balzi, M. Banach,
S.K. Banerjee, A. B. Bante, A. G. Baraki, S. L. Barker-Collo, T. W. Barnighausen, L. H. Barrero,
C. M. Barthelemy, L. Barua, S. Basu, B. T. Baune, M. Bayati, J. S. Becker, N. Bedi, E. Beghi,

Y. Béjot, M. L. Bell, F. B. Bennitt, I. M. Bensenor, K. Berhe, A. E. Berman, A. S. Bhagavathula,
R. Bhageerathy, N. Bhala, D. Bhandari, K. Bhattacharyya, Z. A. Bhutta, A. Bijani, B. Bikbov,
M. S. Bin Sayeed, A. Biondi, B. M. Birihane, C. Bisignano, R. K. Biswas, H. Bitew, S. Bohlouli,
M. Bohluli, A. S. Boon-Dooley, G. Borges, A. M. Borzi, S. Borzouei, C. Bosetti, S. Boufous,

D. Braithwaite, N. J. K. Breitborde, S. Breitner, H. Brenner, P. S. Briant, A. N. Briko, N. I. Briko,
G. B. Britton, D. Bryazka, B. R. Bumgarner, K. Burkart, R. T. Burnett, S. Burugina Nagaraja,

Z. A.Butt, F. L. Caetano dos Santos, L. E. Cahill, L. L. A. A. Cdmera, |. R. Campos-Nonato,
R.Cérdenas, G. Carreras, J. J. Carrero, F. Carvalho, J. M. Castaldelli-Maia, C. A. Castaneda-Orjuela,
G. Castelpietra, F. Castro, K. Causey, C. R. Cederroth, K. M. Cercy, E. Cerin, J. S. Chandan,

K. L.Chang, F. J. Charlson, V. K. Chattu, S. Chaturvedi, N. Cherbuin, O. Chimed-Ochir,

D.Y. Cho, J.Y.J. Choi, H. Christensen, D. T. Chu, M. T. Chung, S. C. Chung, F. M. Cicuttini,
L. G. Ciobanu, M. Cirillo, T. K. D. Classen, A. J. Cohen, K. Compton, O. R. Cooper, V. M. Costa,
E. Cousin, R. G. Cowden, D. H. Cross, J. A. Cruz, S. M. A. Dahlawi, A. A. M. Damasceno,

G. Damiani, L. Dandona, R. Dandona, W. J. Dangel, A. K. Danielsson, P. |. Dargan,

A. M. Darwesh, A. Daryani, J. K. Das, R. Das Gupta, J. das Neves, C. A. Davila-Cervantes,

D. V. Davitoiu, D. de Leo, L. Degenhardt, M. DeLang, R. P. Dellavalle, F. M. Demeke,
G.T.Demoz, D. G. Demsie, E. Denova-Gutiérrez, N. Dervenis, G. P. Dhungana,

M. Dianatinasab, D. Dias da Silva, D. Diaz, Z. S. Dibaji Forooshani, S. Djalalinia, H. T. Do,

K. Dokova, F. Dorostkar, L. Doshmangir, T. R. Driscoll, B. B. Duncan, A. R. Duraes,
A.W.Eagan, D. Edvardsson, N. el Nahas, . el Sayed, M. el Tantawi, I. Elbarazi, I. Y. Elgendy,
S. 1. el-Jaafary, I. R. F. Elyazar, S. Emmons-Bell, H. E. Erskine, S. Eskandarieh, S. Esmaeilnejad,
A. Esteghamati, K. Estep, A. Etemadi, A. E. Etisso, J. Fanzo, M. Farahmand, M. Fareed,

R. Faridnia, A. Farioli, A. Faro, M. Faruque, F. Farzadfar, N. Fattahi, M. Fazlzadeh,

V. L. Feigin, R. Feldman, S. M. Fereshtehnejad, E. Fernandes, G. Ferrara, A. J. Ferrari,

M. L. Ferreira, I. Filip, F. Fischer, J. L. Fisher, L. S. Flor, N. A. Foigt, M. O. Folayan,

A. A. Fomenkov, L. M. Force, M. Foroutan, R. C. Franklin, M. Freitas, W. Fu, T. Fukumoto,

J. M. Furtado, M. M. Gad, E. Gakidou, S. Gallus, A. L. Garcia-Basteiro, W. M. Gardner,

B.S. Geberemariyam, A. A. A. A. Gebreslassie, A. Geremew, A. Gershberg Hayoon,

P. W. Gething, M. Ghadimi, K. Ghadiri, F. Ghaffarifar, M. Ghafourifard, F. Ghamari,

A. Ghashghaee, H. Ghiasvand, N. Ghith, A. Gholamian, R. Ghosh, P. S. Gill,

T.G. G. Ginindza, G. Giussani, E. V. Gnedovskaya, S. Goharinezhad, S. V. Gopalani,

G. Gorini, H. Goudarzi, A. C. Goulart, F. Greaves, M. Grivna, G. Grosso, M. . M. Gubari,

H. C. Gugnani, R. A. Guimaraes, R. A. Guled, G. Guo, Y. Guo, R. Gupta, T. Gupta, B. Haddock,
N. Hafezi-Nejad, A. Hafiz, A. Haj-Mirzaian, A. Haj-Mirzaian, B. J. Hall, I. Halvaei,
R.R.Hamadeh, S. Hamidi, M. S. Hammer, G. J. Hankey, H. Haririan, J. M. Haro,
A.l.Hasaballah, M. M. Hasan, E. Hasanpoor, A. Hashi, S. Hassanipour, H. Hassankhani,

R. J. Havmoeller, S. I. Hay, K. Hayat, G. Heidari, R. Heidari-Soureshjani, H. J. Henrikson,

M. E. Herbert, C. Herteliu, F. Heydarpour, T. R. Hird, H. W. Hoek, R. Holla, P. Hoogar,

H. D. Hosgood, N. Hossain, M. Hosseini, M. Hosseinzadeh, M. Hostiuc, S. Hostiuc,

M. Househ, M. Hsairi, V. C. R. Hsieh, G. Hu, K. Hu, T. M. Huda, A. Humayun, C. K. Huynh,

20 May 2022

B. F.Hwang, V. C. lannucci, S. E. Ibitoye, N. keda, K. S. Ikuta, O. S. llesanmi, I. M. llic,

M. D. llic, L. R. Inbaraj, H. Ippolito, U. Igbal, S. S. N. Irvani, C. M. S. Irvine, M. M. Islam,
S.M.S.Islam, H. Iso, R. Q. Ivers, C. C. D. lwu, C. J. lwuy, I. O. lyamu, J. Jaafari, K. H. Jacobsen,
H. Jafari, M. Jafarinia, M. A. Jahani, M. Jakovljevic, F. Jalilian, S. L. James, H. Janjani,

T. Javaheri, J. Javidnia, P. Jeemon, E. Jenabi, R. P. Jha, V. Jha, J. S. Ji, L. Johansson, O. John,
Y. 0. John-Akinola, C. O. Johnson, J. B. Jonas, F. Joukar, J. J. Jozwiak, M. Jrisson, A. Kabir,
Z. Kabir, H. Kalani, R. Kalani, L. R. Kalankesh, R. Kalhor, T. Kanchan, N. Kapoor,

B. Karami Matin, A. Karch, M. A. Karim, G. M. Kassa, S. V. Katikireddi, G. A. Kayode,

A. Kazemi Karyani, P. N. Keiyoro, C. Keller, L. Kemmer, P. J. Kendrick, N. Khalid,

M. Khammarnia, E. A. Khan, M. Khan, K. Khatab, M. M. Khater, M. N. Khatib,

M. Khayamzadeh, S. Khazaei, C. Kieling, Y. J. Kim, R. W. Kimokoti, A. Kisa, S. Kisa,

M. Kivimaki, L. D. Knibbs, A. K. S. Knudsen, J. M. Kocarnik, S. Kochhar, J. A. Kopec,

V. A. Korshunov, P. A. Koul, A. Koyanagi, M. U. G. Kraemer, K. Krishan, K. J. Krohn,

H. Kromhout, B. Kuate Defo, G. A. Kumar, V. Kumar, O. P. Kurmi, D. Kusuma, C. la Vecchia,
B. Lacey, D. K. Lal, R. Lalloo, T. Lallukka, F. H. Lami, I. Landires, J. J. Lang, S. M. Langan,
A.O.Larsson, S. Lasrado, P. Lauriola, J. V. Lazarus, P. H. Lee, S. W. H. Lee, K. E. LeGrand,

J. Leigh, M. Leonardi, H. Lescinsky, J. Leung, M. Levi, S. Li, L. L. Lim, S. Linn, S. Liu, S. Liu,

Y. Liu, J. Lo, A. D. Lopez, J. C. F. Lopez, P. D. Lopukhov, S. Lorkowski, P. A. Lotufo, A. Lu,

A. Lugo, E. R. Maddison, P. W. Mahasha, M. M. Mahdavi, M. Mahmoudi, A. Majeed,

A. Maleki, S. Maleki, R. Malekzadeh, D. C. Malta, A. A. Mamun, A. L. Manda, H. Manguerra,
F. Mansour-Ghanaei, B. Mansouri, M. A. Mansournia, A. M. Mantilla Herrera, J. C. Maravilla,
A. Marks, R. V. Martin, S. Martini, F. R. Martins-Melo, A. Masaka, S. Z. Masoumi,

M. R. Mathur, K. Matsushita, P. K. Maulik, C. McAlinden, J. J. McGrath, M. McKee,

M. M. Mehndiratta, F. Mehri, K. M. Mehta, Z. A. Memish, W. Mendoza, R. G. Menezes,
E.W. Mengesha, A. Mereke, S. T. Mereta, A. Meretoja, T. J. Meretoja, T. Mestrovic,

B. Miazgowski, T. Miazgowski, I. M. Michalek, T. R. Miller, E. J. Mills, G. K. Mini, M. Miri,

A. Mirica, E. M. Mirrakhimov, H. Mirzaei, M. Mirzaei, R. Mirzaei, M. Mirzaei-Alavijeh,

A. T. Misganaw, P. Mithra, B. Moazen, D. K. Mohammad, Y. Mohammad,

N. Mohammad Gholi Mezerji, A. Mohammadian-Hafshejani, N. Mohammadifard,

R. Mohammadpourhodki, A. S. Mohammed, H. Mohammed, J. A. Mohammed,

S. Mohammed, A. H. Mokdad, M. Molokhia, L. Monasta, M. D. Mooney, G. Moradi,

M. Moradi, M. Moradi-Lakeh, R. Moradzadeh, P. Moraga, L. Morawska, J. Morgado-da-Costa,
S. D. Morrison, A. Mosapour, J. F. Mosser, S. Mouodi, S. M. Mousavi,

A. Mousavi Khaneghah, U. O. Mueller, S. Mukhopadhyay, E. C. Mullany, K. I. Musa,

S. Muthupandian, A. F. Nabhan, M. Naderi, A. J. Nagarajan, G. Nagel, M. Naghavi,

B. Naghshtabrizi, M. D. Naimzada, F. Najafi, V. Nangia, J. R. Nansseu, M. Naserbakht,

V. C. Nayak, I. Negoi, J. W. Ngunijiri, C. T. Nguyen, H. L. T. Nguyen, M. Nguyen, Y. T. Nigatu,
R. Nikbakhsh, M. R. Nixon, C. A. Nnaji, S. Nomura, B. Norrving, J. J. Noubiap, C. Nowak,

V. Nunez-Samudio, A. Otoiu, B. Oancea, C. M. Odell, F. A. Ogbo, I. H. Oh, E. W. Okunga,

M. Oladnabi, A. T. Olagunju, B. O. Olusanya, J. O. Olusanya, M. O. Omer, K. L. Ong,

O. E. Onwujekwe, H. M. Orpana, A. Ortiz, O. Osarenotor, F. B. Osei, S. M. Ostroff,

N. Otstavnov, S. S. Otstavnoy, S. @verland, M. O. Owolabi, M. P A, J. R. Padubidri,

R. Palladino, S. Panda-Jonas, A. Pandey, C. D. H. Parry, M. Pasovic, D. K. Pasupula,

S. K. Patel, M. Pathak, S. B. Patten, G. C. Patton, H. Pazoki Toroudi, A. E. Peden, A. Pennini,
V. C.F. Pepito, E. K. Peprah, D. M. Pereira, K. Pesudovs, H. Q. Pham, M. R. Phillips,

C. Piccinelli, T. M. Pilz, M. A. Piradov, M. Pirsaheb, D. Plass, S. Polinder, K. R. Polkinghorne,
C.D.Pond, M. J. Postma, H. Pourjafar, F. Pourmalek, A. Poznariska, S. I. Prada, V. Prakash,
D. R. A. Pribadi, E. Pupillo, Z. Quazi Syed, M. Rabiee, N. Rabiee, A. Radfar, A. Rafiee,

A. Raggi, M. A. Rahman, A. Rajabpour-Sanati, F. Rajati, |. Rakovac, P. Ram,

K. Ramezanzadeh, C. L. Ranabhat, P. C. Rao, S. J. Rao, V. Rashedi, P. Rathi, D. L. Rawaf,

S. Rawaf, L. Rawal, R. Rawassizadeh, R. Rawat, C. Razo, S. B. Redford, R. C. Reiner Jr.,

M. B. Reitsma, G. Remuzzi, V. Renjith, A. M. N. Renzaho, S. Resnikoff, N. Rezaei, N. Rezaei,
A. Rezapour, P. A. Rhinehart, S. M. Riahi, D. C. Ribeiro, D. Ribeiro, J. Rickard, J. A. Rivera,

N. L. S. Roberts, S. Rodriguez-Ramirez, L. Roever, L. Ronfani, R. Room, G. Roshandel,

G. A.Roth, D. Rothenbacher, E. Rubagotti, G. M. Rwegerera, S. Sabour, P. S. Sachdev,

B. Saddik, E. Sadeghi, M. Sadeghi, R. Saeedi, S. Saeedi Moghaddam, Y. Safari, S. Safi,

S. Safiri, R. Sagar, A. Sahebkar, S. M. Sajadi, N. Salam, P. Salamati, H. Salem, M. R. R. Salem,
H. Salimzadeh, O. M. Salman, J. A. Salomon, Z. Samad, H. Samadi Kafil, E. Z. Sambala,

A. M. Samy, J. Sanabria, T. G. Sanchez-Pimienta, D. F. Santomauro, I. S. Santos, J. V. Santos,
M. M. Santric-Milicevic, S. Y. . Saraswathy, R. Sarmiento-Suarez, N. Sarrafzadegan,

B. Sartorius, A. Sarveazad, B. Sathian, T. Sathish, D. Sattin, S. Saxena, L. E. Schaeffer,

S. Schiavolin, M. P. Schlaich, M. I. Schmidt, A. E. Schutte, D. C. Schwebel, F. Schwendicke,
A. M. Senbeta, S. Senthilkumaran, S. G. Sepanlou, B. Serdar, M. L. Serre, J. Shadid,

0. Shafaat, S. Shahabi, A. A. Shaheen, M. A. Shaikh, A. S. Shalash, M. Shams-Beyranvand,
M. Shamsizadeh, K. Sharafi, A. Sheikh, A. Sheikhtaheri, K. Shibuya, K. D. Shield,

M. Shigematsu, J. I. Shin, M. J. Shin, R. Shiri, R. Shirkoohi, K. Shuval, S. Siabani, R. Sierpinski,
1. D. Sigfusdottir, R. Sigurvinsdottir, J. P. Silva, K. E. Simpson, J. A. Singh, P. Singh,

E. Skiadaresi, S. T. S. Skou, V. Y. Skryabin, E. U. R. Smith, A. Soheili, S. Soltani, M. Soofi,
R.J.D.Sorensen, J. B. Soriano, M. B. Sorrie, S. Soshnikov, I. N. Soyiri, C. N. Spencer,

A. Spotin, C. T. Sreeramareddy, V. Srinivasan, J. D. Stanaway, C. Stein, D. J. Stein, C. Steiner,
L. Stockfelt, M. A. Stokes, K. Straif, J. L. Stubbs, M. B. Sufiyan, H. A. R. Suleria,

90of 11

€202 ‘ST AInC Uo B10°90UB 105" MMM//:ST1Y WOJ | Pape0 |UMOQ


https://science.org/doi/10.1126/sciadv.abm8954
https://science.org/doi/10.1126/sciadv.abm8954

SCIENCE ADVANCES | RESEARCH ARTICLE

R. Suliankatchi Abdulkader, G. Sulo, I. Sultan, £. Szumowski, R. Tabarés-Seisdedos,

K. M. Tabb, T. Tabuchi, A. Taherkhani, M. Tajdini, K. Takahashi, J. S. Takala, A. T. Tamiru,
N. Taveira, A. Tehrani-Banihashemi, M. H. Temsah, G. A. Tesema, Z. T. Tessema,

G. D. Thurston, M. V. Titova, H. R. Tohidinik, M. Tonelli, R. Topor-Madry, F. Topouzis,
A.E.Torre, M. Touvier, M. R. R. Tovani-Palone, B. X. Tran, R. Travillian, A. Tsatsakis,

L. Tudor Car, S. Tyrovolas, R. Uddin, C. D. Umeokonkwo, B. Unnikrishnan, E. Upadhyay,
M. Vacante, P. R. Valdez, A. van Donkelaar, T. J. Vasankari, Y. Vasseghian, Y. Veisani,

N. Venketasubramanian, F. S. Violante, V. Vlassov, S. E. Vollset, T. Vos, R. Vukovic,

Y. Waheed, M. T. Wallin, Y. Wang, Y. P. Wang, A. Watson, J. Wei, M. Y. W. Wei,

R. G. Weintraub, J. Weiss, A. Werdecker, J. J. West, R. Westerman, J. L. Whisnant,

H. A. Whiteford, K. E. Wiens, C. D. A. Wolfe, S. S. Wozniak, A. M. Wy, J. Wu, S. Wulf Hanson,
G. Xu, R. Xy, S. Yadgir, S. H. Yahyazadeh Jabbari, K. Yamagishi, M. Yaminfirooz, Y. Yano,
S.Yaya, V. Yazdi-Feyzabadi, T. Y. Yeheyis, C. S. Yilgwan, M. T. Yilma, P. Yip, N. Yonemoto,

M. Z. Younis, T. P. Younker, B. Yousefi, Z. Yousefi, T. Yousefinezhadi, A. Y. Yousuf, C. Yu,
H. Yusefzadeh, T. Zahirian Moghadam, M. Zamani, M. Zamanian, H. Zandian,
M. S. Zastrozhin, Y. Zhang, Z. J. Zhang, J. T. Zhao, X. J. G. Zhao, Y. Zhao, M. Zhou,

A. Ziapour, S. R. M. Zimsen, M. Brauer, A. Afshin, S. S. Lim, Global burden of 87 risk factors
in 204 countries and territories, 1990-2019: A systematic analysis for the Global Burden

of Disease Study 2019. Lancet 396, 1223-1249 (2020).

3. C.G.Victora, L. Adair, C. Fall, P. C. Hallal, R. Martorell, L. Richter, H. S. Sachdev; Maternal
and Child Undernutrition Study Group, Maternal and child undernutrition: Consequences

for adult health and human capital. Lancet 371, 340-357 (2008).

4. World Health Organization (WHO), Reducing Stunting in Children: Equity Considerations for

Achieving the Global Targets 2025 (World Health Organization, 2018).
5. 1. Olofin, C. M. McDonald, M. Ezzati, S. Flaxman, R. E. Black, W. W. Fawzi, L. E. Caulfield,
G. Danaei; for the Nutrition Impact Model Study (anthropometry cohort pooling),

Associations of suboptimal growth with all-cause and cause-specific mortality in children
under five years: A pooled analysis of ten prospective studies. PLOS ONE 8, e64636 (2013).

6. D.L.Pelletier, E. A. Frongillo Jr., D. G. Schroeder, J. P. Habicht, A methodology

for estimating the contribution of malnutrition to child mortality in developing countries.

J. Nutr. 124,21065-2122S (1994).
7. R.Lozano, N. Fullman, J. E. Mumford, M. Knight, C. M. Barthelemy, C. Abbafati,
H. Abbastabar, F. Abd-Allah, M. Abdollahi, A. Abedi, H. Abolhassani, A. E. Abosetugn,

L. G. Abreu, M. R. M. Abrigo, A. K. Abu Haimed, A. I. Abushouk, M. Adabi, O. M. Adebayo,

V. Adekanmbi, J. Adelson, O. O. Adetokunboh, D. Adham, S. M. Advani, A. Afshin,

G. Agarwal, P. Agasthi, S. M. K. Aghamir, A. Agrawal, T. Ahmad, R. O. Akinyemi, F. Alahdab,

Z.al-Aly, K. Alam, S. B. Albertson, Y. M. Alemu, R. K. Alhassan, M. Ali, S. Ali, V. Alipour,
S. M. Aljunid, F. Alla, M. A. H. Aimadi, A. Almasi, A. Almasi-Hashiani, N. A. Almasri,

H. M. al-Mekhlafi, A. M. Almulhim, J. Alonso, R. M. al-Raddadi, K. A. Altirkawi, N. Alvis-Guzman,

N. J. Alvis-Zakzuk, S. Amini, M. Amini-Rarani, F. Amiri, A. M. L. Amit, D. A. Amugsi,

R. Ancuceanu, D. Anderlini, C. L. Andrei, S. Androudi, F. Ansari, A. Ansari-Moghaddam,
C. A.T. Antonio, C. M. Antony, E. Antriyandarti, D. Anvari, R. Anwer, J. Arabloo,

M. Arab-Zozani, A. Y. Aravkin, O. Aremu, J. Arnlév, M. Asaad, M. Asadi-Aliabadi,

A. A. Asadi-Pooya, C. Ashbaugh, S. S. Athari, M. M.". W. Atout, M. Ausloos, L. Avila-Burgos,
B. P. Ayala Quintanilla, G. Ayano, M. A. Ayanore, Y. A. Aynalem, G. L. Aynalem, M. A. Ayza,

S. Azari, P. S. Azzopardi, D. B. B, E. Babaee, A. D. Badiye, M. A. Bahrami, A. A. Baig,

M. H. Bakhshaei, A. Bakhtiari, S. M. Bakkannavar, A. Balachandran, S. Balassyano,

M. Banach, S. K. Banerjee, P. C. Banik, A. B. Bante, S. A. Bante, S. L. Barker-Collo,

T. W. Bérnighausen, L. H. Barrero, Q. Bassat, S. Basu, B. T. Baune, M. Bayati, B. A. Baye,
N. Bedi, E. Beghi, M. Behzadifar, T. T. T. Bekuma, M. L. Bell, I. M. Bensenor, A. E. Berman,
E.Bernabe, R. S. Bernstein, A. S. Bhagavathula, D. Bhandari, P. Bhardwaj, A. G. Bhat,

K. Bhattacharyya, S. Bhattarai, Z. A. Bhutta, A. Bijani, B. Bikbov, V. Bilano, A. Biondi,

B. M. Birihane, M. J. Bockarie, S. Bohlouli, H. A. Bojia, S. R. R. Bolla, A. Boloor, O. J. Brady,
D. Braithwaite, P. S. Briant, A. M. Briggs, N. I. Briko, S. Burugina Nagaraja, R. Busse,

Z. A.Butt, F. L. Caetano dos Santos, L. Cahuana-Hurtado, L. A. Cdmera, R. Cérdenas,

G. Carreras, J. ). Carrero, F. Carvalho, J. M. Castaldelli-Maia, C. A. Castafieda-Orjuela,

G. Castelpietra, F. Castro, F. Catala-Lépez, K. Causey, C. R. Cederroth, K. M. Cercy, E. Cerin,

J.S.Chandan, A. Y. Chang, J. Charan, V. K. Chattu, S. Chaturvedi, K. L. Chin, D. Y. Cho,
J.Y.J. Choi, H. Christensen, D. T. Chu, M. T. Chung, L. G. Ciobanu, M. Cirillo, H. Comfort,

K. Compton, P. A. Cortesi, V. M. Costa, E. Cousin, S. M. A. Dahlawi, G. Damiani, L. Dandona,

R. Dandona, J. Darega Gela, A. M. Darwesh, A. Daryani, A. P. Dash, G. Davey,
C. A. Davila-Cervantes, K. Davletov, J. W. de Neve, E. Denova-Gutiérrez, K. Deribe,

N. Dervenis, R. Desai, S. D. Dharmaratne, G. P. Dhungana, M. Dianatinasab, D. Dias da Silva,
D. Diaz, I. N. Dippenaar, H. T. Do, F. Dorostkar, L. Doshmangir, B. B. Duncan, A. R. Duraes,

A. W. Eagan, D. Edvardsson, |. el Sayed, M. el Tantawi, . Y. Elgendy, I. R. F. Elyazar,

K. Eskandari, S. Eskandarieh, S. Esmaeilnejad, A. Esteghamati, O. Ezekannagha, T. Farag,
M. Farahmand, E. J. A. Faraon, C.S... S. Farinha, A. Farioli, P. S. Faris, A. Faro, M. Fazlzadeh,
V. L. Feigin, E. Fernandes, P. Ferrara, G. T. Feyissa, I. Filip, F. Fischer, J. L. Fisher, L. S. Flor,
N. A. Foigt, M. O. Folayan, A. A. Fomenkov, M. Foroutan, J. M. Francis, W. Fu, T. Fukumoto,
J. M. Furtado, M. M. Gad, A. M. Gaidhane, E. Gakidou, N. C. Galles, S. Gallus, W. M. Gardner,

B.S. Geberemariyam, A. M. Gebrehiwot, L. G. Gebremeskel, G. G. Gebremeskel,

Fitzgerald et al., Sci. Adv. 8, eabm8954 (2022) 20 May 2022

H. A. Gesesew, K. Ghadiri, M. Ghafourifard, A. Ghashghaee, N. Ghith, A. Gholamian,

S. A. Gilani, P. S. Gill, T.K. Gill, T. G. Ginindza, M. Gitimoghaddam, G. Giussani, M. Glagn,
E.V. Gnedovskaya, M. A. Godinho, S. Goharinezhad, S. V. Gopalani, A. H. Goudarzian,

B. N. G. Goulart, M. I. M. Gubari, R. A. Guimaraes, R. A. Guled, T. Gultie, Y. Guo, R. Gupta,

R. Gupta, N. Hafezi-Nejad, A. Hafiz, T. G. Haile, R. R. Hamadeh, S. Hameed, S. Hamidi,

C. Han, H. Han, D. W. Handiso, A. Hanif, G. J. Hankey, J. M. Haro, A. . Hasaballah,

M. M. Hasan, A. Hashi, S. Hassan, A. Hassan, S. Hassanipour, H. Hassankhani,

R.J. Havmoeller, S. I. Hay, K. Hayat, G. Heidari, R. Heidari-Soureshjani, D. Hendrie,

C. Herteliu, T. R. Hird, H. C. Ho, M. K. Hole, R. Holla, B. Hollingsworth, P. Hoogar, K. P. Hopf,
N. Horita, N. Hossain, M. Hosseini, M. Hosseinzadeh, M. Hostiuc, S. Hostiuc, M. Househ,

V. C.R. Hsieh, G. Hu, T. M. Huda, A. Humayun, B. F. Hwang, I. lavicoli, S. E. Ibitoye, N. Ikeda,
0. S. llesanmi, I. M. llic, M. D. llic, L. R. Inbaraj, U. Igbal, S. S. N. Irvani, C. M. S. Irvine,

M. M.Islam, S. M. S. Islam, F. Islami, H. Iso, C. J. Iwu, C. C. D. lwu, J. Jaafari, F. Jadidi-Niaragh,
M. Jafarinia, D. Jahagirdar, M. A. Jahani, N. Jahanmehr, M. Jakovljevic, H. Janjani,

T. Javaheri, A. U. Jayatilleke, E. Jenabi, R. P. Jha, V. Jha, J. S. Ji, P. Jia, Y. O. John-Akinola,
J.B.Jonas, F. Joukar, J. J. Jozwiak, M. Jiirisson, Z. Kabir, L. R. Kalankesh, R. Kalhor,

A. M. Kamath, T. Kanchan, N. Kapoor, B. Karami Matin, M. Karanikolos, S. M. Karimi,

N. J. Kassebaum, S. V. Katikireddi, G. A. Kayode, P. N. Keiyoro, Y. S. Khader,

M. Khammarnia, M. Khan, E. A. Khan, Y. H. Khang, K. Khatab, A. M. Khater, M. M. Khater,
M. N. Khatib, M. Khayamzadeh, J. Khubchandani, N. Kianipour, Y. E. Kim, Y. J. Kim,

R. W. Kimokoti, Y. Kinfu, A. Kisa, K. Kissimova-Skarbek, M. Kivimaki, C. J. Kneib,

J. M. Kocarnik, S. Kochhar, S. Kohler, J. A. Kopec, A. V. Korotkova, V. A. Korshunov, S. Kosen,
A. Kotlo, P. A. Koul, A. Koyanagi, K. Krishan, K. J. Krohn, N. Kugbey, V. Kulkarni, G. A. Kumar,
N. Kumar, M. Kumar, O. P. Kurmi, D. Kusuma, H. H. Kyu, C. la Vecchia, B. Lacey, D. K. Lal,

R. Lalloo, I. Landires, V. C. Lansingh, A. O. Larsson, S. Lasrado, K. M. M. Lau, P. Lauriola,
J.V.Lazarus, J. R. Ledesma, P. H. Lee, S. W. H. Lee, A. T. Leever, K. E. LeGrand, J. Leigh,

M. Leonardi, S. Li, S. S. Lim, L. L. Lim, X. Liu, G. Logroscino, A. D. Lopez, P. D. Lopukhov,

P. A. Lotufo, A. Lu, J. Ma, M. Madadin, P. W. Mahasha, M. Mahmoudi, A. Majeed,

J.N. Malagdn-Rojas, S. Maleki, D. C. Malta, B. Mansouri, M. A. Mansournia, S. Martini,

F.R. Martins-Melo, I. Martopullo, B. B. Massenburg, C. I. Mastrogiacomo, M. R. Mathur,

C. McAlinden, M. McKee, C. E. Medina-Solis, B. G. Meharie, M. M. Mehndiratta,

E. Mehrabi Nasab, F. Mehri, R. Mehrotra, T. Mekonnen, A. Melese, P. T. N. Memiah,

W. Mendoza, R. G. Menezes, G. A. Mensah, T. J. Meretoja, A. Meretoja, T. Mestrovic,

B. Miazgowski, I. M. Michalek, E. M. Mirrakhimov, M. Mirzaei, M. Mirzaei-Alavijeh,

P. B. Mitchell, B. Moazen, M. Moghadaszadeh, E. Mohamadi, Y. Mohammad,

D. K. Mohammad, N. Mohammad Gholi Mezerji, A. Mohammadian-Hafshejani,
S.Mohammed, J. A. Mohammed, A. H. Mokdad, L. Monasta, S. Mondello, M. Moradi,

M. Moradi-Lakeh, R. Moradzadeh, P. Moraga, J. Morgado-da-Costa, S. D. Morrison,

A. Mosapour, J. F. Mosser, A. Mousavi Khaneghah, M. K. Muriithi, G. Mustafa, A. F. Nabhan,
M. Naderi, A. J. Nagarajan, M. Naghavi, B. Naghshtabrizi, M. D. Naimzada, V. Nangia,
J.R.Nansseu, V. C. Nayak, J. Nazari, R. Ndejjo, I. Negoi, R. I. Negoi, S. Neupane, K. N. Ngari,
G. Nguefack-Tsague, J. W. Ngunjiri, C. T. Nguyen, D. N. Nguyen, H. L. T. Nguyen,

C. A.Nnaji, S. Nomura, O. F. Norheim, J. J. Noubiap, C. Nowak, V. Nunez-Samudio,

A. Otoiu, F. A. Ogbo, O. B. Oghenetega, I. H. Oh, E. W. Okunga, M. Oladnabi, A. T. Olaguniju,
J. 0. Olusanya, B. O. Olusanya, M. M. Oluwasanu, A. Omar Bali, M. 0. Omer, K. L. Ong,

O. E. Onwujekwe, D. V. V. Ortega-Altamirano, A. Ortiz, S. M. Ostojic, N. Otstavnov,

S.S. Otstavnov, S. @verland, M. O. Owolabi, J. R. Padubidri, S. Pakhale, R. Palladino,
A.Pana, S. Panda-Jonas, H. U. Pangaribuan, M. Pathak, G. C. Patton, S. Paudel,

H. Pazoki Toroudi, S. A. Pease, A. E. Peden, A. Pennini, E. K. Peprah, J. Pereira, D. M. Pigott,
T. Pilgrim, T. M. Pilz, M. Pinheiro, M. A. Piradov, M. Pirsaheb, K. N. Pokhrel, M. J. Postma,

H. Pourjafar, F. Pourmalek, R. Pourmirza Kalhori, A. Pourshams, S. I. Prada, D. R. A. Pribadi,
E. Pupillo, Z. Quazi Syed, A. Radfar, A. Rafiee, A. Rafiei, A. Raggi, F. Rahim, M. A. Rahman,
A. Rajabpour-Sanati, S. M. Rana, C. L. Ranabhat, S. J. Rao, D. Rasella, V. Rashedi, G. K. Rath,
P. Rathi, S. Rawaf, D. L. Rawaf, L. Rawal, R. Rawassizadeh, C. Razo, V. Renjith,

A. M. N.Renzaho, B. Reshmi, N. Rezaei, S. M. Riahi, D. C. Ribeiro, J. Rickard, N. L. S. Roberts,
L. Roever, M. Romoli, L. Ronfani, G. Roshandel, E. Rubagotti, G. M. Rwegerera, S. Sabour,
P.S. Sachdev, B. Saddik, M. Sadeghi, E. Sadeghi, Y. Safari, R. Sagar, A. Sahebkar,

M. A. Sahraian, S. M. Sajadi, M. R. Salahshoor, M. R. R. Salem, H. Salem, J. Salomon,

H. Samadi Kafil, A. M. Samy, J. Sanabria, M. M. Santric-Milicevic, S. Y. I. Saraswathy,

R. Sarmiento-Suarez, B. Sartorius, A. Sarveazad, B. Sathian, T. Sathish, D. Sattin, M. Savic,
S. M. Sawyer, D. Saxena, A. N. Sbarra, L. E. Schaeffer, S. Schiavolin, M. I. Schmidt,

A.E. Schutte, D. C. Schwebel, F. Schwendicke, S. Seedat, F. Sha, S. Shahabi, A. A. Shaheen,
M. A. Shaikh, M. Shamsizadeh, M. Shannawaz, K. Sharafi, F. Sharara, H. Sharifi, D. H. Shaw,
A. Sheikh, A. Sheikhtaheri, B. S. K. Shetty, K. Shibuya, W. S. Shiferaw, M. Shigematsu,

J.1. Shin, R. Shiri, R. Shirkoohi, K. M. Shivakumar, M. G. Shrime, K. Shuval, S. Siabani,

R. Sierpinski, I. D. Sigfusdottir, R. Sigurvinsdottir, D. A. S. Silva, J. P. Silva, B. Simonetti,
K. E. Simpson, J. A. Singh, P. Singh, D. N. Sinha, V. Y. Skryabin, E. U. R. Smith, A. Soheili,

S. Soltani, M. Soofi, R. J. D. Sorensen, J. B. Soriano, M. B. Sorrie, I. N. Soyiri, E. E. Spurlock,
C.T. Sreeramareddy, J. D. Stanaway, N. Steel, C. Stein, M. A. Stokes, M.". B. Sufiyan,

H. A.R. Suleria, I. Sultan, £. Szumowski, R. Tabarés-Seisdedos, T. Tabuchi,

S. K. Tadakamadla, B. W. Taddele, D. B. Tadesse, A. Taherkhani, A. T. Tamiru, F. C. Tanser,

100f 11

€202 ‘ST AInC Uo B10°90UB 105" MMM//:ST1Y WOJ | Pape0 |UMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

13.
14.

Fitzgerald et al., Sci. Adv. 8, eabm8954 (2022)

M. 1. Tareque, I. U. Tarigan, W. L. Teagle, F. Tediosi, Y. G. G. Tefera, F. G. Tela, Z. T. Tessema,
B. Thakur, M. V. Titova, M. Tonelli, R. Topor-Madry, F. Topouzis, M. R. R. Tovani-Palone,

B. X.Tran, R. Travillian, C. E. Troeger, L. Tudor Car, R. Uddin, . Ullah, C. D. Umeokonkwo,
B. Unnikrishnan, E. Upadhyay, O. A. Uthman, M. Vacante, P. R. Valdez, S. Varughese,

T.J. Vasankari, Y. Vasseghian, N. Venketasubramanian, F. S. Violante, V. Vlassov,
S.E.Vollset, A. Vongpradith, T. Vos, Y. Waheed, M. K. Walters, R. G. Wamai, H. Wang,

Y. P.Wang, R. G. Weintraub, J. Weiss, A. Werdecker, R. Westerman, L. B. Wilner, G. Woldu,
C.D. A. Wolfe, A. M. Wu, S. Wulf Hanson, Y. Xie, R. Xu, S. H. Yahyazadeh Jabbari,

K. Yamagishi, Y. Yano, S. Yaya, V. Yazdi-Feyzabadi, J. A. Yearwood, Y. G. Yeshitila, P. Yip,
N. Yonemoto, M. Z. Younis, Z. Yousefi, T. Yousefinezhadi, H. Yusefzadeh, S. Zadey,

T. Zahirian Moghadam, S. S. Zaidi, L. Zaki, S. B. Zaman, M. Zamani, M. Zamanian,

H. Zandian, M. S. Zastrozhin, K. A. Zewdie, Y. Zhang, X. J. G. Zhao, Y. Zhao, P. Zheng,

C. Zhu, A. Ziapour, B. S. Zlavog, S. Zodpey, C. J. L. Murray, Measuring universal health
coverage based on an index of effective coverage of health services in 204 countries and
territories, 1990-2019: A systematic analysis for the Global Burden of Disease Study 2019.
Lancet 396, 1250-1284 (2020).

. P.Zheng, R. Barber, R. J. D. Sorensen, C. J. L. Murray, A. Y. Aravkin, Trimmed constrained

mixed effects models: Formulations and algorithms. J. Comput. Graph. Stat. 30, 544-556
(2021).

. J. Braithwaite, H. Charlesworth, P. Reddy, L. Dunn, Reconciliation and Architectures of

Commitment: Sequencing Peace in Bougainville (ANU Press, 2010).

. B.Rechel, B. Roberts, E. Richardson, S. Shishkin, V. M. Shkolnikov, D. A. Leon, M. Bobak,

M. Karanikolos, M. McKee, Health and health systems in the Commonwealth
of Independent States. Lancet 381, 1145-1155 (2013).

. H.Coovadia, R. Jewkes, P. Barron, D. Sanders, D. McIntyre, The health and health system of

South Africa: Historical roots of current public health challenges. Lancet 374, 817-834 (2009).

. T.Robertson, E. Carter, V. Chou, A. R. Stegmuller, B. D. Jackson, Y. Tam, T. Sawadogo-Lewis,

N. Walker, Early estimates of the indirect effects of the COVID-19 pandemic on maternal
and child mortality in low-income and middle-income countries: A modelling study.
Lancet Glob. Health 8, €901-e908 (2020).

M. Kadamy, Djibouti: Between war and peace. Rev. Afr. Polit. Econ. 23,511-521 (1996).
A. H. Mokdad, M. Forouzanfar, F. Daoud, C. E. Bcheraoui, M. Moradi-Lakeh, I. Khalil,

A. Afshin, M. Tuffaha, R. Charara, R. M. Barber, J. Wagner, K. Cercy, H. Kravitz, M. M. Coates,
M. Robinson, K. Estep, C. Steiner, S. Jaber, A. A. Mokdad, K. F. O'Rourke, A. Chew, P. Kim,
M. M. A. El Razek, S. Abdalla, F. Abd-Allah, J. P. Abraham, L. J. Abu-Raddad,

N. M. E. Abu-Rmeileh, A. A. Al-Nehmi, A. S. Akanda, H. A. Ahmadi, M. J. Al Khabouri,
F.H. Al Lami, Z. A. Al Rayess, D. Alasfoor, F. S. Al Buhairan, S. F. Aldhahri, S. Alghnam,

S. Alhabib, N. Al-Hamad, R. Ali, S. D. Ali, M. Alkhateeb, M. A. Al Mazroa, M. A. Alomari,
R. Al-Raddadi, U. Alsharif, N. Al-Sheyab, S. Alsowaidi, M. Al-Thani, K. A. Altirkawi,

A.T. Amare, H. Amini, W. Ammar, P. Anwari, H. Asayesh, R. Asghar, A. M. Assabri, R. Assadi,
U. Bacha, A. Badawi, T. Bakfalouni, M. O. Basulaiman, S. Bazargan-Hejazi, N. Bedi,
A.R.Bhakta, Z. A. Bhutta, A. A. B. Abdulhak, S. Boufous, R. R. A. Bourne, H. Danawi, J. Das,
A. Deribew, E. L. Ding, A. M. Durrani, Y. Elshrek, M. E. Ibrahim, B. Eshrati, A. Esteghamati,
I. A. D. Faghmous, F. Farzadfar, A. B. Feigl, S.-M. Fereshtehnejad, I. Filip, F. Fischer,

F. G. Gankpé, I. Ginawi, M. D. Gishu, R. Gupta, R. M. Habash, N. Hafezi-Nejad,

R.R. Hamadeh, H. Hamdouni, S. Hamidi, H. L. Harb, M. S. Hassanvand, M. T. Hedayati,

P. Heydarpour, M. Hsairi, A. Husseini, N. Jahanmebhr, V. Jha, J. B. Jonas, N. E. Karam,

A. Kasaeian, N. A. Kassa, A. Kaul, Y. Khader, S. E. A. Khalifa, E. A. Khan, G. Khan, T. Khoja,
A.Khosravi, Y. Kinfu, B. K. Defo, A. L. Balaji, R. Lunevicius, C. M. Obermeyer, R. Malekzadeh,
M. Mansourian, W. Marcenes, H. M. Farid, A. Mehari, A. Mehio-Sibai, Z. A. Memish,

G. A. Mensah, K. A.Mohammad, Z. Nahas, J. T. Nasher, H. Nawaz, C. Nejjari, M. . Nisar,
S.B. Omer, M. Parsaeian, E. K. Peprah, A. Pervaiz, F. Pourmalek, D. M. Qato, M. Qorbani,
A. Radfar, A. Rafay, K. Rahimi, V. Rahimi-Movaghar, S. U. Rahman, R. K. Rai, S. M. Rana,
S.R.Rao, A. H. Refaat, S. Resnikoff, G. Roshandel, G. Saade, M. Y. Saeedi, M. A. Sahraian,
S.Saleh, L. Sanchez-Riera, M. Satpathy, S. G. Sepanlou, T. Setegn, A. Shaheen, S. Shahraz,
S. Sheikhbahaei, K. Shishani, K. Sliwa, M. Tavakkoli, A. S. Terkawi, O. A. Uthman,

R. Westerman, M. Z. Younis, M. E. S. Zaki, F. Zannad, G. A. Roth, H. Wang, M. Naghavi,
T.Vos, A. A. AlRabeeah, A. D. Lopez, C. J. L. Murray, Health in times of uncertainty

in the eastern Mediterranean region, 1990-2013: A systematic analysis for the Global
Burden of Disease Study 2013. Lancet Glob. Health 4, e704-e713 (2016).

. R.Stone, Despite gains, malnutrition among China’s rural poor sparks concern. Science

336, 402-402 (2012).

. J. M. Rodiriguez-Llanes, S. Ranjan-Dash, A. Mukhodpadhyay, D. Guha-Sapir, Flood-exposure

is associated with higher prevalence of child undernutrition in rural eastern India.
Int. J. Environ. Res. Public Health 13,210 (2016).

. S.Osendarp, J. K. Akuoku, R. E. Black, D. Headey, M. Ruel, N. Scott, M. Shekar, N. Walker,

A. Flory, L. Haddad, D. Laborde, A. Stegmuller, M. Thomas, R. Heidkamp, The COVID-19
crisis will exacerbate maternal and child undernutrition and child mortality in low- and
middle-income countries. Nat. Food. 2, 476-484 (2021).

20 May 2022

18. D.Headey, R. Heidkamp, S. Osendarp, M. Ruel, N. Scott, R. Black, M. Shekar, H. Bouis,

A. Flory, L. Haddad, N. Walker; Standing Together for Nutrition consortium, Impacts
of COVID-19 on childhood malnutrition and nutrition-related mortality. Lancet 396,
519-521 (2020).

19. D.X.Morales, S. A. Morales, T. F. Beltran, Racial/ethnic disparities in household food
insecurity during the COVID-19 pandemic: A nationally representative study. J. Racial
Ethn. Health Disparities 8, 1300-1314 (2021).

20. B.M.Popkin, C. Corvalan, L. M. Grummer-Strawn, Dynamics of the double burden
of malnutrition and the changing nutrition reality. Lancet 395, 65-74 (2020).

21. F.Abbas, R. Kumar, T. Mahmood, R. Somrongthong, Impact of children born with low
birth weight on stunting and wasting in Sindh province of Pakistan: A propensity score
matching approach. Sci. Rep. 11, 19932 (2021).

22, M.S.Rahman, T. Howlader, M. S. Masud, M. L. Rahman, Association of low-birth weight
with malnutrition in children under five years in Bangladesh: Do mother’s education,
socio-economic status, and birth interval matter? PLOS ONE 11,e0157814 (2016).

23. Z.A.Bhutta, J. K. Das, A. Rizvi, M. F. Gaffey, N. Walker, S. Horton, P. Webb, A. Lartey,

R. E. Black; Lancet Nutrition Interventions Review Group, the Maternal and
Child Nutrition Study Group, Evidence-based interventions forimprovement

of maternal and child nutrition: What can be done and at what cost? Lancet 382,
452-477 (2013).

24. M.F.Young, R. Martorell, The public health challenge of early growth failure in India.
Eur. J. Clin. Nutr. 67, 496-500 (2013).

25. Institute for Health Metrics and Evaluation, Child Growth Failure (CGF) Publication Code

(Version 1.0.0) (2022); (Zenodo; https://zenodo.org/record/6321362#.YkNolShID-g,
GitHub; https://github.com/ihmeuw/cgf).

26. G.A.Stevens, L. Alkema, R. E. Black, J. . Boerma, G. S. Collins, M. Ezzati, J. T. Grove,
D.R.Hogan, M. C. Hogan, R. Horton, J. E. Lawn, A. Marusi¢, C. D. Mathers, C. J. L. Murray,
I. Rudan, J. A. Salomon, P. J. Simpson, T. Vos, V. Welch; The GATHER Working Group,
Guidelines for accurate and transparent health estimates reporting: The GATHER
statement. PLOS Med. 13, €1002056 (2016).

27. “WHO Global Database on Child Growth and Malnutrition” (World Health Organization);

https://www.who.int/teams/nutrition-and-food-safety/databases/nutgrowthdb.
28. Y.Wang, H.-J. Chen, in Handbook of Anthropometry: Physical measure of Human Form in
Health and Disease (Springer, 2012), pp. 29-48.

29. M.C.A.Uribe, A. L. Gaviria, A. E. Restrepo, Concordance between Z scores from WHO 2006
and the NCHS 1978 growth standards of children younger than five. Perspect. Nutr. Hum.

10, 177-187 (2008).

Acknowledgments
Funding: This work was supported, in whole or in part, by the Bill & Melinda Gates
Foundation (63-5858). Under the grant conditions of the Foundation, a Creative Commons

Attribution 4.0 Generic License has already been assigned to the author accepted manuscript
version that might arise from this submission. Author contributions: Conceptualization: R.F.,

D.LS., CJLM,R.CR, and NJ.K. Methodology: RF., H.M,, WM.G., D.L.S,, R.C.R.,, and N.J.K.
Software: R.F., HM., WM.G,, D.L.S., and R.C.R. Validation: R.F., H.M,, S..LH., R.C.R.,, and N.J.K.
Formal analysis: R.F., H.M., W.M.G,, R.C.R,, and N.J.K. Investigation: R.F., H.M., R.C.R., and
N.J.K. Data curation: R.F., H.M,, Y.-Y.C,, B.Z, and H.J.T. Writing—original draft: R.F., R.C.R., and

N.J.K. Writing—review and editing: R.F,, HM,, M.B.A, WM.G, Y.-Y.C,B.Z,HJ.T,D.LS, CJLM,

S.LH., R.C.R, and N.J.K. Visualization: R.F., R.C.R.,, and N.J.K. Project administration: R.F., K.B.,
R.C.R. and N.J.K. Supervision: C.J.L.M,, S.L.H., R.C.R., and N.J.K. Funding acquisition: R.C.R. and

N.J.K. Competing interests: The authors declare that they have no competing interests. Data

and materials availability: All data underlying the study are available on the Global Health
Data Exchange (GHDXx), a catalog of demographic and global health data created and
supported by IHME. It includes population census data, surveys, registries, indicators and
estimates, administrative health data, and financial data related to health. Each dataset is
assigned a record to catalogue general metadata, citation, and information about where to

obtain the dataset or access the files. Each data source record is assigned an NID (a unique and

persistent identifier), and the full list of NIDs included in this CGF analysis is included in the
Supplementary Materials (see table S4). To access the GHDx record for each NID, use the

following URL: https://ghdx.healthdata.org/node/<insert NID here>. There are no restrictions

on data availability such as a material transfer agreement. While the GHDx does not host or
distribute most data sources, each record includes a URL to the data provider wherever
possible. Author-written source code has been archived on Zenodo, a permanent public

source code repository and is available at https://zenodo.org/record/63213624#.YkNoIShID-g (25).

Submitted 19 October 2021
Accepted 5 April 2022
Published 20 May 2022
10.1126/sciadv.abm8954

110f 11

€202 ‘ST AInC Uo B10°90UB 105" MMM//:ST1Y WOJ | Pape0 |UMOQ


https://zenodo.org/record/6321362#.YkNoIShlD-g
https://github.com/ihmeuw/cgf
https://www.who.int/teams/nutrition-and-food-safety/databases/nutgrowthdb
https://ghdx.healthdata.org/node/<insert
https://zenodo.org/record/6321362#.YkNoIShlD-g

Science Advances

Current dichotomous metrics obscure trends in severe and extreme child growth
failure
Ryan Fitzgerald, Helena Manguerra, Michael B. Arndt, William M. Gardner, Ya-Yin Chang, Bethany Zigler, Heather Jean

Taylor, Kelly Bienhoff, David L. Smith, Christopher J. L. Murray, Simon |. Hay, Robert C. Reiner, Jr., and Nicholas J.
Kassebaum

Sci. Adv., 8 (20), eabm8954.
DOI: 10.1126/sciadv.abm8954

View the article online

https://www.science.org/doi/10.1126/sciadv.abm8954
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.

Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution License 4.0 (CC BY).

€202 ‘ST AInC Uo B10°90UB 105" MMM//:ST1Y WOJ | Pape0 |UMOQ


https://www.science.org/content/page/terms-service

