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Abstract
The relationship between altitude of residence and child linear growth is studied 
using data for 630,499 children below age 5 years born between 1992 and 2016, as 
recorded in 47 countries at elevations ranging from − 377 to 4498 m above sea level. 
Regressions are used to measure the role of household, community, and environ-
mental factors in explaining an observed altitude effect on linear growth. Control-
ling for birth year and country effects, and a range of factors correlated with altitude 
and associated with nutrition outcomes, for each 1000 m gain in elevation, height 
for age z score (HAZ) declines by 0.195 points on average. Country-specific esti-
mates of the association vary and include positive associations. Results highlight the 
potential links between developmental risks for children and features of their physi-
cal environment.

Keywords Altitude · Elevation · Economic development · Linear growth · Nighttime 
lights · Nutrition

Introduction

Background and motivation

Despite sustained international efforts to eradicate child undernutrition, it remains 
the most common health risk among young children (Ahmed et al., 2012). In 2018,  
149 million children under the age of 5 years worldwide were stunted and 49 mil-
lion exhibited low weight for height (UNICEF, WHO, and World Bank Group, 2019).  
Understanding the importance of the physical environment in shaping a child’s 
nutrition, growth and development is important for geographically targeting public 
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interventions and for assessing tradeoffs and synergies associated with interventions. 
Remote, high-altitude environments that are thinly populated by those living on the 
social and economic margins can present particular challenges for building infra-
structure, providing health services, and improving agriculture.

Intriguingly, a number of country-specific studies have identified an apparent dis-
advantage for children living at high altitudes. The seemingly pernicious effect of 
altitude is not fully explained by basic agricultural conditions, poverty, or simple 
remoteness from markets and services. For example, altitude was found to be a sig-
nificant predictor of linear growth at birth, 6 months, and 1 year for Bolivian chil-
dren living at 3600 m above sea level (masl) compared to their counterparts living 
at 400 masl, and similar findings were later reported for a different Bolivian sample, 
as well as for children in the US mountain west and Tibet (Argnani et  al., 2008; 
Dang et al., 2007; Greksa et al., 1985; Haas et al., 1982; Wang et al., 2016; Zahran  
et  al., 2014). Studies from high-altitude areas in Argentina (Roman et  al., 2015),  
and Ethiopia (Mohammed et al., 2020) have also found negative and statistically sig-
nificant associations between altitude and linear growth, with children living beyond 
2000 masl facing 28 percent greater odds of stunting, and children living at higher 
altitudes facing even greater risks.

At least three biological pathways could link altitude to growth: (i) chronic 
hypoxia, (ii) soil-determined mineral deficiencies in diets, and (iii) disease expo-
sure. In the first case, evidence points to slowed growth during pregnancy due to 
hypoxia (Moore et al., 2011). Hypoxia has been shown to affect growth in models of 
mice (Farahani et al., 2007), perhaps because chronic constant hypoxia (CCH) and 
chronic intermittent hypoxia (CIH) produce different body and organ growth pat-
terns. In CCH, changes to liver and kidney size are proportionate to body size, while 
heart, lungs, and brain are spared or increase in size vis-à-vis the body. Additionally, 
hypoxia impairs normal development in oxygen delivery tissues (Harrison et  al., 
2015), which suggests hypoxia-mediated regulation of growth may be an important 
aspect of development in all animals.

A second possible pathway is the link between the nutritional quality of foods 
and the nutrient profile of soils in which those foods are grown. For example, Gashu 
et al. (2021) find spatial variability in the micronutrient composition of staple cereal 
grains in Ethiopia and Malawi, with nutritionally important sub-national variation in 
calcium, iron, selenium, and zinc. Iron and zinc deficiencies, in particular, have been 
shown to be correlated with restricted linear growth (Bevis, 2015; Gibson et  al., 
2008; Prasad, 1991), and because the zinc content of a plant comes directly from 
the soil in which it grows, people who rely on their own agricultural production and 
consume limited amounts of animal protein may face risk of shortfalls (Mayer et al., 
2007; Singh, 2009). Bevis et al. (2019) show that low-zinc soils are associated with 
elevated rates of stunting in Nepal, and Tessema et al. (2019) find that soil zinc is 
associated with serum zinc in children in Ethiopia. There is also a growing body of 
evidence that zinc deficiencies can hinder the absorption of iron, so that a zinc defi-
ciency can contribute to an iron deficiency, which can also contribute to restricted 
linear growth (Graham et al., 2012). Some soils at high altitudes have been found 
to be deficient in zinc and iron (Andersen, 2007). If soils at lower altitudes have 
more iron and zinc than those at higher altitudes, children residing in subsistence 
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households at higher elevations may exhibit higher rates of stunting due to lack of 
iron and zinc in their diets compared with those at lower elevations. To the extent 
soils at lower altitudes have higher concentrations of iron and zinc, access to mar-
ket-provided food could reduce the risk of stunting and partly explain why wealth 
and income are commonly associated with reduced risk of stunting. If soils in areas 
isolated from markets are disproportionately prone to zinc deficiencies in ways that 
are systematically associated with elevation, this mechanism could drive outcomes. 
Furthermore, mineral soil deficiencies could be important at lower elevations. For 
example, a recent review placed zinc atop the list of micronutrients that are deficient 
in arable soils in sub-Saharan Africa, with boron, iron, molybdenum, and copper 
deficiencies also common (Kihara et al., 2020).

Drawing a connection between altitude and growth in the context of disease risk 
presents a challenge. Malaria has long-been associated with child stunting (Sharp 
& Harvey, 1980), and some characteristics of cropping systems are known to exac-
erbate malarial risk among highland populations (Lindsay & Martens, 1998). How-
ever, malaria prevalence and transmission tend to decrease seasonally at high alti-
tudes due to lower temperatures and humidity (Attenborough et al., 1997; Bødker 
et  al., 2003). Evidence regarding potential pathways connecting elevation, other 
vector-borne diseases, and stunting remains even less clear.

For each of the pathways identified above, potential confounders with the altitude-
growth relationship clearly arise. At the most basic level, Stinson (1982) found no 
growth differences between affluent high-altitude Bolivian children and affluent low-
altitude Guatemalan children, which suggest that socioeconomic factors can mediate 
the altitude-stunting relationship. Mortality rates have been shown to be higher in 
high-altitude ecological zones of Nepal than at lower elevations, but considerably 
higher among low-wealth populations (Chin et al., 2011). Similarly, increased mor-
tality rates in high-altitude populations have been measured in Peru (Mazess, 1965), 
Bolivia (Keyes et al., 2003), and India (Wiley, 1994). Better access to maternal and 
health services and food markets among the better-off may contribute to these pat-
terns (Chikhungu et al., 2014; Hotchkiss, 2001). Among household-level factors that 
strongly vary with altitude, maternal education stands out as a particularly impor-
tant predictor of linear growth (Bicego & Boerma, 1993; Boyle et al., 2006; Semba 
et al., 2008). Community-level economic status modifies the role of household-level 
socioeconomic status, which suggests improvements in access to basic community 
resources may contribute to individual child health (Fotso & Kuate-Defo, 2005; 
Stinson, 1982). Work from Nepal supports this conjecture. A number of studies find 
that height for age z scores (HAZ) and stunting rates have improved for children 
below age 5 since 2000, but gains have been largest for children from wealthier and 
more educated households (Budhathoki et  al., 2020; Dorsey et  al., 2018; Hanley-
Cook et al., 2020; Nepali et al., 2019; Shively, et al., 2020). Characteristics of chil-
dren and households explain most of the variance in HAZ and weight for height z 
scores (WHZ) in Nepal, with relatively smaller but statistically significant contribu-
tions from community-level factors (Smith & Shively, 2019). 

Informed by these past findings, our goals in this article are to (1) test the hypoth-
esis that altitude (elevation) of residence is, on average, negatively associated with 
child linear growth; (2) measure the extent to which various child-, household-, and 
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community-level characteristics mitigate this relationship; and (3) report the extent 
to which the altitude-HAZ relationship varies across countries. We study altitude 
and linear growth in as large a sample as is currently available, controlling for as 
many potential confounders as possible. Although our results do not establish a 
causal link between altitude, biological drivers, and early child growth, they do pro-
vide the strongest evidence to date of a link and underscore the need for additional 
research and policy attention on hidden biological and environmental drivers of 
stunting.

Methods

We use regression models to study patterns of long-term linear growth attainment 
in children age 5  years and below, as measured by height for age z score (HAZ). 
We combine data from multiple sources, starting with Demographic and Health Sur-
veys, and isolate the correlation between altitude and HAZ by controlling for observ-
able factors that are themselves likely to be correlated with altitude and child growth. 
Conceptually, HAZ is reflective of numerous factors, some of which (e.g., agronomic 
potential, household wealth, economic conditions, access to markets) may be fixed 
throughout early life and some of which (e.g., temperature, rainfall, disease exposure) 
may vary over time (Brown et al., 2014). For both short-term and long-term nutri-
tion indicators, timing of exposure to shocks may matter. For example, in a study 
of 30 countries in sub-Saharan Africa, Baker and Anttila-Hughes (2020) find that 
lifetime-scale effects largely explain observed negative relationships between child 
weight and temperature. Using DHS data from Ethiopia, Randell et al. (2020) find 
that greater rainfall during rainy seasons in early life is associated with greater HAZ, 
and that higher temperatures during the first and third trimesters of pregnancy are 
positively associated with subsequent stunting. Similarly, using DHS data from 16 
countries in sub-Saharan Africa, Thiede and Strube (2020) find high temperatures 
and low precipitation are associated with low child weight, and that high tempera-
tures increase risk of wasting. Omiat and Shively (2020) focus on agriculture and 
disease as potential causal pathways for such effects, finding positive and significant 
associations between crop yields and WHZ in Uganda, as well as strong correlations 
between excess rainfall and contemporaneous diarrhea incidence. Below, we attempt 
to minimize the influence of such possible time-varying effects by focusing on HAZ 
as an outcome, rather than WHZ, and by accounting for temporal markers including 
child age, birth year and month, and household time in residence.

Data sources and key measurements

Demographic and health surveys

Data used in the analysis come from public sources. The primary source is a series of 
Demographic and Health Surveys (DHS; www. measu redhs. com) conducted between 
2003 and 2016 across 47 countries in Africa, Southeast Asia, Eastern Europe, and Latin 
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America. Figure 1 maps geographic coverage of the surveys, which constitute the current 
subset of available DHS surveys for which reliable measures of altitude are available. 
All country-year combinations included in the dataset are listed in Appendix Table 5. 
Descriptive statistics for all variables are reported for the full sample in Table 1 and by 
continent in Appendix Table 6.

Each country provides between one and three survey years in the timespan cov-
ered. Each DHS is a nationally representative household survey and includes anthro-
pometric data, information on household health, sanitation, and demographic con-
ditions, and a community-level measure of altitude. The DHS surveys provide the 
primary data on child growth and child and household characteristics. DHS data are 
typically collected by trained enumerators under the supervision of a relevant gov-
ernment ministry, such as the Ministry of Health or Bureau of Statistics. Surveys 
are comprehensive and nationally representative household surveys focusing on men 
aged 15–59, women aged 15–59, and children under age 5. Most DHS samples are 
selected using a stratified two-stage cluster design and provide key health measure-
ments and indicators across relevant geographic and political zones. DHS data are 
georeferenced, but to protect confidentiality of respondents, data from the same enu-
meration area are aggregated to a single point and the coordinate is masked using a 
displacement process. Urban clusters are displaced up to 2 km, and rural clusters are 
displaced up to 5 km, with a randomly selected 1% of rural clusters displaced up to 
10 km (Burgert, et al., 2013).

DHS surveys do not define urban–rural locations. Instead, they adopt designa-
tions made by national governments and their statistical agencies. For this reason, 
the way the urban indicator is assigned to households in the DHS varies somewhat 
across countries. In some cases, the designation is population based, and in some 
cases, it is based on political or other criteria. The International Labor Office main-
tains a database (ILO, 2015) describing how various countries define urban areas.

Fig. 1  Map of world indicating 
data coverage (n = 630,499; 47 
countries)
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Table 1  Descriptive statistics for the sample (n = 630,499)

Variable Description Mean Std. Dev Min Max

HAZ Height for age z score (values ± 6 dropped)  − 1.41 1.76  − 6 6
Altitude Altitude (meters above sea level) 0.55 0.64  − 0.377 4.498
Male child Male binary indicator (1 = male, 

0 = female)
0.51 0.5 0 1

Age in months Age of child (months) 28.9 17.22 0 59
Vitamin A Children who received vitamin A (since 

2nd most recent campaign, 1 = yes, 
0 = no)

0.59 0.49 0 1

Vaccination Child vaccinated for Polio, BCG, DPT or 
measles (1 = yes, 0 = no)

0.9 0.31 0 1

Diarrhea Children with diarrhea in the last 2 weeks 
(1 = yes, 0 = no)

0.13 0.33 0 1

Fever Children who had a fever in the last 
2 weeks (1 = yes, 0 = no)

0.19 0.39 0 1

Breastfeeding Currently breastfeeding indicator (1 = cur-
rently breastfeeding, 0 = not breastfeed-
ing)

0.61 0.49 0 1

Mother’s 
height

Mother’s height (cms, outliers adjusted) 155.05 7.13 73.4 216

Mother’s BMI Mother’s body mass index (not adjusted 
for pregnancy)

22.43 4.32 12.02 60

Mother’s 
education

Mother’s education (in single years) 5.45 4.9 0 27

Female head Female head of household indicator 
(1 = female, 0 = male)

0.15 0.36 0 1

Rural Rural residence indicator (1 = rural, 
0 = urban)

0.71 0.45 0 1

Electricity Household has electricity (1 = yes, 0 = no) 0.57 0.49 0 1
Wealth quintile Household’s relative wealth position 

(5 = highest in the country based on 
wealth index)

2.74 1.39 1 5

Pop density 
rural

Population density/km2 (rural) 387.72 1439.73 0 66,821.9

Pop density 
urban

Population density/km2

(urban)
918.04 2508.56 0 54,840.8

Nightlight Average intensity of nighttime light 
radiation (observed in child’s birth year, 
adjusted)

9.58 15.83 0 63

(Nightlight)2 Average intensity of nighttime light radia-
tion squared (observed in child’s birth 
year, adjusted)

342.33 835.82 0 3969

NDVI Average NDVI (normalized difference of 
vegetation index) of child birth year

0.5 0.15 0 0.855699

Temperature Average annual temperature from 1950 to 
2010 (°C, by cluster)

23.53 4.24 0 30.1344

Rainfall Average annual rainfall from 1950 to 2000 
(mm, by cluster)

1243.55 777.43 0 8367.65
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Our observations constitute a pooled cross-section of 630,499 children under 
5 years of age born between 1992 and 2016 and measured in a specific survey at 
a specific point in time. Our outcome variable is height for age z score (HAZ), a 
standard measure of long-term nutritional status in children, calculated by compar-
ing a child’s linear growth attainment at a particular age to the median for that age-
sex cohort in the WHO reference population (WHO, 1995, 2006), normalizing by 
the standard deviation of the reference population. We use as our dependent variable 
the continuous measure of HAZ, rather than a binary, below-threshold, indicator, 
because we expect the relationship between altitude and linear growth to be poten-
tially nonlinear and mediated through other continuous variables.

We account for birth year and several individual- and household-level factors 
reported in the DHS, including duration of residence at the household’s location, 
the sex of the head of the household, and several variables capturing aspects of 
healthcare utilization. The DHS provides measures of maternal education and 
mother’s BMI. Maternal education can affect childhood health and nutrition 
directly. It also reflects parental background and earning potential. Similarly, a 
mother’s BMI is a direct measure of her health, and to the extent BMI reflects 
household food availability, dietary diversity, sanitation, or disease burden, includ-
ing her BMI in a child-level regression controls for these factors that we cannot 
observe directly. We also include an indicator of household electrification and a 
household wealth quintile index constructed for each DHS survey by matching 
observed household assets to an imputed wealth level (Filmer & Prichett, 2001). 
Although the underlying wealth index cannot be reliably compared across coun-
tries, since each is constructed within a specific country sample, its inclusion in 
regressions in the form of a relative quintile ranking does allow us to account for 
relative differences in economic status. Additional child-specific variables used in 
the regressions include age (in months), binary indicators of vitamin A supplemen-
tation, recent vaccinations, current breastfeeding status, recent fever and recent 
diarrhea (both within the past 14 days), mother’s height, and—in a sub-sample of 

Table 1  (continued)

Variable Description Mean Std. Dev Min Max

Growing 
period

Length of growing period (observed in 
DHS year, in days)

187.9 72.22 0 366

Child  diet1 Child dietary diversity score based on 
six food groups (6 = highest level of 
diversity)

2.07 1.80 0 6

Cooking  fuel2 Household uses improved cooking fuel 
(1 = yes, 0 = no)

0.22 0.41 0 1

Years  resident3 Number of years household resident in 
location at time of child’s measurement 
(years)

31.4 39.2 0 99

1 Subsample of observations (n = 360,396)
2 Subsample of observations (n = 340,732)
3 Subsample of observations (n = 460,892)
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observations—indicators for a child’s dietary diversity based on 7-day food recall 
and fuel source as a proxy for indoor air quality.

We rely on the DHS-reported measurement of altitude (elevation in masl), which 
is available for each survey cluster. This provides a reliable estimate of the altitude a 
child experiences because these clusters (i.e., small enumeration units roughly com-
parable to a community) are sufficiently small that it is unlikely that a household’s 
altitude would deviate markedly from the community value. The average altitude 
of residence in the sample is 549 masl (std. dev. = 644; min =  − 377; max = 4498). 
Approximately 4% of observations are at elevations above 2000 masl and 1% are 
above 3000 masl.

Although a large body of published research has established the reliability of the 
DHS data, a few anomalies were detected at altitude extremes (greater than 4500 
masl). Some of these high-altitude observations correspond to latitude and longi-
tude pairs that mapped to uninhabitable locations during the initial inspection of the 
data and were therefore removed (236 observations in total). Reported altitude was 
also checked against the highest recorded elevation in each country (CIA, 2020); 
recorded altitude for 24 observations from the same cluster in Nigeria exceeded 
Nigeria’s maximum elevation, and these were therefore dropped from the sample.

Geographic Information Systems data

To separate the influence of altitude from that of other potentially confounding loca-
tion-and environment-specific variables, we include non-DHS data corresponding 
to rainfall, temperature, the normalized difference vegetation index (NDVI), length 
of growing period, local population density, household electrification, and average 
intensity of nighttime light radiation and its square. Temperature, rainfall, NDVI, 
and length of growing period all account for important aspects of agricultural grow-
ing conditions and, hence, potential food security of the household. These varia-
bles are taken from Geographic Information System’s (GIS) sources and compiled 
as part of the Advancing Research on Nutrition and Agriculture (ARENA) project 
(https:// www. ifpri. org/ proje ct/ advan cing- resea rch- nutri tion- and- agric ulture- arena) 
conducted at the International Food Policy Research Institute (IFPRI). GIS data 
were merged with the DHS datasets in a way that assures the closest possible spatial 
and temporal overlap with the DHS.

Nighttime light radiation images are collected by the US Air Force Weather 
Agency and processed at the National Geophysical Data Centre (NGDC) of the 
National Ocean and Atmosphere Administration (NOAA) using Defense Meteoro-
logical Satellite Program (DMSP) Operational Linescan System (OLS). Version 4 
DMSP/OLS night-time image products from 1992 to 2013 (30 arc seconds spatial 
resolution; available at http:// www. ngdc. noaa. gov/ dmsp/ downl oadV4 compo sites. 
html) were used. DMSP operates satellites in sun-synchronous orbits with nighttime 
overpasses at 8–10 p.m. local time. Each OLS instrument generates a complete cov-
erage of nighttime light data in a 24-h period (Elvidge et al., 2001, 2009). Data were 
merged by country, DHS cluster number, and child birth year. Available GIS data do 
not contain data for 2014 to 2016; the value from 2013 was used for missing years. 
More than half of all observations from 2014 to 2016 are found in 2014, and the 
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year-to-year changes in values are sufficiently small that inaccuracies arising from 
the matching procedure are likely to be extremely minor.

Length of growing period is collected by the Agro-Ecological Zones project by 
the Food and Agriculture Organization (FAO, 2002). The variable is defined as the 
period (in days) during a year when precipitation exceeds half the potential evap-
otranspiration (FAO, 1978). Values corresponding to individual 5 arc-minute grid 
cells were merged with the DHS data by country, cluster number, and the year cor-
responding to the end of the DHS survey period.

Normalized Difference Vegetation Index (NDVI) is referred to as the continuity 
index to the existing National Oceanic and Atmospheric Administration-Advanced 
Very High Resolution Radiometer (NOAA-AVHRR) derived NDVI (Didan, 2015). 
NDVI effectively characterizes the global range of vegetation states and processes, 
i.e., “greenness” at the Earth’s surface as observed from space. Higher values of 
the index observed for a location indicate more intense vegetative cover than lower 
values. The spatial resolution of AVHRR on NOAA satellites is effectively 3 × 5 km 
for most global locations. NDVI values were merged with the DHS data by country, 
cluster number, and the year corresponding to the end of the DHS survey period.

Average rainfall comes from the Climatic Research Unit Time Series (CRU TS) 
of data sets (NCARS, 2017). The rainfall variable used is the average of annual 
totals from 1901 to 2015 for each DHS cluster. Temperature comes from the World-
Clim version 2 data sets (Fick & Hijmans, 2017). Temperature is calculated as the 
average over all days from 1970 to 2000 for the DHS cluster. Rainfall and tempera-
ture were merged with the DHS data by country, cluster number, and the year cor-
responding to the end of the corresponding DHS survey period.

Nighttime lights, population density, and electrification are useful proxies for a 
constellation of features associated with isolation and the built environment (Doll 
et al., 2000; Elvidge et al., 1997; Zhao et al., 2016). Accounting for isolation sepa-
rate from altitude may be particularly important because infrastructure development 
supports food security and other factors important for child health and growth. For 
example, Shively (2017) finds that infrastructure reduces children’s vulnerability to 
negative rainfall shocks, and Shively and Thapa (2016) find that transportation link-
ages moderate both the level and volatility of food prices, which matter for food 
security and dietary quality. To the extent altitude’s role might operate through 
restrictions on agricultural potential, controlling for these variables in our regres-
sions should increase the accuracy of the estimate of altitude’s association with child 
growth independent of the negative influence of altitude on food production.

Study limitations

Some factors considered fixed by location could vary by time if, for example, 
short-term factors such as environmental shocks cause households to migrate. To 
the extent migration decisions systematically coincide with birth timing, HAZ data 
could reflect spatial sorting of children. In some countries, internal migration tends 
to flow from high to low altitudes. As a result, our estimates regarding altitude could 
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depend on factors other than those we observe if children born at high altitudes to 
non-migrating mothers are systematically advantaged or disadvantaged compared to 
children born at lower altitudes. Available data do not allow us to directly control 
for household migration decisions or test for correlations. However, as a check we 
present results for an auxiliary regression that accounts for household duration in 
residence.

Another potential confounding factor in the chain connecting altitude to HAZ is 
indoor air quality. Evidence from Bangladesh (Hong et al., 2006) and India (Mishra 
& Retherford, 2007) shows that use of low-quality heating and cooking fuels is 
strongly associated with stunting risk and that children living at higher altitudes face 
greater exposure to smoke and respiratory illness (due to both greater heating needs 
and poverty-induced use of lower-quality fuels). Although an insufficient proportion 
of our sample includes information on cooking fuel to allow inclusion of proxies for 
indoor air quality in all reported regressions, we do report results for a sub-sample 
as a check of the impact of this measure on our estimates of altitude effects.

Finally, although we account for several drivers of agricultural production and 
health, we cannot fully eliminate transitory environmental shocks (e.g., rainfall, 
temperature), crop diversity, or diet patterns as explanations of differences in HAZ 
across altitudes. We believe the inclusion of rainfall, NDVI, and length of grow-
ing period account for a large proportion of the variance in underlying agricultural 
potential and crop diversity. Including maternal BMI in our models also captures a 
substantial component of underlying household food access and health, since moth-
er’s BMI and child HAZ are likely to be sensitive to food entitlements and health 
shocks in similar ways. To test for the possible relationship between agricultural or 
dietary diversity, we estimate regressions with a sub-set of our data for which indi-
cators of dietary diversity were reported. This does not rule out potential dietary 
differences as an unobserved confounder in our full sample, but it is not obvious that 
diets should matter more at some altitudes than others, or that unobserved variation 
in diets could fully account for patterns observed.

Results

Descriptive statistics

We use a pooled dataset combining children from all 47 countries and all 25 birth years. 
Each survey reflects substantial variation in HAZ values (Fig. 2) and in altitude (Fig. 3). 
We summarize the bivariate relationship between altitude and HAZ in Figs. 4 and 5. In 
Fig. 4, average values of HAZ, grouped by ten values of altitude, are plotted against a 
local polynomial regression of HAZ on altitude. In Fig. 5, the solid line also represents 
a local polynomial regression of HAZ on altitude, but to illustrate the basic relationship 
between altitude and HAZ for specific countries, as well as the highest altitudes recorded 
in each country, the scatter points in Fig. 5 plot the median HAZ for each country against 
the maximum altitude recorded in each country. Figures 4 and 5 illustrate the uncondi-
tional relationship between altitude and HAZ. They clearly suggest a negative relation-
ship, but show that HAZ is by no means determined by altitude. Regressions reported 
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below are designed to isolate as much as possible the independent contribution of alti-
tude to HAZ by controlling for factors associated with place of residence.

Regression results

We begin by fitting a baseline model of HAZ as a function of altitude, which 
enters linearly. We then sequentially add sets of variables that could be expected to 
account for the HAZ-altitude relationship (Table 2). All main regressions employ 
fixed effects for country, the child’s birth year, and country crossed with birth year. 
Regressions are unweighted. To adjust for the possibility that the HAZ residuals 
may be correlated within sampled locations, all standard errors are clustered at the 
level of the DHS sample unit. Model 1 includes altitude only. This establishes the 
basic finding of interest, namely, a negative association between altitude and HAZ. 
Adding child-level variables in Model 2 does not impact the negative relationship.

Fig. 2  Distribution of height for age z score, by country. Figure 2 graphically depicts HAZ quartile val-
ues in each country (n = 47). Open circles indicate median HAZ values for each country. Ticks represent 
the lower (left) and upper (right) adjacent values; the edges of the shaded boxes represent the 25th (left) 
and 75th (right) percentiles. Outside values excluded from the figure
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Model 3 adds to Model 2 a set of maternal and household-level variables. Key 
variables of the mother (height, female headship, education, breastfeeding, and BMI) 
display strong individual and joint significance (F[5,71202] = 3869.70; p = 0.0000). 
Children who have taller mothers with more education and higher BMI are likely 
to have higher HAZ. Rural children have significantly lower HAZ than urban chil-
dren, although the difference (0.02 z score) is negligible. Relative wealth rankings 
are strongly associated with HAZ in the sample, with each step up to a higher quin-
tile associated with a 0.07- to 0.13-point increase in HAZ. The largest incremen-
tal increase comes from moving from the 4th to 5th (top) quintiles, and the overall 
HAZ gap between children in the top and bottom quintiles is nearly half a standard 
deviation. In Model 3, coefficients for vitamin A and vaccinations are reversed from 
Model 2, and negative. One interpretation is that the indicators are collinear with 
mother’s education (excluded from Model 2) and their negative associations with 
HAZ reflect a pattern in which low HAZ children are more likely to visit clinics due 
to illness and receive supplementation and vaccination as a result.

Fig. 3  Distribution of altitude, by country. Figure 3 graphically depicts altitude quartile values in each 
country (n = 47). Open circles indicate median altitude for each country. Ticks represent the lower (left) 
and upper (right) adjacent values; the edges of the shaded boxes represent the 25th (left) and 75th (right) 
percentiles. Outside values excluded from the figure
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Model 4 adds to Model 3 location-specific variables that drive or account for 
economic development (nighttime light radiation, population density) or agricul-
tural conditions (NDVI, temperature, rainfall, length of growing period). Most 
are correlated with HAZ at standard significance levels. HAZ increases with 
nighttime lights, suggesting the overall intensity of local economic activity is 
positively associated with HAZ, albeit at a diminishing rate. The positive coef-
ficients for rainfall and length of growing period suggest beneficial conditions for 
crops are likely beneficial for child growth via agricultural production and food 
security. Higher temperatures and higher NDVI values, in contrast, are negatively 
associated with HAZ. After accounting for these additional variables, the esti-
mated coefficient for altitude strengthens in magnitude and retains its statistical 
significance. In terms of magnitude, a 1000-m increase in altitude more than off-
sets the HAZ gain associated with belonging in the fourth wealth quintile rather 
than the lowest (for example, the coefficient on altitude is − 0.195 in Model 4, 
whereas the coefficient for the fourth wealth quintile relative to the lowest quin-
tile is 0.209).

The insensitivity of the altitude coefficient to inclusion of household variables 
(Model 3) and location-specific economic and environmental variables (Model 4) 
is the key finding in this series of models, but leaves open whether the relationship 
might be accounted for by additional child or environmental factors. To address this 

Fig. 4  Altitude and height for age z scores (by altitude groupings). Figure 4 illustrates the bivariate rela-
tionship between altitude and HAZ in the sample. The solid line represents a local polynomial regres-
sion of HAZ on altitude, constructed with Epanechnikov kernel and bandwidth of 750 (n = 630,499). The 
shaded area represents the 95% confidence band for the estimate. Scatter points display the mean HAZ 
for each of ten groupings of altitude values
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conjecture, three auxiliary regressions (models 5–7) are reported in Table 3. These 
provide robustness checks for the main regression results. In addition, the possibility 
of non-linear altitude effects is explored via Model 8 in Table 4.

Model 5 reports results for a regression that accounts for child dietary diver-
sity via a dietary diversity score. This score is available for a subset of the sam-
ple (360,396 observations, 57% of the full sample). Results for dietary diversity are 
as expected: more diverse diets are associated with better linear growth outcomes. 
However, the inclusion of this variable does not alter the HAZ-altitude relationship 
or diminish the magnitude of the estimated correlation.

Fig. 5  Altitude and height for age z scores (country medians scatter plot). Figure  5 illustrates the 
bivariate relationship between altitude and HAZ in the sample. The solid line represents a local poly-
nomial regression of HAZ on altitude, constructed with Epanechnikov kernel and bandwidth of 750 
(n = 630,499). The shaded area represents the 95% confidence band for the estimate. Scatter points dis-
play the median HAZ for each country plotted against the maximum altitude recorded in each country 
(n = 47). For convenience when generating the scatter plot, markers for eight countries with a compar-
atively high median HAZ have been suppressed. These are Albania (median HAZ =  − 0.65), Armenia  
(− 0.30), Colombia (− 0.85), the Dominican Republic (− 0.50), Jordan (− 0.61), Kyrgyz Republic (− 0.87),  
Moldova (− 0.33), and Morocco (− 0.89)
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Table 2  Height for age z score regression results

Variables Model 1 Model 2 Model 3 Model 4

Altitude  − 0.103*** 
(0.00663)

 − 0.0938*** 
(0.00673)

 − 0.0932*** 
(0.00564)

 − 0.195*** (0.0103)

Male child  − 0.113*** 
(0.00426)

 − 0.121*** (0.00412)  − 0.120*** 
(0.00411)

Age in months  − 0.0207*** 
(0.000381)

 − 0.0229*** 
(0.000363)

 − 0.0231*** 
(0.000363)

Vitamin A 0.0733*** 
(0.00597)

 − 0.0110** (0.00556)  − 0.0159*** 
(0.00554)

Vaccination 0.107*** 
(0.0108)

 − 0.0277*** (0.0104)  − 0.0282*** 
(0.0103)

Diarrhea  − 0.155*** 
(0.00703)

 − 0.117*** (0.00671)  − 0.113*** 
(0.00669)

Fever  − 0.0446*** 
(0.00581)

 − 0.0347*** 
(0.00554)

 − 0.0375*** 
(0.00552)

Breastfeeding  − 0.133*** (0.00523)  − 0.134*** 
(0.00522)

Mother’s height 0.0462*** (0.000422) 0.0466*** 
(0.000422)

Mother’s BMI 0.0343*** (0.000622) 0.0330*** 
(0.000621)

Mother’s education 0.0282*** (0.000656) 0.0260*** 
(0.000650)

Female head  − 0.000378 (0.00614)  − 0.00865 (0.00614)
Rural  − 0.0172** (0.00744)  − 0.0156* (0.00865)
Electricity 0.0985*** (0.00840) 0.0963*** (0.00839)
2nd wealth quintile 0.0703*** (0.00728) 0.0651*** (0.00728)
3rd wealth quintile 0.139*** (0.00811) 0.135*** (0.00813)
4th wealth quintile 0.211*** (0.00907) 0.209*** (0.00912)
5th wealth quintile 0.341*** (0.0111) 0.344*** (0.0113)
Pop density rural  − 1.49e − 05*** 

(2.69e − 06)
Pop density urban 4.83e − 06*** 

(1.79e − 06)
Night light 0.00193*** 

(0.000733)
(Night light)2  − 3.66e − 05*** 

(1.22e − 05)
NDVI  − 0.101** (0.0411)
Temperature  − 0.0162*** 

(0.00176)
Rainfall 3.27e − 05*** 

(7.06e − 06)
Growing period 0.00124*** 

(9.32e − 05)
Constant  − 3.294*** 

(0.803)
 − 0.994 (0.804)  − 9.423*** (0.839)  − 9.395*** (0.830)
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Model 6 reports results for a regression that includes an indicator for the source of 
household cooking fuel. This variable is available for a sub-sample of 340,732 obser-
vations (54% of the full sample). The type of cooking fuel is a proxy for smoke expo-
sure, since improved cooking fuels (gas or electric) are associated with less smoke 
exposure than biomass-based fuels. Improved fuels are less widely used at higher 
altitudes and are at the same time associated with fewer negative child health effects, 
such as upper respiratory infections. Results for indoor air quality are as expected: 
use of an improved fuel source is associated with better linear growth outcomes. At 
the same time, inclusion of fuel source does not account for the altitude relationship 
or diminish the magnitude or significance of the HAZ-altitude correlation.

The last auxiliary regression reported, Model 7, includes time (duration) in 
residence at the household’s current location. This regression uses 460,892 
observations (roughly three-quarters of the full sample) and aims to account for 
possible unobserved time-varying factors, including cumulative environmental 
shocks. The full dataset does not support the inclusion of both the duration vari-
able and country-year fixed effects and Model 7 excludes country × year effects. 
Patterns of results from this auxiliary regression are consistent with the other 
reported models in terms of signs, magnitudes, and statistical significance of esti-
mated coefficients.

In Table 4, results from Model 4 are compared with those from Model 8, in which 
we allow the strength of the HAZ-altitude relationship to vary across altitude levels. 
In this specification, we interact altitude with binary variables taking the value of 1 
if altitude falls below 1000 masl, between 1000 and 2000 masl, between 2000 and 
3000 masl, or above 3000 masl. This allows the altitude slope to differ across these 
ranges, picking up any potential non-linearities in the altitude-HAZ relationship. 
Results from this regression show that each step up to a higher altitude category is 
associated with a comparatively lower HAZ value—up through 3000 masl, with a 
slight moderation in the impact beyond 3000 masl. The slopes in the highest altitude 
categories are more strongly negative compared with both lower altitudes and the 
average linear effect imposed in earlier models. A Wald test confirms that point esti-
mates on altitude are jointly significant (F[4,71202] = 103.86; p = 0.0000). In paired 
tests, altitude estimates for sub-samples above 2000 masl are significantly different 
from those for sub-samples below 2000 masl, suggesting a stronger association with 
altitude for children at the highest elevations.

Table 2  (continued)

Variables Model 1 Model 2 Model 3 Model 4

Observations 630,499 630,499 630,499 630,499
R-squared 0.075 0.084 0.148 0.149
Country FE Yes Yes Yes Yes
Child birth year FE Yes Yes Yes Yes
Country × child birth 

year FE
Yes Yes Yes Yes

Clustered SE Yes Yes Yes Yes
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Table 3  Height for age z score regression results for sub-sample including dietary diversity, improved 
cooking fuel, and years in current residence

Variables Model 5 Model 6 Model 7

Altitude  − 0.176*** (0.0127)  − 0.225*** (0.0125)  − 0.220*** (0.00904)
Male child  − 0.158*** (0.00568)  − 0.139*** (0.00563)  − 0.113*** (0.00493)
Age in months  − 0.0335*** (0.000533)  − 0.0256*** (0.000492)  − 0.0178*** (0.000269)
Vitamin A  − 0.0250*** (0.00747) 0.0118 (0.00812)  − 0.0972*** (0.00616)
Vaccination  − 0.0364*** (0.0132) 0.0161 (0.0145)  − 0.0524*** (0.0106)
Diarrhea  − 0.0915*** (0.00863)  − 0.135*** (0.00860)  − 0.144*** (0.00825)
Fever  − 0.0273*** (0.00773)  − 0.0365*** (0.00704)  − 0.0556*** (0.00673)
Breastfeeding  − 0.0753*** (0.00900)  − 0.114*** (0.00724)  − 0.0898*** (0.00605)
Mother’s height 0.0461*** (0.000571) 0.0437*** (0.000567) 0.0457*** (0.000479)
Mother’s BMI 0.0334*** (0.000867) 0.0320*** (0.000848) 0.0375*** (0.000733)
Mother’s education 0.0246*** (0.000886) 0.0252*** (0.00100) 0.0273*** (0.000720)
Female head  − 0.0170** (0.00836) 0.0139* (0.00817)  − 0.00683 (0.00752)
Rural  − 0.0136 (0.0113)  − 0.0341*** (0.0122)  − 0.0184* (0.0100)
Electricity 0.0854*** (0.0110) 0.0554*** (0.0123) 0.241*** (0.00854)
2nd wealth quintile 0.0613*** (0.00965) 0.0721*** (0.00999) 0.0217** (0.00848)
3rd wealth quintile 0.133*** (0.0108) 0.122*** (0.0109) 0.0668*** (0.00935)
4th wealth quintile 0.188*** (0.0123) 0.195*** (0.0122) 0.109*** (0.0104)
5th wealth quintile 0.300*** (0.0154) 0.349*** (0.0158) 0.186*** (0.0124)
Pop density rural  − 1.36e − 05*** 

(3.85e − 06)
 − 1.52e − 05*** 

(3.27e − 06)
 − 1.26e − 05*** 

(2.99e − 06)
Pop density urban 1.46e − 06 (2.51e − 06) 5.43e − 06** (2.29e − 06) 1.94e − 06 (2.08e − 06)
Nightlight 0.00234** (0.000957) 0.00108 (0.00109) 0.00526*** (0.000817)
(Nightlight)2  − 3.85e − 05** 

(1.60e − 05)
 − 2.14e − 05 (1.77e − 05)  − 8.49e − 05*** 

(1.41e − 05)
NDVI  − 0.114** (0.0505) 0.0313 (0.0574)  − 0.352*** (0.0405)
Temperature  − 0.0111*** (0.00220)  − 0.0118*** (0.00237)  − 0.0253*** (0.00148)
Rainfall 3.45e − 05*** 

(8.58e − 06)
2.83e − 05*** (8.83e − 06) 4.63e − 05*** (7.43e − 06)

Growing period 0.00121*** (0.000112) 0.000299** (0.000124) 0.00120*** (8.29e − 05)
Child diet 0.0125*** (0.00214)
Cooking fuel 0.113*** (0.0134)
Years resident  − 0.000296*** (8.27e − 05)
Constant  − 7.841*** (0.264)  − 8.501*** (0.826)  − 8.184*** (0.205)
Observations 360,396 340,732 460,892
R − squared 0.149 0.170 0.117
Country FE Yes Yes No
Child birth year FE Yes Yes Yes
Country × child birth 

year FE
Yes Yes No

Clustered SE Yes Yes Yes
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Discussion

To put into context our finding of an overall average negative relationship between 
altitude and linear growth, it is important to note that many factors beyond envi-
ronment and location influence nutrition and health. The 2008 and 2013 Lancet 
reviews on maternal and child nutrition underscore the importance of breastfeed-
ing and adequate vitamin intake (Horton, 2008; Horton & Lo, 2013). Access to 
safe water, sanitation, and health information and facilities is important (Lavy 
et  al., 1996), especially because immature gut biota and subclinical enteropathy 
may be causal factors in undernutrition (Blanton, 2016; Humphrey, 2009). Other 
contributing exposures to impaired growth and mortality include poor indoor air 
quality and maternal tobacco smoking (Fullerton et  al., 2008; Gani, 2015; Kyu 
et al., 2009), aflatoxin exposure (Khlangwiset et al., 2011), and war, civil unrest, 
and drought (Alderman et  al., 2006). Agricultural capacity, diversity, and per-
formance may be especially important to nutrition where households pursue 
self-provisioning strategies or are poorly integrated into markets (IFAD, 2014). 
Positive associations have been found between nutrition outcomes and both crop 
diversity and specific farm practices, such as production of animal protein or fruits 
and vegetables (Arimond & Ruel, 2004; Shively & Sununtnasuk, 2015). In addi-
tion, because agricultural production is highly sensitive to rainfall and tempera-
ture, nutrition outcomes often track environmental variability (Brown et al., 2009; 
Grace et al., 2014), as demonstrated by mortality effects associated with season of 
birth. These have been found in The Gambia (Moore et al., 1997), India (Lokshin 
& Radyakin, 2012), Indonesia (Cornwell & Inder, 2015; Maccini & Yang, 2009), 
Mexico (Skoufias & Vinha, 2011), Nigeria (Rabassa et  al., 2012), and Vietnam 
(Thai & Falaris, 2014). Environmental conditions potentially influence nutrition 

Table 4  Height for age z score regression results for non-linear altitude specification

Both regressions include the full set of variables listed under Model 4 in Table 2. Robust standard errors, 
clustered on DHS cluster, appear in parentheses
*** p < 0.01, **p < 0.05, *p < 0.1

Variables Model 4 Model 8

Altitude  − 0.195*** (0.0103)
Altitude below 1000 masl  − 0.165*** (0.017)
Altitude 1000–2000 masl  − 0.176*** (0.012)
Altitude 2000–3000 masl  − 0.226*** (0.012)
Altitude above 3000 masl  − 0.197*** (0.011)
F[4,71202] for joint signif. of altitude variables 103.86 (p = 0.000)
Number of observations 630,499 630,499 0.150
R-squared 0.149
Country fixed effects Yes Yes
Child birth year fixed effects Yes Yes
Country × child birth year fixed effects Yes Yes
Clustered SE Yes Yes
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via multiple indirect pathways, including food prices (Anriquez et  al., 2013; 
Bouis, 2008; Grace et  al., 2014; Thomas & Strauss, 1992) and market access 
(Gómez & Ricketts, 2013; Minten, 1999), which have only been partially or indi-
rectly accounted for in this study.

In our pooled sample of 630,499 children from 47 countries, altitude maintains 
a significant and negative relationship with HAZ, on average, that is consistent 
in magnitude across all specifications and robustness checks. Notably, our sam-
ple excludes children from Argentina, Bolivia, the USA, and Tibet—locations 
where previous research has demonstrated a negative altitude-growth association. 

Fig. 6  Nighttime light radiation index and height for age (HAZ) z scores. Figure 6 displays the bivari-
ate relationship between initial development conditions in the sample, measured as the level of night-
time light radiation observed in the year of the child’s birth, and subsequent linear growth, measured 
as the height for age z score (HAZ). The solid line represents a local polynomial regression of HAZ on 
nighttime light radiation, constructed with an Epanechnikov kernel (n = 630,499). The shaded area rep-
resents the 95% confidence band for the regression estimate. Circles indicate country-level, unweighted 
means. Circle sizes are proportional to the country’s population of children below age 5  years in the 
most recent year of the DHS survey included in the sample. For convenience in building the figure, three 
countries have been omitted from the scatter plot. These are Moldova (mean light value = 11.81; mean 
HAZ =  − 0.19), Dominican Republic (21.01; − 0.35), and Jordan (30.72; − 0.53). Data for these countries 
are included when constructing the local polynomial regression
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Considering the findings, a reasonable conjecture might be that the local inten-
sity of economic activity drives these patterns. The level of nighttime light radia-
tion—an imperfect but widely used proxy for local economic activity (Doll et al., 
2000)—is strongly and negatively correlated with altitude in our sample. On 
average, a one percent increase in altitude is associated with a 0.7% reduction in 
the nighttime light value and, as the results of Model 4 demonstrate, nighttime 
lights are positively correlated with child linear growth. Figure  6 demonstrates 
that gains in linear growth associated with higher rates of economic activity are 
especially pronounced at low nighttime light levels and flatten out at high lev-
els, exhibiting a pattern similar to Preston’s curves for per capita income and life 
expectancy (Preston, 1975) and curves for district-level indices of human devel-
opment and HAZ reported for Uganda (Shively, 2017). Whether altitude indepen-
dently contributes to child growth or simply serves as a proxy for differences in 
underlying patterns of economic development has obvious relevance for targeting 
policy and project interventions. For example, using data from Nepal, a coun-
try with a substantial number of children living at high altitudes, Shively et  al. 
(2020) find that household wealth and maternal BMI mitigate the altitude-HAZ 
relationship. Our confidence that altitude signals underlying drivers in a child’s 

Fig. 7  Adjusted country-specific altitude coefficient estimates. Figure 7 displays the regression-adjusted 
estimated altitude coefficients for each country (n = 47). Estimated coefficient values (open circles) were 
obtained via 47 country-specific regressions, using the variable specification of Model 4 (Table 4), omit-
ting country- and country-year fixed effects. Gray bands represent the 95% confidence intervals for the 
estimated coefficients
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linear growth is buttressed by our large sample and ability to control for vari-
ous location-specific confounders that might explain away the observed corre-
lation. The negative association holds both in the set of high-altitude countries 
(i.e. those with children observed at elevations in excess of 3000 masl, namely, 
Colombia, Ethiopia, Guatemala, India, Kenya, Kyrgyz Republic, Lesotho, Nepal, 
and Peru) and in a large sub-set of low-altitude (primarily West African) coun-
tries (i.e., those with samples containing only children observed at elevations 
below 1000 masl, among them Cote d’Ivoire, Ghana, Mali, Senegal, and Togo). 
This points to the possibility that hypoxia could be a driver at extremely high alti-
tudes, with other pathways, including disease exposure or soil mineral deficien-
cies, operating at lower altitudes.

On average, after controlling for potential confounders, for each 1000 m gain in 
altitude, HAZ falls by approximately 0.195 points. In the context of our sample, 
this represents roughly a 0.80-point difference in HAZ between children residing 
at sea level and those at 4000 m (of which there are more than 1000 in the sample). 
However, as alluded to above, this average effect masks some important differences 
across countries. In order to compare countries, and thereby aid in the interpreta-
tion of these results, Fig. 7 displays the regression-adjusted estimated altitude coef-
ficients for each country. These were obtained via 47 country-specific regressions, 
using the variable specification of Model 4 but omitting (by necessity) country and 
country × birth year fixed effects. For 20 countries, the altitude coefficient is posi-
tive, although significantly different from zero in only 2 instances. In contrast, for 
27 countries, the measured association is negative, ranging from − 1.38 (Moldova) 
to − 0.04 (Namibia). For 15 of these countries, the negative coefficient is signifi-
cantly different from zero.

In part, the patterns observed could be driven by disease exposure. Malaria, 
which has long-been associated with child stunting (Sharp & Harvey, 1980), 
could help to explain some of the country-specific associations between altitude 
and HAZ shown in Fig. 7. Unobserved factors could include disease prevalence, 
limited access to healthcare resources, and low immunity in isolated communi-
ties. More fundamentally, modest gains in altitude in some low-altitude settings 
may reduce exposure risk to malaria and other easily communicable diseases, 
and may contribute to the observed positive altitude-HAZ relationship exhibited 
in low-altitude countries with high malarial risk (e.g., Bangladesh, Benin, Bur-
kina Faso, Gabon, and Sierra Leone). However, it is important to note that the 
regressions included controls for presence of fever and diarrhea (for the 14 days 
preceding anthropometric measurement). Inclusion of a control for household 
fuel source also helps to account for smoke-exacerbated upper respiratory infec-
tions. That unobserved aspects of disease could account for the entire negative 
correlation between altitude and HAZ seems unlikely. Of the factors unexplored 
directly in this analysis, soil mineral content seems especially important as a 
topic for further study.
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Conclusion

The relationship between altitude and child growth was investigated using 
data from 47 countries, evaluating the extent to which other factors, particu-
larly health attributes of child and mother, household resources, and location-
specific characteristics mediate or explain away the observed negative relation-
ship. The finding regarding negative effects of altitude on child growth appears 
to be highly robust to the inclusion of potential confounding variables that are 
themselves correlated with poverty and economic isolation. Altitude effects are 
robust to the inclusion of controls for relative wealth and the characteristics of 
mothers, including her height, BMI, and education. A range of place-based fac-
tors, including nighttime lights, length of growing periods, population density, 
normalized difference of vegetation, average rainfall, and average temperature, 
are positively associated with child linear growth, underscoring the importance 
of general patterns of economic development, rural electrification, and agricul-
tural capacity for health and nutrition outcomes.

When running the most comprehensive country-specific regression models, 
we observe that among the 17 altitude coefficient estimates that are statisti-
cally different from zero, only 2 are positive and 15 are negative. These negative 
associations are observed across three continents, suggesting the HAZ-altitude 
relationship is not restricted to particular global regions. Results also suggest 
the pernicious effect of altitude may intensify above 2000 masl. The robustness 
of this HAZ-altitude relationship suggests a need for deeper investigation into 
the sources of the observed associations, whether arising from the connection 
between altitude, soil minerals, and dietary deficiencies, or other hidden health 
pathways. Keeping in mind the formidable economic and logistical challenges 
associated with reaching remote populations, nutrition interventions targeted at 
those living at high altitudes nevertheless may be warranted, as these children 
appear to exhibit more restricted linear growth than those at lower altitudes.

Table 5  Countries, years, and number of observations included in the dataset

Country Survey year Models 1–4 Model 5 Model 6 Model 7

Albania 2009 1293 851 1293 1293
Bangladesh 2004 5367 0 5335 5366
Bangladesh 2007 4769 0 4764 4769
Bangladesh 2011 6980 3456 6959 0
Benin 2012 9508 5898 9500 0
Burkina Faso 2003 7696 0 7684 7683

Appendix
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Table 5  (continued)

Country Survey year Models 1–4 Model 5 Model 6 Model 7

Burkina Faso 2010 5629 3674 5621 0
Burundi 2010 3117 2184 3115 0
Cambodia 2005 3205 2507 3202 3205
Cambodia 2010 3480 1930 3476 0
Cambodia 2014 4356 2372 0 0
Cameroon 2004 2902 0 2886 2897
Cameroon 2011 4541 3975 4525 0
Colombia 2010 13,623 9087 13,551 13,623
Comoros 2012 2150 1496 2142 0
Congo Dem Rep 2007 2979 1366 2977 2979
Congo Dem Rep 2014 6698 4860 6691 0
Cote d’Ivoire 2012 2791 1826 2775 0
Dominican Rep 2013 2895 1570 2865 0
Egypt 2005 10,844 0 10,842 10,770
Egypt 2008 8760 6994 0 8760
Ethiopia 2005 3535 3243 3534 3535
Ethiopia 2011 8375 5275 8368 0
Gabon 2012 3019 2044 3012 0
Ghana 2003 2732 0 2729 2732
Ghana 2008 2124 1707 2124 2124
Ghana 2014 2695 1693 0 0
Guatemala 2015 10,836 10,809 0 0
Guinea 2005 2373 0 2372 2364
Guinea 2012 2803 1845 2801 0
Guyana 2009 1393 1117 1389 1393
Haiti 2006 2252 1868 2252 2252
Haiti 2012 3578 2199 3578 0
India 2016 230,390 131,219 0 230,390
Jordan 2007 4222 3541 4222 4222
Jordan 2012 5761 3580 5759 0
Kenya 2003 4215 0 4214 4215
Kenya 2009 4761 3971 4758 4761
Kyrgyz Rep 2012 3669 2310 3667 0
Lesotho 2004 1237 0 1237 1236
Lesotho 2010 519 393 519 519
Lesotho 2014 1327 763 0 0

Liberia 2007 3761 3103 0 3761
Liberia 2013 2838 1842 2834 0
Madagascar 2009 4796 3890 4795 4796
Malawi 2004 7686 0 7686 7686
Malawi 2010 4249 3300 4249 4249
Malawi 2016 5115 2860 0 5115
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Country Survey year Models 1–4 Model 5 Model 6 Model 7

Mali 2006 10,201 1677 10,178 10,167
Mali 2013 3984 2529 3982 0
Moldova 2005 1281 1013 1281 1281
Morocco 2004 5349 0 5331 5342
Mozambique 2011 8679 7435 8649 0
Namibia 2007 3364 2690 3324 3364
Namibia 2013 1635 1002 1634 0
Nepal 2006 4729 3709 4722 4726
Nepal 2011 2142 1166 2142 0
Nigeria 2003 4085 0 4081 4074
Nigeria 2008 18,524 15,936 18,494 18,481
Nigeria 2013 22,415 15,332 22,393 0
Peru 2008 6204 4552 6123 6204
Peru 2009 8439 6018 8363 8439
Rwanda 2005 3335 0 3332 3335
Rwanda 2010 3684 2116 3682 0
Rwanda 2015 3549 2110 0 0
Senegal 2005 2459 0 2456 2447
Senegal 2011 3402 2324 3402 0
Sierra Leone 2008 1800 1489 1798 1800
Sierra Leone 2013 3854 2304 3847 0
Swaziland 2007 1803 1423 1801 1803
Tajikistan 2012 4026 2452 4004 0
Tanzania 2010 6068 0 6061 0
Tanzania 2016 8971 6081 0 8971
Timor-Leste 2010 7057 6032 7057 7057
Togo 2014 3200 1993 0 0
Uganda 2006 1954 1739 1953 1954
Uganda 2011 1862 1354 1859 0
Uganda 2016 1190 767 0 1190
Zambia 2007 4733 4129 4733 4733
Zambia 2014 10,342 6462 10,340 10,323
Zimbabwe 2006 3585 2773 3584 3583
Zimbabwe 2011 3827 2417 3824 0
Zimbabwe 2015 4923 2754 0 4923
Total 630,499 360,396 340,732 460,892

Table 5  (continued)
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