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Abstract

Objective—To study the effects of altitude on infant neurodevelopment in the first two years of
life.

Study design—Data from a unique study of normal infant neurodevelopment in five South
American countries are used. The sample includes 2,116 infants 3-24 months of age who were
evaluated for neurodevelopmental problems by study physicians during their routine well-child
visits at 31 pediatric practices. We employ regression models with country fixed-effects that
compare the neurodevelopment of children born at different altitudes within the same country to
avoid confounding. The regressions adjust for several socioeconomic and demographic factors.
We also evaluate altitude effects stratifying by sex, age, and household wealth. Infant
neurodevelopment was evaluated by physicians using the Bayley Infant Neurodevelopment
Screener (BINS). The primary outcome is an indicator for whether the infant is at high risk for
neurodevelopmental problems based on the BINS norms.

Results—Altitude significantly increases the probability of being at high risk for
neurodevelopmental problems (100-meter increase in altitude: OR= 1.02; 95% CI: 1.001-1.037;
high altitude greater than 2,600 meters versus low altitude less than 800 meters: OR=2.01; 95%
Cl: 1.36-2.973). The effects are larger for females and for second than first year of life. The
largest effect is for females 12—-24 months of age (high versus low altitude: OR=4.147; 95% ClI:
1.466-12.013). There are no significant differences in altitude effects by household wealth.

Conclusions—Altitude may significantly increase the risk of neurodevelopmental problems
during the first two years of life, especially for females during their second year of life.
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Several previous studies have reported that altitude may have adverse effects on fetal and
child growth, particularly on physical outcomes such as birth weight and gestational age.[1—
3] Recently, a large study using South American data reported significant declines in birth
weight (BW) with altitude increases not just at high ranges but also at relatively low ranges
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(less than 1200 meters),[4] confirming previous results from South American and other
populations. [5-7] Little is known about how altitude may affect neurological development
early in life, other than through its effects on physical growth. Only a few studies have
evaluated the effects of altitude on some measures of infant and child neurodevelopment.[8—
11] All of these are descriptive, lack appropriate control groups, and include very small
samples (less than 100 infants). Understanding the effects of altitude on neurodevelopment
is important given that large populations reside at high altitudes, especially in South
America. We employ a unique sample from five South American countries to assess the
effect of residential altitude within a range of 5 to 3,600 meters on neurodevelopment early
in life.

The study sample includes 2,116 infants born in the following five South American
countries between 2005 and 2006: Argentina (662 infants), Brazil (487), Bolivia (116),
Chile (387) and Ecuador (464). The infants were enrolled between ages 3 and 24 months
including 1,156 infants at less than 12 months and 960 infants at 12—24 months in a study of
neurodevelopment of infants without health complications during their well child visits to 31
pediatric practices.[12—14] The geographic location of the study sites, their altitude, and
distributions of infants’ ethnic ancestries are shown in the Appendix (available at
www.jpeds.com). To be eligible for the main study at the time of screening, infants had to
be singleton births with birth weight >2500 grams, gestational age > 37 weeks, and Apgar
scores = 6. Infants with the following major complications were ineligible at screening:
needing oxygen after birth, admission to neonatal intensive care, spending more than 5 days
in the hospital before discharge after birth, chronic illness requiring regular treatment and/or
medicine for more than two weeks (except otitis media and allergies), major surgery,
previously documented developmental delay, and maternal hospitalization for complications
during pregnancy with the infant.

The study physicians (mostly pediatricians) were identified through an epidemiological and
birth defect surveillance network called the Latin American Collaborative Study of
Congenital Malformations (ECLAMC),[15] with which they were affiliated. The physicians
screened infants for eligibility and collected demographic, socioeconomic, and health data
from interviews with mothers of enrolled infants at the time of their routine care visits, using
the same procedures and data collection instruments across all study sites. The study used a
cross-sectional design where most infants completed one study visit (about 10% completed a
second visit within two weeks for test-retest reliability assessment). The physicians assessed
the neurodevelopment of the infants using the same instrument as described below. The
study physicians received training in enrollment procedures and data collection before the
initiation of the study.

Outcome Measures

Infant neurodevelopment was evaluated using the Bayley Infant Neurodevelopmental
Screener (BINS).[16] The BINS is a standardized instrument designed to screen infants
between ages 3 and 24 months for risk of neurodevelopmental problems in four main
domains of ability: basic neurological, expressive, receptive, and cognitive functioning. The
BINS has good psychometric properties including internal consistency of 0.73-0.85, test-
retest reliability 0.71-0.84, and an inter-rater reliability of 0.79-0.96, and is predictive of the
child’s performance on diagnostic neurodevelopmental instruments including the Bayley
Scales of Infant Development (BSID).[16, 17] Before study initiation, the study physicians
received standard training in administering the BINS and were evaluated for their reliability
in evaluating expert-scored cases, which was 84% on average. [14]The test-retest reliability
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of the BINS in this study was 0.8-0.93. [14] The BINS instrument was translated into and
administered in Spanish and Portuguese.

Depending on the infant’s age, the BINS involves completing 11-13 items that are each
scored by 0 (1) if the infants fails (passes) the task/question. Based on the instrument’s
established norms, the total score ranging from O (for failing all items) to 11-13 (for passing
all items) can be assigned into a categorical measure indicating the level of risk for
neurodevelopmental problems. [16, 17] We use the binary indicator of high versus low risk
following the BINS pre-established norm-based thresholds as the neurodevelopment
measure for our analysis. [16, 17] The established thresholds for defining BINS risk
categories based on the US norms were found in previous work to be appropriate for this
South American sample.[14] We also evaluate the infant’s score on each of the four BINS
domains. These scores are percentages of the highest possible score for each domain (given
the child’s age) and are calculated by dividing the infant’s total score for a certain domain
(number of passed items) by the total number of items of that domain for the child’s age
(multiplied by 100).

Altitude Measures

Altitude is measured at the level of the pediatric practices where the infants were enrolled.
We first use a continuous measure of altitude which allows for utilizing the entire altitude
variation observed in the sample. This continuous measure does not impose an arbitrary
categorization of altitude into low or high thresholds. Furthermore, this measure allows for
only using within country variation in altitude, which controls for unobserved differences
between countries that relate to both altitude and neurodevelopment. In a separate model, we
employ an alternative measure based on a binary indicator for altitude above 2,600 meters
versus altitude lower than 800 meters. We choose this threshold as an indicator for high
altitude mainly for two reasons: 1- there are no observations in the sample at altitudes
between 800 and 2,600 meters; 2- the partial pressure of oxygen drops significantly at
altitude above 2,000 meters indicating a greater decrease in arterial oxygen saturation. [18,
19]

Statistical Analyses

We used logistic regression to evaluate the effects of altitude on child neurodevelopment,
adjusting for several conceptually relevant covariates. For the continuous altitude measure,
we first estimate a conditional fixed-effect logistic regression with country-level fixed
effects.[20] By using only within-county variation, this model can account for country
differences in both altitude and unobserved factors that are relevant for infant
neurodevelopment, such as healthcare characteristics, economic effects, and cultural factors
that are not captured by the covariates controlled for in the model. In other words, this
model does not compare infants from different countries to each other; it only compares
infants from the same country living at different altitudes and estimates an “averaged” effect
across all countries using the total sample. In order to evaluate the extent to which
unobserved country differences may confound altitude effects on neurodevelopment when
ignored, we estimate for comparison to the fixed-effect model a random-effect logistic
regression that treats country-level differences as being unrelated to altitude. The random-
effect model utilizes both within- and between-country variation.

For the binary indicator for high altitude, we only estimate a random-effect model. We do
not estimate a fixed-effect model with the binary indicator because most countries have
observations in only one altitude category (ie, all are in low or high altitude); only one
country in the sample, Ecuador, has observations at both low and high altitude categories.
Because Ecuador has the most within-country variation in altitude in the sample, we re-
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estimate the effects of the continuous and high altitude measures separately for Ecuador.
This allows us to partially evaluate if the random-effect estimate of the high altitude
indicator using the whole sample is biased.

We adjust in the regressions for several conceptually relevant background characteristics
that may correlate with both altitude and infant neurodevelopment and that were collected
by the study physicians from interviewing the mothers or abstracting clinical records. In
addition to theory, the selection of these covariates is also motivated by an extensive
literature showing their relevance for child health and development. These include maternal
demographic and socioeconomic characteristics: maternal age, marital status, education, and
employment/occupational status, all mother-reported. Also included is a household wealth
index from principal component analysis of asset ownership and household quality
conditions reported by the mother. [12, 13, 21, 22] The index items include: owning a radio,
television, refrigerator, and car; employing a worker in the household; working on the
family’s agricultural land; source of drinking water; type of toilet facility; principal house
flooring, roofing and wall material; and number of household individuals per sleeping room.
We also adjust for the numbers of the infant’s siblings and adult household members
(mother-reported). Finally, we also include infant’s ethnic ancestry, sex, birth weight, and
gestational age. The mother was asked to report all the ancestries that the child has.
Following previous studies, the ancestry measure is recoded into three mutually exclusive
categories: African (reporting African ancestry with or without other ancestries), Native
(reporting Native ancestry with or without other ancestries but no African ancestry), and
other ancestries (non-African non-Native ancestries). [6, 12, 13, 21] Even though the sample
is limited to infants with birth weight >2,500 grams and gestational age = 37 weeks, the
study sample still has variation in these measures (Table 1) which may correlate with
neurodevelopment. Therefore, we adjust for birth weight and gestational age in order to
isolate altitude effects on neurodevelopment other than through these two outcomes.

In addition to the main analyses, we also estimate models stratified by infant’s age and sex
and by household wealth in order to explore their interactions with altitude. Specifically, we
evaluate if altitude effects on neurodevelopment vary between the first and second year of
life and accumulate over time. Differences in altitude effects by sex may occur due to either
biologic or socioeconomic and cultural factors. Finally, we compare altitude effects between
poorer households (with a wealth index below median) and richer households (with wealth
index above median) in order to evaluate if altitude effects occur mainly through biologic or
socioeconomic pathways.

Finally, we descriptively evaluate the relationship between altitude and each of the four
BINS domains in order to understand if certain aspects of neurodevelopment are more
sensitive to altitude than others. Specifically, we compare the means of the scores for each
domain between low and high altitudes using a t-test.

Table I reports a description of the study variables. The sample infants lived at altitudes
ranging from 5 to 3,600 meters, with an average altitude of about 750 meters. About one
fifth of the sample lived above 2,600 meters. In Ecuador, about 34% of the sample were
close to sealevel (average altitude of 72 meters) and 66% were at high altitude (average
altitude of 2,831 meters; range from 2,620 to 3,096 meters; Appendix). The sample from
Bolivia has only observations at high altitude, and the other three countries have
observations only at low altitude. About 10% of the infants had African ancestry and another
43% had Native ancestry. The BINS evaluation indicated that about 20% of the total sample
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infants were at high risk of having neurodevelopmental problems (18% of those at low
altitude compared with 29% of those at high altitude).

Altitude Effects

The effects of altitude on neurodevelopment risk using the total sample are reported in Table
I1. Starting with the continuous altitude measure and the country fixed-effect model utilizing
within-country variation, altitude has a significant adverse effect on child
neurodevelopment; a 100-meter increase in altitude increases high risk for
neurodevelopment problems by 1.02 times (p=0.033). This effect is comparable with the
random-effect model utilizing both within- and between-country variation. The similarity
between the fixed and random-effects suggests no unobservable country-level factors that
confound the altitude effects in the random-effect model. Next, we evaluate the effect of
high altitude (>2,600 meters) compared with low altitude (<800 meters) in the total sample
using the random-effect model. Compared with low altitude, high altitude doubles high
neurodevelopment risk (p<0.001).

We also evaluate the effects of the continuous altitude measure and high altitude indicator
specifically for Ecuador (Table I1). We find overall similar effects to the main sample; a
100-meter increase in altitude increases high risk for neurodevelopmental problems by 1.02
times (p=0.044), and high altitude almost doubles this risk (p=0.049).

Next, we report in Table 111 the altitude effects stratified by infant’s sex and age and by
household wealth. For continuous altitude, we report estimates from both the fixed- and
random- effect models. Altitude has larger effects for females than males; a 100-meter
increase in altitude significantly increases the risk of neurodevelopment problems among
females by 1.03-1.04 times, but the effect for males is smaller (OR=1.01-1.02) and
insignificant in the fixed effects model. The difference by sex is also observed in the effects
of the high altitude, which increases the risk of neurodevelopment problems by 3 times for
females and 1.9 times for males. Altitude has larger effects at ages 12—24 months than first
year of life; a 100-meter increase in altitude increases high risk for neurodevelopmental
problems by 1.04 times at ages 12—-24 months, but has a smaller effect in the first year
(effect is insignificant in the fixed-effect model). Similarly, high altitude (>2,600 meters)
has larger effects in the second than first year of life (OR of 2.6 and 1.9, respectively). Given
these results, we estimate the altitude effects specifically for females in the second year of
life, and find larger altitude effects than the previously described estimates. In this group, a
100-meter increase in altitude increases high risk by 1.05 times, and high altitude (>2,600
meters) quadruples high risk. Finally, when stratified by wealth, altitude has overall similar
effects between poorer and wealthier households.

In Table 1V, we show the means of each BINS domain scores separately for the low- and
high-altitude groups. There are no differences in neurological functioning/intactness
between the two groups. However, there are significant differences in receptive and
expressive functioning and a marginally significant difference in cognitive functioning, with
lower scores in the high-altitude group. The largest difference is for expressive functioning
(7.3 percentage-points) followed by receptive functioning (5.9 percentage-points). Cognitive
functioning scores are lower in the high-altitude group by 3 percentage-points.

Discussion

We found that altitude has significant adverse effects on infant neurodevelopment. The
effects are larger among females and are more pronounced during the second year of life,
suggesting that they accumulate over time. The largest effects are for females aged 12-24
years old, for whom high altitude increases high risk for neurodevelopment problems by 4
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times. Also, altitude appears to mostly affect expressive and receptive functions and to have
a smaller effect on cognitive functioning.

There are several pathways through which altitude may affect fetal and infant
neurodevelopment. Lower oxygen levels and reduced uterine blood flow at higher altitude,
resulting in lower oxygen flow to the fetus may lead to permanent neurological impairments
that are manifested after birth during early childhood. High altitude may also adversely
affect maternal health such as by increasing the risks of pre-eclampsia and gestational
hypertension which in turn may affect fetal development. [5] Altitude may also affect fetal
and infant neurodevelopment through less direct biologic pathways. For example, through
its effects on agriculture and dietary intake, altitude may reduce maternal and infant
nutrition.[23, 24] Previous work reported a decrease in maternal body iron with high altitude
(>3000 meters) but overall there was no consistent iron decrease with altitude among
children. [24] Infant iron deficiency may increase the risk of neurodevelopmental
complications. [25] Another less studied potential pathway may be the exposure to
environmental hazards such as heavy metals in communities close to mining sites at higher
altitude. The differences in altitude effects by infant’s sex and age that we observe and the
overall similar altitude effects by household wealth suggest that altitude affects infant
neurodevelopment mostly through biologic rather than socioeconomic pathways, although
these are not ruled out as potential contributors to some of the altitude effects. All these
potential pathways deserve future work in order to understand the mechanisms underlying
the relationship between altitude and infant neurodevelopment.

The observed effects are important for infant health and development but are not too large to
be unrealistic, which provides some validity for the findings. Also, the overall similarity
between the results based on within-county variation alone and those that compare children
across different countries provides further validity. The findings emphasize the need for
healthcare providers and policy makers to recognize that altitude may increase
developmental risks not just for physical growth as has been reported,[4] but for
neurological and cognitive development. Furthermore, the adverse effects on
neurodevelopment are not occurring through altitude effects on physical fetal growth or
health problems, as our sample is limited by construction to children without health
complications and with birth weight =2,500 grams and gestational age = 37 weeks, and we
control for variation in birth weight and gestational age above these thresholds. Because
altitude effects are likely to be highly biologic and knowledge of their pathways is currently
unknown, preventing these risks may be challenging. However, one approach for reducing
these risks may involve earlier screening of infants living at high altitude for
neurodevelopmental problems and increasing household investments in child
neurodevelopment in order to compensate for any deficiencies. Such investments have been
found to be effective in enhancing neurodevelopment in South America, especially among
infants with lower neurodevelopment.[12] Of course, further research is needed to
understand how altitude affects neurodevelopment and to identify the effectiveness of
household investments and other interventions in reversing altitude-related
neurodevelopmental delays.

Only a few studies have evaluated the effects of altitude on infant neurodevelopmental
measures.[8-11] These descriptive and small-sample studies have produced mixed results.
Only one study used the BINS and found no elevated risks.[11] However, that study used a
much smaller sample (52 infants). Therefore, we are unable to directly compare our results
to the literature. Our study sample was recruited in 31 sites in 27 cities (in 22 provinces) in 5
countries and has significant geographic diversity and variation in socioeconomic and
demographic characteristics (Table | and the Appendix). This geographic and
socioeconomic diversity is expected to enhance the sample representativeness. However, the
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pediatric practices were not randomly selected as they were part of an existing network,
which may limit the generalizability of the results to the entire infant populations in the
study countries. Replicating this study in additional samples and populations would be
needed for understanding the generalizability of the study results.

Another limitation is potential measurement error in altitude because it is assigned based on
the pediatric practices visited by the infants and not their living addresses. Also, we do not
have information on whether the study infants were born and raised in the same area.
Differences in altitude between the pediatric practices and infants’ homes, as well as
between the infants’ birth place and current residence (or study pediatric practice), are likely
to be limited because parents usually seek the nearest available practices and are likely to
reside in the same or nearby city and we studied infants during the first two years of life.
However, some infants may reside at higher or lower altitudes than the pediatric practice.
This measurement error may attenuate the estimated effects of altitude towards 0, suggesting
that the effects may be larger than what we estimate. Therefore, this potential limitation does
not change the main inference of the study.
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Table 2
Main Altitude Effects on High Neurodevelopment Risk Status

Continuous altitudemeasure  Binary indicator for high versuslow altitude

Model OR [95% ClI] OR [95% ClI]
Total sample - fixed effects logistic regression 1.019 7*[1.001,1.037] -
Total sample — random effects logistic regression 1.020 7 [1.006,1.034] 2.011[1.360,2.973]
Ecuador - standard logistic regression 1.025 el [1.001,1.049] 1.939 **[1.002’3.752]
Ak
p<0.05,
Ak
p<0.01.
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Table 3
Altitude Effects on High Neurodevelopment Risk Status Stratified by Selected Characteristics

Binary indicator for high versuslow
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Model Continuous altitude measure altitude
Fixed Effects Random Effects Random Effects
OR [95% ClI] OR [95% ClI] OR [95% ClI] Sample Size
Females 1.032**[1.005,1.059]  1.038*[1.018,1.059] 3.061 % [1.644,5.700] 1057
Males 1.011[0.987,1.035] 1 023***[1.006,1.039] 1.872**[1.132,3.096] 1059
Infant’s age < 12 months 1.009 [0988,1030] 1.021 A [10054037] 1.909 felaied [1179"3092] 1156
Infant’s age 12-24 months 1.044**[1.009,1.081]  1.036**[1.017,1.054] 2.649 7 [1.466,4.788] 960
Females in second year of life 1 050[0.991,1.113]  1.053**[1.018,1.089] 4147 [1.431,12.013] 488
Below median wealth 1019[0.996,1.042] 1 029™**[1.007,1.051] 1.999 [0.872,4.585] 1059
Above median wealth 1.018 [0.988,1.049] 1.027 ***[1.008,1.046] 2173 ***[1.258,3.752] 1057
*
p<0.1,
Ak
p<0.05,
Ak A
p<0.01
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Table 4
BINS Domain Scores by Altitude Level
BINSdomain  Low-altitude High-altitude P-value
Neurological 98.62 97.92 0.21
Receptive 83.82 77.90 0.001
Expressive 79.09 71.76 1.241x10711
Cognitive 81.31 78.309 0.069
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