PLOS GLOBAL PUBLIC HEALTH

Check for
updates

G OPEN ACCESS

Citation: Aimone AM, Bassani DG, Qamar H,
Dasiewicz A, Perumal N, Namaste SML, et al.
(2023) Complementary and alternative metrics for
tracking population-level trends in child linear
growth. PLOS Glob Public Health 3(4): €0001766.
https://doi.org/10.1371/journal.pgph.0001766

Editor: Gerard Bryan Gonzales, Wageningen
University & Research, NETHERLANDS

Received: October 24, 2022
Accepted: March 6, 2023
Published: April 17, 2023

Copyright: © 2023 Aimone et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the manuscript and its Supporting
Information files.

Funding: Funding was provided by the Bill and
Melinda Gates foundation and the United States
Agency for International Development (USAID)
through The DHS Program (#720-0AA-18C-00083,
SMLN). Bill and Melinda Gates foundation, https:/
www.gatesfoundation.org/. USAID, https://www.
usaid.gov/. The DHS Program, https://dhsprogram.
com/. Under the grant conditions of the foundation,

RESEARCH ARTICLE

Complementary and alternative metrics for
tracking population-level trends in child linear
growth

Ashley M. Aimone', Diego G. Bassani'?3, Huma Qamar¢’, Alison Dasiewicz®’,

Nandita Perumal’*, Sorrel M. L. Namaste®°®, Devanshi Shah®', Daniel E. Roth "2 *

1 Centre for Global Child Health, The Hospital for Sick Children, Toronto, Ontario, Canada, 2 Department of
Paediatrics, The Hospital for Sick Children and University of Toronto, Toronto, Ontario, Canada, 3 Dalla Lana
School of Public Health, University of Toronto, Toronto, Ontario, Canada, 4 Department of Global Health and
Population, Harvard TH Chan School of Public Health, Boston, Massachusetts, United States of America,

5 The DHS Program, ICF, Rockville, Maryland, United States of America

* daniel.roth @sickkids.ca

Abstract

Stunting prevalence is commonly used to track population-level child nutritional status. How-
ever, other metrics derived from anthropometric datasets may be used as alternatives to
stunting or provide complementary perspectives on the status of linear growth faltering in
low- and middle-income countries (LMICs). Data from 156 Demographic and Health Sur-
veys in 63 LMICs (years 2000 to 2020) were used to generate 2 types of linear growth met-
rics: (i) measures of location of height distributions (including stunting) for under-5 years
(<5y) and 2 to 5 years (2-5y); (ii) model-derived metrics including predicted mean height-for-
age z-score (HAZ) at 0, 2, and 5 years; interval slopes of HAZ, height-for-age difference
(HAD), and growth delay (GD) from 1 month to 2 years (1mo-2y) and 2-5y; and the SITAR
intensity parameter (SITAR-IP) for <5y. Using Spearman’s rank correlation coefficient (r),
metrics were considered alternatives to stunting if very strongly correlated with stunting (|>
0.95) and at least as strongly correlated as stunting with selected population indicators
(under 5y mortality, gross domestic product, maternal education). Metrics were considered
complementary if less strongly correlated with stunting (|{<0.95) yet correlated with popula-
tion indicators. We identified 6 of 15 candidate metrics (stunting 2-5y, mean HAZ <5y and 2-
5y, p25 HAZ <5y and 2-5y, predicted HAZ at 2y) as potential alternatives to stunting and 6
as complementary metrics (SITAR-IP, predicted HAZ at 5y, HAZ slope 1m-2y, HAD slope
1m-2y, GD slopes 1m-2y and 2-5y). Three metrics (HAZ slope 2-5y, HAD slope 2-5y years
and predicted HAZ at birth) had weak correlations with population indicators (| < 0.43). In
conclusion, several linear growth metrics could serve as alternatives to stunting prevalence
and others may be complementary to stunting in tracking global progress in child health and
nutrition. Further research is needed to explore the real-world utility of these alternative and
complementary metrics.
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Introduction

Reducing the burden of child growth faltering is a global public health priority represented
within the United Nations Sustainable Development Goals (SDGs) [1]. Population-level met-
rics based on child height data are indicators of childhood nutritional status and are associated
with economic and social development [2]. Stunting prevalence, defined as the proportion of
children in a population with a height-for-age z-score (HAZ) more than 2 standard deviations
below the median of the World Health Organization (WHO) Child Growth Standard [3], is a
conventional metric of population-level linear growth faltering that is widely used to track
trends in childhood nutritional status and measure the effectiveness of related public health
programming in low- and middle-income countries (LMICs) [4].

Stunting prevalence is straightforward to estimate, does not rely on an assumption that a
given height distribution is normal, and is established in programmatic and policy circles [5].
However, the z-score cut-point (HAZ < -2) that defines stunting does not have a clinical or
biological basis, and the common use of stunting often incorrectly implies that the burden of
linear growth faltering only affects a ‘stunted” subgroup of the population while ‘non-stunted’
children have normal growth [6, 7]. In fact, linear growth faltering in most LMICs is a whole-
population phenomenon resulting from a shift in the entire height distribution, such that even
the tallest children in many LMICs are generally shorter than they would have been under
optimal conditions for growth [6]. Given that stunting is based on the lower tail of the height
distribution, it may not represent the whole-population shift and may be more susceptible to
differential errors or imprecision in measurements as compared to measures of central ten-
dency (e.g., mean). Furthermore, the prevalence of stunting <5y is based on all children from
birth to 5 years, whereas other metrics derivable from height-age survey data capture the
dynamics of the height trajectory across defined age ranges.

In this study, we considered a range of height distribution-based child linear growth metrics
derived from anthropometric survey data which may have statistical and/or conceptual advan-
tages over stunting prevalence and therefore be potentially useful as alternative or complemen-
tary metrics (i.e., such metrics could be used in place or alongside the conventional indicator
of stunting prevalence <5y). Building on prior work summarized in a Demographic and
Health Survey (DHS) working paper [8], the specific aims of this study were to assess candi-
date linear growth metrics based on the strength of their correlations with stunting prevalence
and to compare the validity of these candidate linear growth metrics based on the strength of
correlations with three key indicators of population health and development: under 5y mortal-
ity, gross domestic product (GDP), and maternal education.

Methods
Data source

Data used for this study were from The DHS Program, a primary source of population-repre-
sentative anthropometric data for LMICs. The data collection methodology for The DHS Pro-
gram is described in detail elsewhere [9, 10]. Individual-level height, sex, date of birth, and
date of interview data were obtained from 156 phase IV and above DHS surveys for 63 LMICs
between the years 2000 and 2020 (S1 Table). HAZs were generated using the WHO Child
Growth Standards (WHO-GS) [3]. Individual child data were excluded from the analysis if
month or year of birth was missing, if the child had not slept in the household the previous
night (not a de facto resident), or if their height measurement was flagged as implausible
(HAZ <-6 or >6 based on WHO-GS criteria). If day of birth was missing, day 15 (midpoint of
the month) was imputed to calculate the child’s age [11]. Whole surveys were excluded from
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the analysis if data were collected only on children of female respondents, if the anthropomet-
ric data were suppressed from the DHS final report due to quality issues), or if data were
unavailable for all three population indicators (as described below).

This study is a secondary analysis of data that are publicly available from The DHS Program
and was therefore exempt from ethics review. Ethical approval for conducting the surveys was
provided by each host country and the ICF Institutional Review Board (IRB). Ethics approval
documentation for any survey may be obtained from The DHS Program (https://dhsprogram.
com/Methodology/Request-for-documentation-of-ethical-review.cfm).

Linear growth metric selection and calculation

We selected several child linear growth metrics used in a previous analysis [8] including those
based on HAZ and height-for-age difference (HAD) [12]. We prioritized measures of central
tendency and slopes rather than metrics based on cut-points in the tails of the height distribu-
tions. Compared to the prior study [8], we removed some candidate metrics (e.g., median
HAZ) to reduce unnecessary redundancy (e.g., median and mean HAZ are highly correlated).
We added new metrics based on growth delay (GD), which we recently proposed to express
linear growth faltering as a delay in skeletal maturation on the time scale (also referred to as
growth tempo) rather than a deficit in stature [13]. We also included the Super-Imposition by
Translation and Rotation (SITAR) intensity parameter [14], which is a scaling factor that
reflects the velocity of a linear growth curve relative to the mean velocity. The SITAR size
parameter was not included as we previously found it to be nearly interchangeable with <5y
mean HAZ [15]. Metrics reported in the literature that incorporate stunting prevalence rather
than present new statistical expressions of height-age distributions (e.g., “Composite Index of
Anthropometric Failure”) were not considered [16]. We refer to statistical expressions of linear
growth as ‘metrics’ to avoid inconsistencies with common uses of the terms ‘measurements’,
‘indices’, and ‘indicators’ in the nutritional epidemiology literature [7, 17].

Using individual child-level data, two types of linear growth metrics were generated for
each survey (Fig 1; Table 1). Descriptive metrics were estimated directly from the observed
height/HAZ distribution and divided into 3 classes: (i) stunting prevalence (reported as a pro-
portion), (ii) measures of central tendency, and (iii) percentiles. Each descriptive metric was
estimated for all children under the age of 5 years (<5y) and the 2 to 5 years (2-5y) age range.
Given the population-average growth faltering that is common in LMICs up to 2 years of age
(irrespective of the metric used) [13], cross-sectional metrics (i.e., mean, 25t percentile, stunt-
ing) were not estimated for the period defined as 1 month to 2 years of age (1mo-2y).

Model-derived metrics were estimated from regression models based on height or HAZ
data for children <5y for each survey and were divided into 3 groups: (i) predicted HAZ at
specific ages; (ii) regression slopes of HAZ, HAD, or GD as a function of age; and (iii) the
SITAR intensity parameter. To generate the type (i) and (ii) model-derived metrics, we fit a
linear spline model of HAZ as a function of age for the <5y population in each survey, with a
knot at 731 days (2 years of age). We chose to model HAZ as a function of age rather than use
raw heights because the HAZ-age slopes were linear and simpler to fit using linear splines than
the curvilinear pattern of raw height-age curves [13]. The knot placement at 731 days is consis-
tent with the theory that the critical postnatal period to prevent undernutrition is within the
first two years [19]. Predicted mean HAZs at birth, 2 years, and 5 years of age were estimated
from the linear regression spline model. HAZ slopes for the 1mo-2y and 2-5y intervals were
determined by dividing the difference in predicted HAZ between the beginning and end of
each interval by the total duration (in years) of the interval. Predicted HAZs at 1 month, 2
years, and 5 years were each converted to their corresponding HADs (based on the
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Height-for-age metrics

— Stunting % HAZ <-2 SD (2-5y, <5y)
Descriptive Central tendency Mean HAZ (2-5y, <5y)

— Percentile p25 HAZ (2-5y, <5y)

— Model prediction Predicted HAZ (birth, 2y, 5y)

Model-derived Model slope HAD slope (1m-2y, 2-5y)

HAZ slope (1m-2y, 2-5y)

Growth delay slope (1m-2y, 2-5y)

— SITAR model Intensity parameter

Fig 1. Descriptive and model-derived linear growth metrics.

https://doi.org/10.1371/journal.pgph.0001766.g001

WHO-GS), and then HAD slopes were calculated in a similar manner as HAZ slopes for the
same age intervals (1mo-2y and 2-5y). The predicted HAZs from the HAZ-age model were
also used to generate height-age estimates at 1 month, 2 years, and 5 years. A population’s
observed mean height is located along the median height trajectory of the WHO-GS; the age
(of the standard population) at which the mean height is closest to the WHO-GS median is the
population’s average ‘height-age’. In the setting of linear growth faltering, the height-age will
be younger than the actual chronological age; this discrepancy can be expressed as GD, which
is calculated as the arithmetic difference between the chronological age and the estimated
height-age [13]. GD slopes were calculated using the same approach as for HAZ and HAD
slopes. Since quantifying height-age at <1 month was not feasible using the WHO-GS, GD
slopes could not be calculated for a birth-to-2 years interval; therefore, the 1 month to 2-year
age interval was used for HAZ, HAD and GD slopes. We used model-predicted HAZ to
express mean height at discrete ages; inferences would be the same had we used mean HAD or
GD instead of HAZ because these measures are interchangeable when used at single time
points [13]. We assumed a 1:1 sex ratio (male:female) for population-level derivation of HAD
and GD from the corresponding predicted HAZ. Positive HAZ and HAD slopes represent
favorable trajectories (i.e., mean HAZ/HAD are moving up to zero), whereas positive GD
slopes are unfavorable (i.e., accrual of a delay). To estimate the SITAR intensity parameter for
each DHS survey, we first generated mean heights within 2-month age intervals to create
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Table 1. Definitions of linear growth metrics.

Linear growth metric

Definition and statistical notes

Mean Stunting

Proportion of children within a specified age interval (less than 5 years of age, 2-5 years of age) with a height more than 2 standard deviations below the

Prevalence reference median for age and sex (HAZ <-2):
Number of children in age interval
[Numll:flz; ﬂif irig;zervul] x 100
Mean HAZ Sum of all individual child HAZ values in a specified age internal (less than 5 years of age, 2-5 years of age) divided by the number of values:
Z(HAZ, +HAZy+--HAZ,)
25" Percentile HAZ Value at the 25" percentile of the observed HAZ distribution in a specified age interval (less than 5 years of age, 2-5 years of age).
Predicted HAZ Predicted (mean) HAZ at a specified age (at birth, at 2 years of age, at 5 years of age) based on a linear spline regression model of HAZ versus age from
birth to 5 years of age, with one knot at 731 days of age:
HAZ(age) = P, (age,)(age) + B, age,)(age — T31) + ¢
Where age is the observed age of a child, age, and age,, are indicators for whether age is <731 days or >731 days, respectively, and c is the intercept.
Although expressed in units of HAZ in the present analyses, these metrics could be re-expressed on either HAD or GD scales and would retain the same
interpretation (i.e., mean HAZ, mean HAD and mean GD at one age timepoint are all nearly perfectly correlated with one another [13].
Slope of HAZ Model-derived slope within a specified age interval (1 month-2 years of age, 2-5 years of age):
HAZ slope ;. 1, o0y = W
Where HAZ is the predicted HAZ based on the regression model described above, age, is the age at the beginning of the interval, and age; is the age at
end of the interval.
Conventional interpretation: A negative slope indicates further growth faltering, a positive slope denotes catch-up growth.
Slope of HAD Height-for-age difference (HAD) is the difference between an observed height and the median age-specific height from the WHO growth standards.
Here, predicted HAD at a specified age was derived from the predicted HAZ as follows (steps 1 and 2):
Step 1: Length(age) = m x (HAZ(age) x s + 1)
Step 2: HAD(age) = Length(age) — m
Where m is the average of the age-specific WHO-GS m parameters for boys and girls, HAZ is the predicted HAZ (see model above for ‘Predicted HAZ’),
and s is the average of the age-specific WHO-GS s parameters for boys and girls [18]. The model-derived slope of HAD was then calculated within a
specified age interval (1 month-2 years of age, 2-5 years of age):
Step 3:
HAD slopeugeU 0 gy = W
Where HAD is the predicted HAD calculated in step 2, age, is the age at the beginning of the interval, and age; is the age at end of the interval.
Conventional interpretation: A negative slope indicates further growth faltering; a positive slope denotes catch-up growth.
Slope of GD Growth delay (GD) is the difference between the height-age and chronological age, calculated as follows (steps 1-3):
Step 1: Length(age) = m x (HAZ(age) x s + 1)
Where m is the average of the age-specific WHO-GS m parameters for boys and girls, HAZ is the predicted HAZ (see model above for ‘Predicted HAZ’),
and s is the average of the age-specific WHO-GS s parameters for boys and girls [18].
Step 2: Determine the age corresponding to Length(age) in the WHO-GS [3].
Step 3: GD(age) = age — age,uo_cs
Then, the model-derived slope of GD is calculated within a specified age interval (1 month-2 years of age, 2-5 years of age) [13].
Step 4:
GD slope,g,, 1, o, = 22=00080) “’ﬁ;;:fgz f“ge“)
Where HAZ is the predicted HAZ, age, is the age at the beginning of the interval, and age; is the age at end of the interval.
Proposed interpretation: A flat slope indicates complete catch-up growth; a positive slope indicates continued growth faltering.
SITAR intensity Scaling factor that represents a population’s growth rate as percentage of the mean growth rate of all included populations (0-5 years), estimated using a
parameter growth curve model fit for population i at time ¢:

Yu = %+ hlexp(y) x (t = B))] + &

Where 0; is a random height effect for population i, 4 is a cubic B-spline function, p; is a random age effect, y; is the intensity parameter representing
how compressed or expanded the growth rate of one observed population i is compared to the global average growth rate, and €;; are residuals [14, 15].

Conventional interpretation: The higher the intensity, the higher the population growth rate relative to the global mean growth rate.

The World Health Organization Growth Standards 2006 were used as the reference population for calculating HAZ [3]. Abbreviations: Growth Delay (GD), Height-for-
age difference (HAD), Height-for-age z score (HAZ), Super-Imposition by Translation and Rotation (SITAR).

https://doi.org/10.1371/journal.pgph.0001766.t001
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trajectories from birth to 5 years of age. The SITAR growth model was then fit for each DHS
survey in comparison to the mean growth curve of all surveys. The intensity parameter, which
represents the velocity of a growth curve as a proportion of the velocity of the mean growth
curve, was estimated from the SITAR model for each survey as previously described [15]. All
descriptive and model-derived metrics were generated accounting for DHS survey sampling
design using strata, cluster, and sample weights. HAZ was calculated using the WHO Child
Growth Standards STATA igrowup package [20].

Population indicator selection

Three indicators of population health and development are known to be associated with child
growth and nutritional status, and which were available for all survey years, were selected for
inclusion in the analysis [8]. Mortality rate under 5 years of age (<5y) was defined as the num-
ber of deaths before five years of age per 1000 live births. A country’s economic output was
measured by gross domestic product (GDP) per capita adjusted for purchasing power parity in
2017 in constant international dollars. Under 5y mortality and GDP data were obtained from
the World Bank [21]. Maternal education was defined as the proportion of women whose
highest level of education was secondary school or above; data for maternal education were
extracted from each DHS survey.

Complementary and alternative growth metric selection and validity
assessment

Scatterplots with linear fit lines and locally weighted scatterplot smoothing (LOWESS) curves
were generated for each metric-metric and metric-indicator comparison. Some relationships
demonstrated non-linearity so we used Spearman’s rank correlation coefficients, the absolute
values of which (|r]) are shown unless otherwise specified (+r or-r).

Metrics were considered to be potential alternatives to stunting if they were very strongly
correlated with stunting prevalence (|| >0.95). Those that had weaker correlations (|r|<0.95)
with stunting were considered to be potentially complementary to stunting. Complementary
metrics were considered as having potentially relevant information about linear growth that
would not be captured by stunting prevalence alone. We also considered metrics in terms of
their suitability as alternatives to stunting prevalence 2-5y, using similar criteria as for stunting
prevalence <5y.

Validity assessment was based on the correlation between each population indicator and
linear growth metric using the correlations of stunting with the population indicators as
benchmarks. Candidate alternative metrics (i.e., |r|>0.95 with stunting) were prioritized if
they also performed at least as well or better than stunting in terms of their correlation with
the three population indicators. The core assumption underlying these analyses was that
anthropometry-derived metrics that provide valid representations of the health of a population
should have relatively robust associations with other indicators of population health and devel-
opment. This assumption is supported by a framework that was developed using evidence
from studies that examined cross-national variation in HAZ/stunting via ecological or multi-
level analyses [22, 23] and has been published elsewhere [8]. We did not compare correlation
coefficients across the different population-level indicators (e.g., correlation of mean HAZ
with under 5y mortality versus correlation of mean HAZ with GDP).

Since survey recency may affect the strength of correlation between linear growth metrics
and population indicators, we conducted a sensitivity analysis to assess the correlation strength
between linear growth metrics and population indicators when including, for each country: 1)
only the earliest survey; 2) only the survey closest to 2010, the midpoint of survey year range;
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or, 3) only the most recent survey. Every country was represented once in each time period. If a
country had two surveys that were equidistant from the midpoint (2010), the later survey was
included in the midpoint analysis. If a country had only 1 survey, it was included in all analyses.

In secondary analyses, we compared the model-derived interval-specific slope metrics
(HAZ, HAD and GD) to their correlations with under-5 stunting, predicted HAZ at the begin-
ning and end of the age intervals, and across the age intervals (1mo-2y versus 2-5y).

SITAR modeling was done in R using the nlme package [24] and Tim Cole’s sitar package
[25]. Other statistical analyses were carried out in Stata version 16.1 MP (College Station,
Texas, USA). Some figures were produced using Tableau desktop (2021.1.5) and Microsoft
Excel 2019. Code was independently verified by a second data analyst.

Results

A summary of the surveys included in the analysis is presented in Table 2. There were 156 sur-
veys from 63 countries included (S1 Table). The median (and range) of sample sizes per survey
was 5,461 (1,290 to 239,588), and most children were > 2 years of age (Table 2).

Correlations of candidate growth metrics with stunting prevalence <5y

Six of the candidate metrics had correlation coefficients of 0.95 or greater with stunting preva-
lence <5y and were therefore classified as potential alternatives to stunting (Table 3; S2 Table):
5 descriptive metrics (stunting at 2-5y, mean HAZ <5y and 2-5y, 25" percentile (p25) HAZ
<5y and 2-5y) and 1 model-derived metric (predicted HAZ at 2y). These metrics as well as
two additional model-derived metrics (predicted HAZ at 5y and GD slope 1m-2y) were highly
correlated with stunting 2-5y with |r| > 0.95 (Table 3; S2 Table). As with predicted HAZ at 5y

Table 2. Characteristics of demographic and health surveys included in analyses.
Characteristic n =156
Countries, n 63

Surveys per country, n(%)

1 19 (30%)
2 19 (30%)
>2 25 (40%)
Surveys by calendar period, n(%)
2000-04 28 (18%)
2005-09 42 (27%)
2010-14 49 (31%)
2015-2020 37 (59%)
Surveys by world region (UNICEF category), n(%)
East Asia and Pacific 3 (5%)
Eastern Europe and Central Asia 6 (10%)
Latin America and Caribbean 9 (14%)
Middle East and North Africa 3 (5%)
South Asia 5(8%)
Eastern and Southern Africa 18 (28%)
West and Central Africa 19 (30%)
Children per survey, median (range) 5461 (1290, 239588)
Children by age category as a percent of all children under 5 years of age, median (range)
< 2 years of age 41 (34, 48)
2-5 years of age 59 (52, 66)
Survey-specific mean height-for-age z-scores, median (range) -1.33 (-2.24, -0.14)

https://doi.org/10.1371/journal.pgph.0001766.t002
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Table 3. Correlations between candidate linear growth metrics.

<5
years

2-5
years

month

years

Stunting
Prev.

Mean
HAZ
p25 HAZ
SITAR
1P
Pred.
HAZ oy
Stunting
Prev.
Mean
HAZ
p25 HAZ
HAZ
slope
HAD
slope
GD slope
Pred.
HAZ 5y
HAZ
slope
HAD
slope
GD slope

Pred.
HAZ 2y

Stunting
Prev.

-0.97

-0.99
-0.88

-0.32

0.99

-0.97

-0.97
0.05"

-0.62

0.86
-0.94

-0.69

-0.83

0.94
-0.95

Mean
HAZ

-0.97

0.94
0.86

0.42

-0.96

0.98

0.93

-0.08™

0.60

-0.86
0.95

0.64

0.80

-0.94
0.96

<5 years
p25
HAZ
-0.99

0.94

0.88

0.27

-0.98

0.95

0.99
-0.07™

0.59

-0.84
0.93

0.71

0.84

-0.93
0.93

<5 years

2-5 years 1 month- 2 years
SITAR | Pred. | Stunting | Mean | p25 HAZ | HAD | GD | Pred. HAZ | HAD | GD | Pred.
jig HAZOy| Prev. HAZ | HAZ | slope | slope | slope | HAZ | slope | slope | slope | HAZ
5y 2y
-0.88 -0.32 0.99 -0.97 | -0.97 | 0.05™ | -0.62 | 0.86 | -0.94 | -0.69 | -0.83 | 0.94 | -0.95
0.86 0.42 -0.96 0.98 0.93 -0.08" | 0.60 | -0.86 | 0.95 0.64 0.80 | -0.94 | 0.96
0.88 0.27 -0.98 0.95 099 | -0.07™ | 059 |-084| 093 | 0.71 | 0.84 |-093 | 0.93
- 0.02" -0.93 0.93 092 | 0.13™ | 073 |-092| 095 | 0.81 | 0.87 |-0.88  0.86
0.02™ - -0.24 0.26 0.18 | <0.01™| 0.19 | -0.25| 026 | -0.35 | -0.12" | -0.16 | 0.25
-0.93 -0.24 - -0.99 -0.98 | 0.03™ | -0.65 | 0.89 | -0.97 | -0.74 | -0.87 | 0.95 | -0.95
0.93 0.26 -0.99 - 096 | -0.04™ | 0.64 |-089 | 097 | 0.74 | 0.87 |-096 0.97
0.92 0.18 -0.98 0.96 - -0.04™ | 0.62 | -0.87 | 0.95 0.76 0.87 | -094 | 0.93
0.13"™ | <0.01™ | 0.03™ 0.04" | -0.04™ - 071 | -037 | 0.15™ | -0.25 | -0.27 | 0.27 | -0.26
0.73 0.19 -0.65 0.64 0.62 0.71 - -091 | 0.79 0.31 0.38 | -0.44 | 0.45
-0.92 -0.25 0.89 -0.89 | -0.87 | -0.37 | -0.91 - -0.97 | -0.57 | -0.67 | 0.75 | -0.76
0.95 0.26 -0.97 0.97 0.95 0.15" 0.79 | -0.97 - 0.68 0.80 | -0.89 | 0.89
0.81 -0.35 -0.74 0.74 0.76 -0.25 0.31 | -0.57 | 0.68 - 0.96 | -0.83 | 0.77
0.87 -0.12" -0.87 0.87 0.87 -0.27 0.38 | -0.67 | 0.80 | 0.96 - -0.94 | 091
-0.88 -0.16 0.95 -0.96 -0.94 0.27 -0.44 | 0.75 | -0.89 | -0.83 | -0.94 - -0.99
0.86 0.25 -0.95 0.97 0.93 -0.26 0.45 | -0.76 | 0.89 0.77 091 | -0.99 -
2-5 years 1 month- 2 years

N = 156 surveys. Grey shaded cells have an absolute Spearman’s correlation coefficient > 0.95. Abbreviations: 25th percentile (p25), Growth Delay (GD), Height-for-age

difference (HAD), Height-for-age z score (HAZ), Month (m), Predicted (Pred.), Prevalence (Prev.), Super-Imposition by Translation And Rotation Intensity Parameter

(SITAR-IP), Year (y)

" Non-significant Spearman’s correlation coefficient p > 0.05. All other coefficients are significant with p < 0.05.

https://doi.org/10.1371/journal.pgph.0001766.t003

and GD slope 1m-2y, the remaining 7 metrics had |r| < 0.95 with stunting prevalence and
were therefore considered as potential complementary metrics (Table 3; S2 Table). Among
these, SITAR-IP had the strongest correlation with stunting prevalence <5y (|r| = 0.88) while
HAZ slope 2-5y and predicted HAZ at birth had the weakest correlations ((|r| = 0.05 and 0.32,
respectively). In a post-hoc analysis including each country’s most recent survey, country
rankings differed based on the metric, particularly among metrics considered potentially com-
plementary (S2 Fig).

Correlations of linear growth metrics with indicators of population health
and development

Correlations between stunting prevalence <5y and the population indicators were +0.65 for
under 5y mortality, —-0.71 for GDP, and -0.59 for maternal education (Figs 2 and 3; S3 Table).
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Fig 2. Relationships between under 5y mortality rate and linear growth metrics. Selected metric-indicator
relationships show varying strengths of correlation of linear growth metrics with under 5y mortality rate (defined as
the number of deaths before five years of age per 1000 live births). Each blue circle represents one Demographic and
Health Survey (N = 156). Abbreviations: Height-for-age difference (HAD), Height-for-age z score (HAZ), Month (m),
year (y).

https://doi.org/10.1371/journal.pgph.0001766.g002

Compared to stunting, all six candidate alternative metrics had similar and, in several
instances, slightly stronger correlations with the population indicators (Fig 3). For 6 of the 9
candidate complementary metrics (SITAR-IP, predicted HAZ at 5y, HAZ slope 1 m-2y, HAD
slope 1m-2y, GD slopes 1m-2y and 2-5y), the magnitudes of their correlations with the popula-
tion indicators ranged from 0.48 to 0.72 for under 5y mortality, 0.64 to 0.72 for GDP, and 0.48
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Fig 3. Correlations of candidate linear growth metrics with population indicators (N = 156 surveys). Under 5y mortality rate defined as the number of deaths
before five years of age per 1000 live births. GDP defined per capita adjusted for purchasing power parity in 2017 in constant international dollars. A vertical
dotted line represents the correlation of each population indicator with stunting among those under 5 years of age. Abbreviations: 25th percentile (p25), Growth
Delay (GD), Height-for-age difference (HAD), Height-for-age z score (HAZ), Month (m), Super-Imposition by Translation and Rotation Intensity Parameter

(SITAR-IP), year (y).
https://doi.org/10.1371/journal.pgph.0001766.9003

to 0.63 for maternal education (Fig 3; S3 Table). Two of those 6 complementary metrics (pre-
dicted HAZ at 2y, GD slope 1m-2y) had correlations that were generally stronger than those of
stunting prevalence <5y, and SITAR-IP was all similar to stunting prevalence <5y (Fig 3; S3
Table). The other 3 of 9 candidate complementary metrics (HAZ slope 2-5y, HAD slope 2-5y,
and predicted HAZ at birth) had consistently lower magnitudes of correlation with the popula-
tion indicators; in particular, predicted HAZ at birth was an outlier with correlation magni-
tudes all less than 0.1 (Figs 2 and 3 and S3 Table).

Sensitivity analyses demonstrated a pattern of mostly weakening correlations of linear
growth metrics with under 5y mortality and GDP from earliest to most recent surveys, whereas
many of the relationships with maternal education were more stable over time (S3 Fig). Pre-
dicted HAZ at birth and HAZ slope 2-5y were exceptions, as several of their correlations with
under 5y mortality and GDP were of higher magnitude in the most recent surveys compared
to earlier surveys (53 Fig).

Comparisons among age interval-specific HAZ, HAD and GD slopes

In further comparisons of the model-derived slopes, GD slopes in both age intervals had
slightly stronger correlations with stunting prevalence <5y (+0.94 and +0.86 for 1m-2y and 2-
5y, respectively) than HAD slopes (-0.83 and -0.62 for 1m-2y and 2-5y, respectively) (Table 3;
S1 Fig). HAZ slope 1m-2y had a robust association with stunting prevalence <5y in the
expected direction (r = -0.69) but HAZ slope 2-5y was not correlated with stunting prevalence
<5y (r=+0.05) (Table 3; S1 Fig). Correlations of HAZ slope 2-5y with the population indica-
tors were weaker than those for HAD and GD slopes 2-5y, and had opposite interpretations
(S3 Table).
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Correlations of the slope metrics with predicted HAZ at the beginning and end of the corre-
sponding age intervals varied in magnitude and direction (Table 3). For the 1m-2y age interval,
the slope metrics had weaker correlations with predicted HAZ at birth (0.12 < |r| < 0.35) than
predicted HAZ at 2y (0.77 < |r| < 0.99). The direction of these correlations changed from neg-
ative at birth to positive at 2y for both HAZ and HAD slopes, whereas correlations with GD
slopes were negative for both time points (i.e., progressive faltering defined as an increase in
GD was associated with lower mean HAZ at birth and 2 years) (Table 3). HAZ slope 2-5y had
a weak correlation that was inverse (r = -0.26) for predicted HAZ at 2y and positive (+0.15) for
predicted HAZ at 5y. Correlations between HAD slope 2-5y and predicted HAZ at 2y and 5y
were stronger and positive (+0.45 and +0.79, respectively), and GD slope 2-5y had stronger
negative correlations with predicted HAZ at 2y and 5y (-0.76 and -0.97, respectively)

(Table 3). When comparing each slope metric between the two age intervals, HAZ slope 1m-
2y was inversely correlated with HAZ slope 2-5y, whereas the two slopes were positively corre-
lated for both HAD and GD, though more strongly for GD (Table 3; S1 Fig). SITAR-IP was
uncorrelated with predicted HAZ at birth but had strong correlations with both predicted
HAZ at 2y (+0.86) and 5y (+0.95), and directions consistent with HAD and GD slopes in both
intervals (Table 3).

Discussion

The prevalence of under-5 stunting is a widely accepted indicator of the nutritional and health
status of children in LMICs and is currently used to determine whether countries are on- or
off-track with respect to achieving the WHO 2025 nutrition targets and SDGs [1, 4]. However,
stunting is based on a statistical rather than biological cut-point in the population-level height-
for-age distribution and is therefore prone to misinterpretation as a clinical classifier, rather
than its intended use as a statistical measure of location of an observed height-age distribution
compared to a healthy standard. In this study based on aggregated DHS datasets from 63
LMICs, we examined 15 other candidate linear growth metrics that can be derived from
anthropometric survey data and the same height-for-age distributions from which stunting is
estimated. Building on prior work [8], we considered metrics highly correlated with stunting (|
r| >0.95) as alternatives to stunting whereas those with somewhat weaker correlations may
serve in a complementary role. We applied a straightforward framework to validate the metrics
by considering their correlations with three established indicators of population health and
development: under 5y mortality, GDP, and maternal education.

Stunting prevalence <5y was relatively strongly correlated with population indicators,
affirming its validity as an indicator of the health and well-being of children in LMICs. The
findings did not support our hypothesis that stunting would be unduly influenced by errors in
the height or age data compared to measures of central tendency. However, several of the
other metrics performed as well or better than stunting in this study framework. Six of 15 met-
rics met our criteria as alternatives to stunting prevalence, and 6 others were promising candi-
dates as complements. The marked variability in country rankings among the complementary
metrics highlighted the extent to which they reflected different dimensions of the same under-
lying problem. In particular, model-derived metrics such as GD slopes and SITAR-IP may
demonstrate between-survey variations in the age-related dynamics of child growth that are
not revealed by stunting prevalence <5y or other descriptive statistics. The present findings
suggest these metrics may be considered for use alongside stunting to track progress in
advancing child growth and nutrition.

Several of our findings were unsurprising because standardized height distributions are
nearly symmetrical and increases in the proportion of HAZ < -2 generally reflect the negative
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shift of the whole height distribution rather than a left skewing [6, 7, 26]. As previously estab-
lished [8], stunting prevalence <5y and mean HAZ <5y were highly correlated and had simi-
lar magnitudes of correlations with population indicators. Briend et al. compared stunting to
mean HAZ in a cohort in Bangladesh and found the two indicators similarly reflected seasonal
and secular changes in nutritional status, although detecting differences in mean HAZ
required smaller survey sample sizes than stunting [27]. In its 1995 technical report, the WHO
Expert Committee on Physical Status elaborated on the conceptual and statistical advantages
of using mean HAZ instead of stunting prevalence to describe populations [7]. However, we
are not aware of prior studies that have empirically examined a range of statistics to summarize
length/height distributions or considered their ecological associations with health or socioeco-
nomic indicators.

The p25 HAZ metric was found to track closely with stunting prevalence <5y and mean
HAZ <5y; its correlation may have been stronger with stunting prevalence <5y than with
mean HAZ <5y because both p25 and stunting reflect the left tail of the distribution and do
not rely on an assumption of normality. Stunting prevalence, mean HAZ and p25 HAZ limited
to the 2-5y age range were all highly correlated with stunting prevalence <5y, perhaps partly
because most surveyed children under 5 years of age were >2 years of age. p25 HAZ <5y per-
formed at least as well as stunting prevalence <5y in the validation exercise while p25 HAZ 2-
5y generally outperformed both stunting prevalence <5y and 2-5y. Like mean HAZ, p25 HAZ
reflects the downward shift of the entire HAZ distribution and thereby conveys the notion of
linear growth faltering as a pervasive community problem affecting nearly all children in
LMICs. However, communicating the p25 HAZ metric may be challenging (e.g., its bench-
mark value for a healthy reference population is —0.675), and mean HAZ may be more appeal-
ing as it is nearly as robust as p25 HAZ and easier to interpret because it is a measure of central
tendency, whereby any value below 0 indicates that the distribution is left-shifted and therefore
the population has experienced linear growth faltering [7].

Longitudinal birth cohort studies have shown associations of birth length with neonatal
and infant mortality [28] and a substantial fraction of postnatal linear growth faltering is
already present at birth [29]. However, in the present study, predicted HAZ at birth performed
poorly both in terms of its correlation with stunting prevalence <5y and its relationship to
population indicators. Greater variance in early infant length measurements has been observed
in DHS datasets [6, 30, 31], suggesting that weak ecological associations of early infant length-
based metrics with population indicators may be due to greater anthropometric measurement
error at young ages. The poor performance of predicted HAZ at birth may also be due to the
selection of population indicators in this study; HAZ at birth may perform better if assessed in
relation to other indicators such as neonatal mortality, neurodevelopmental, or school-related
outcomes [32].

Predicted HAZ at 2y and 5y both performed well in the present framework and could serve
as alternatives to stunting as they share the same advantage with other measures of central ten-
dency in correctly reflecting a whole-population shift. Although we expressed these age-spe-
cific means on the HAZ scale, our prior work demonstrated that inferences would be
unchanged if these estimates were re-scaled as HAD or GD, since the three measures are
nearly perfectly correlated when calculated at discrete ages [13]. We previously reasoned that
GD is conceptually preferred because it reflects the underlying biological process of delayed
skeletal maturation and yields coherent statements about the severity of growth faltering based
on delays on the age scale rather than deficits in stature or z-scores [13], the latter of which are
unlikely to be intuitive for most lay audiences. Consideration may therefore be given to the
adoption of population-average GD at 2 and/or 5 years as alternatives to stunting prevalence
<5y for tracking between- and within-population differences in linear growth. Predicted GD
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at 5 years of age may be a particularly relevant metric where policies or programs target the
growth of preschool-aged children beyond the first thousand days of life.

Our previous work compared patterns of change in GD with age with those of HAZ and
HAD and presented a theoretical rationale for selecting GD over HAZ or HAD to describe
population-averaged linear growth trajectories [13]. Whereas HAZ and HAD are based on
comparisons to a reference population of the same chronological age, GD is a comparison to
healthy children of the same height-age; as growth faltering proceeds, chronological age
diverges from biological age (i.e. progressively lower height-ages compared to the chronologi-
cal age-matched reference population, yielding greater GD). The present study provides new
empirical support for the preference for GD to represent linear growth trajectories. For the
1mo-2y age period, when faltering is typically most pronounced regardless of which slope met-
ric is used [13], all 3 slope metrics were similarly correlated with the population indicators
(with magnitudes similar to those observed for stunting prevalence <5y). However, in the 2-
5y age period, GD slope outperformed the other slope metrics in the present validation frame-
work. HAZ slope 2-5y had weak correlations with the population indicators and the directions
were counter-intuitive (i.e., an improving mean HAZ-increasing towards zero-was correlated
with higher mortality, lower GDP and a lower proportion of women with secondary/higher
education). Furthermore, in sensitivity analyses, we found the correlations of HAZ slope 2-5y
with under 5y mortality and GDP were stronger in more recent surveys, contrary to our expec-
tation that these correlations would attenuate as health and economic status improves (which
is what was observed for stunting and many other metrics). Overall, these findings are consis-
tent with previous work showing that the use of mean HAZ to portray population-average fal-
tering (HAZ-tracking) may be problematic because the linear growth of children in a
population can be sub-normal yet appear faster than that of healthy children of the same start-
ing height and same chronological age [13]. HAZ-tracking classically suggests a plateau or
recovery of growth beyond 2 years of age in many LMICs where a mean HAZ slope greater
than 1 (i.e., upward, towards zero) is interpreted as catch-up growth [33]. However, both HAD
and GD clearly show continued faltering beyond 2 years of age [13], an inference reinforced
by the strong correlations of HAD and GD slopes between the two adjacent age intervals (1m-
2y versus 2-5y) and the strong correlations of HAD and GD slopes with SITAR-IP and pre-
dicted HAZ at the end of each interval. In contrast, use of HAZ slopes indicated that more
severe faltering at <2y correlates with faster catch-up from 2-5y (possibly a manifestation of
regression to the mean) [33] and, counter-intuitively, that faster catch-up from 2-5y is unre-
lated to either predicted HAZ 5y or stunting prevalence 2-5y. The conceptual pitfalls of HAZ-
tracking combined with the present empirical results put into question the widespread use of
HAZ-by-age graphs (sometimes referred to as “Victora plots’ [34]) to make within- and
between-country comparisons of the age-related dynamics of linear growth faltering.

Frameworks to judge the validity of novel health measures have generally focused on indi-
vidual-level classification (e.g., screening, intervention response) applicable to clinical settings
or epidemiological studies rather than population-average summaries of cross-sectional survey
data. Here, the validity assessment relied on ecological-level correlations with specific indica-
tors of population well-being to which child nutritional status is expected to be related. We
acknowledge this approach had a narrow scope and that use of other indicators of health,
socioeconomic status, or within-country inequalities may have yielded different conclusions.
However, the availability of population-representative measures of some of the other relevant
domains (e.g., cognitive development, school readiness) was limited in DHS surveys or not
available from other external data sources for all countries and survey years included in our
analyses [8]. Future work should consider other statistical properties of the examined linear
growth metrics; for example, variance (standard error) will influence the precision with which
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a metric enables between-population comparisons or tracking secular changes. Another key
consideration for future studies is the acceptability and/or interpretability of metrics for stake-
holders. Among advocates and policymakers, the familiar use of stunting has brought atten-
tion to the problem of childhood undernutrition in LMICs [4], even though the prevalence of
stunting under-estimates the total burden of undernutrition [26]. Furthermore, extensive
work has already established methods for measuring secular trends in stunting prevalence [4]
and set thresholds to prompt policy action [5]. Adoption of alternative and complementary
metrics would require similar efforts to define benchmarks and establish guidance for their
interpretation as health and nutrition indicators. Even if there is openness to new linear
growth metrics, a recent USAID report cited concerns about the low responsiveness of height-
based measures to interventions (i.e., failure to reduce stunting does not equate to a lack of
benefit for other outcomes) and recommended a broader set of indicators such as diet quality,
well-being, and health status [35]. Therefore, future research would ideally examine the
responsiveness of the proposed metrics to interventions and the extent to which their use
might differentially influence decision-making in diverse programming and policy-making
contexts [7, 36], including humanitarian emergencies and timely warning systems.

There are other limitations of this study that should be acknowledged. First, the perfor-
mance of the model-derived metrics may have been influenced by the regression modeling
approach. We generated HAZ, HAD and GD metrics from the same underlying HAZ-age
functions to promote their direct comparability, and included all data from 0 to 5 years in one
model with spline terms. In future applications, consideration may be given to modeling HAD
and GD separately or using distinct models for each age interval. Second, the number of sur-
veys was too low to precisely examine differences across world regions or other country-level
characteristics. Third, we did not examine variations in survey quality as a modifier of metric-
indicator correlations. In prior work, we explored whether an index of anthropometric survey
quality affected metric performance [37]; however, the approach was not included in the cur-
rent study, primarily because survey quality is itself associated with the burden of growth
faltering.

In conclusion, we identified several linear growth metrics derived from anthropometric
survey data that could be adopted for tracking global progress in child health and nutritional
status. Stunting, which was found to be a valid method of summarizing population height dis-
tributions, has the distinct advantages of being straightforward to estimate and familiar to pol-
icymakers. However, alternative metrics such as mean HAZ or p25 HAZ may offer conceptual
advantages, and others may provide complementary information about population-average
age-related dynamics of linear growth (e.g., GD slope 2-5y, SITAR-IP). The potential utility of
these alternative and complementary linear growth metrics warrants further research and vali-
dation in real-world applications, including assessments of their acceptability and ease of inter-
pretation by stakeholders.

Supporting information

S1 Fig. Scatterplots of relationships between linear growth metrics. Selected metric-metric
relationships shown here demonstrate the relationships of slope metrics between the 1m-2y
and 2-5y age ranges (both shown in units of HAZ) and the relationships of the slopes in the 2-
5y range with stunting prevalence <5y (shown as a proportion). Each blue circle represents
one Demographic and Health Survey (N = 156. Abbreviations: Growth Delay (GD), Height-
for-age difference (HAD), Height-for-age z score (HAZ), Month (m), year (y).

(PDF)
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S2 Fig. Ranking of countries by metric for the 10 countries with the lowest and 10 coun-
tries with the highest stunting prevalence. Panel A, 10 countries with the lowest stunting
prevalence. Panel B, 10 countries with the highest stunting prevalence. The most recent survey
for each country was used (N = 63). Surveys were ranked based on the estimated metric value.
Larger values of <5y mean HAZ, <5y p25 HAZ, 2-5y mean HAZ, 2-5y p25 HAZ, predicted
HAZ at 2y, <5y SITAR-IP, predicted HAZ at 5y, 1m-2y HAD slope, predicted HAZ at birth,
2-5y HAZ slope, and 2-5y HAD slope indicate less growth faltering and are ranked closer to 1.
Larger values of <5y stunting, 2-5y stunting, 2-5y GD slope, and 1m-2y GD slope indicate
greater growth faltering and are ranked further from 1. Candidate alternative metrics have a
>|0.95| Spearman correlation with stunting <5y and an absolute Spearman correlation with
under 5y mortality, gross domestic product, and the proportion of women with secondary
education or higher that is the same or higher than the correlation of stunting <5y with these
3 population health indicators. Candidate complementary metrics have a >|0.95| Spearman
correlation with stunting <5y and are moderately correlated with the 3 population health indi-
cators. Other metrics are those which did not meet the criteria for candidate alternative or
complementary. Abbreviations: Growth Delay (GD), Height-for-age difference (HAD),
Height-for-age z score (HAZ), Month (m), year (y).

(DOCX)

S3 Fig. Time trends of correlations of candidate linear growth metrics with population
indicators. Each analysis included one selected Demographic and Health survey from each
country (N = 63) that was either the ‘earliest or only’ survey, the survey closest to the midpoint
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