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Moderate altitude impacts birth weight: 30 years retrospective
sibling analyses using record linkage data

Rebecca Ertl', Thomas Waldhoer@? and Lin Yang***

OBJECTIVE: We investigated the effect of a change of altitude of maternal living address on infant birth weight.
METHOD: Data on infant birth weights of the first and second pregnancies from same women were extracted from all Austrian

birth certificates between 1984 and 2016.

RESULTS: A total of 544,624 pair pregnancies were identified and analyzed. We observed a statistically significant interaction

(p <.0001) between altitudes of two births and birth weight. Among women having first birth at low altitude (200 m), the estimated
second mean birth weight was 3567 g for those remained at low altitudes, and reduced to 3536 g for those ascended (1200 m). In
contrast, among women having first births at high altitudes, the estimated birth weight of second birth at high altitude was 3414 g,
yet increased to 3499 g compared to those descended to lower altitudes.

CONCLUSION: We demonstrated a longitudinal negative effect of altitude on birth weight within the same mother from first and
second birth. This association is likely to be casual. Relocation of mothers within low-to-medium altitude level may have profound

effects on infants’ birth weight.

Pediatric Research (2019) 86:403-407; https://doi.org/10.1038/s41390-019-0434-4

INTRODUCTION
Birth weight is a unique maker in health research.' Low birth
weight is an established and powerful predictor for infant
mortality and morbidity.? Beyond infants, the negative impact of
low birth weight may persist through adolescence presenting
as increased risks of asthma, low intelligence quotient, and mild
problem in cognition.>™ More importantly, low birth weight has
been recognized as an early life risk factor for a wide range of
health outcomes over the life course. In recent years, consistent
associations of low birth weight with increased risks of several
chronic conditions in adulthood have been documented, includ-
ing cardiovascular disease, type 2 diabetes, and metabolic
syndromes.5™®

Factors influencing infants’ birth weight are multifaceted.
Epidemiological studies suggested that infant weight differs by
fetal gender,” with boys being heavier than girls at the population
level.”® A number of maternal factors have been identified as key
determinants of low birth weight including young and advanced
maternal age,'"'? social economics status, > cigarettes smoking,'*
primiparity,'> poor maternal nutrition, and low pre-pregnancy
weight.'"® Another strong determinant of low birth weight is
residential altitude. Characterized as an environmental factor, the
impact of high altitude has been extensively studied and linked
with low birth weight accounting for other fetal and maternal
factors in cross-sectional studies.'’~2°

At present, mechanisms by which altitude is retarding fetal
growth are not completely understood.”” A few biological
plausible pathways have been proposed, including maternal
oxygen deprivation pathway, which is thought to induce
growth-limiting hypobaric hypoxia,?®>" and a glucose pathway,
where the lower arterial glucose concentrations at higher altitude

may lower the glucose delivery to and consumption by the
fetus.>27>* Meanwhile, immigration studies suggested a compen-
satory genetic or epigenetic process toward high altitude
adaption, such that the altitude-associated reduction in birth
weight appeared to be greater in shorter staying high-altitude
residents compared to those of longest staying.”*>'*>3¢ Earlier
studies suggested that birth weight decrease occur above 2000 m,
a threshold for a critical barometric pressure reaching a hypoxic
effect?” In fact, an altitude-associated reduction in birth
weight has been consistently reported across low to medium
(<2000 mM)'®*” to high (2500-4500m) altitude.?'?>2%2838 How-
ever, prior studies are limited by using cross-sectional designs.

To fill the knowledge gap, we investigate for the first time the
longitudinal effect of low-to-medium maternal altitude on infant
birth weight using Austria-based birth certificate data. We
analyzed maternal altitude and birth weight data of the first and
second pregnancies from same women. The approach facilitates
adjustments for un-documented maternal factors, providing
evidence similarly to a cross-over design study. The range of
altitude in our analyses is up to 1600 m and therefore able to
exhibit the effect of altitude in countries where the effect was
thought to be negligible because of low altitude.

METHODS

The Austrian statistical office (Statistics Austria)>*® routinely
documents national health data across the country. The nature
of birth certificate data from Statistics Austria has been detailed
previously.'® In brief, data cover all births in Austria and Statistics
Austria facilitates linkages of siblings through matching unique
mother identifiers. We retrieved maternal- and birth-related data
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on linked birth sets of siblings and their mothers between
1984 and 2016. We limited our study sample to women with
two births only (i.e, two siblings only) to avoid potential
confounding from multiple births. All data were retrieved in an
anonymous form.

Measurement of birth altitude

Altitude, in meter, was determined by the centroid of the
municipality according to mothers’ living addresses. We extracted
information on altitude of the first and second births. To enable a
prospective investigation on the effect of second birth altitude
taking account for the first birth altitude, we derived a ratio metric,
which was calculated as a division between the first and second
birth altitude. Hence, a value of 1 indicates same altitude for
first and second birth, and values >1 indicate increases in altitude
from the first to the second birth.

Measurement of birth weight

Birth weight was measured in grams. Birth weight was recorded in
intervals of 100, 10, and 1g between 1984 and 1998, between
1999 and 2010, and 2011 onwards, respectively.

Maternal- and birth-related characteristics

Information on socio-demographic characteristic of mother
(i.e., maternal characteristics) including nationality, education,
age at second birth, and gender of the first birth, as well as
information on the second birth including gender, year of born,
time to previous birth, gestational age, and birth length was
retrieved.

Inclusion criteria

Following information was used to define inclusion criteria:
Austrian citizenship of the mother, maternal age 15-45 years, live
birth, gestational age 36-44 weeks, birth length 42-60 cm, birth
weight >1000g."®

Statistical analysis

Characteristics of mother and associated two births were
described using frequencies for categorical variables (education,
sex of two births) and summary statistics for other continuous
variables. We examined the prospective association of maternal
altitude with birth weight using multivariable regression, model-
ing the first and second maternal altitudes as a function predicting
birth weight of the second born.

The multivariable regression model included a number of
adjustments. The effect of a change in altitude may be dependent
of the first birth altitude, thus the ratio of altitudes of the
two births was included. Additional adjustments included
maternal characteristics (age of mother at second birth, education
level), characteristics of the first birth (sex, altitude, birth weight),
and characteristics of the second birth (year of born, sex, time
to previous birth, gestational age, birth length). We further
included a squared term for mothers’ age at second birth, time
to previous birth, gestational age of the second birth, and second
birth length to improve the goodness of fitness of the model.
Because of the large number of observations, the significance
level was set to p = 0.001. Main effects (altitude) were kept in the
model irrespectively of their p values. Sensitivity analyses were
carried out by the sex of two births (boy-boy, boy-girl, girl-girl,
and girl-boy).

Finally, to visually illustrate the effect of altitude on birth weight
of the second born, estimated second birth weight (means and
95% confidence intervals (Cls)) in four scenarios are presented in
the figure. We used 200 and 1200 m to indicate low and high
altitudes and defined four scenarios as following: low-low (first
birth at low altitude and second birth at low altitude); low-high
(first birth at low altitude and second birth at high altitude);
high-high (first birth at high altitude and second birth at high
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altitude); and high-low (first birth at high altitude and second
birth at low altitude). Means and 95% Cls of second birth weight in
each scenario were estimated using multivariable regression
while holding all other maternal- and birth-related factors
constant, with mother and first and second birth characteristics
set arbitrarily as such: age of mother at second birth = 28.5 years,
education of mother = secondary school, male infants, first birth
weight =3300g, year of second birth =2001, time to previous
birth =32 months, gestational age of second birth =40 weeks,
and second birth length =50 cm.

All analyses were performed using SAS 9.4 (SAS Institute Inc,,
Cary, NC, USA).

RESULTS

Study population

Between 1984 and 2016, a total number of 2,769,811 births were
recorded in Austria, among which 544,624 women with two
births fulfilling inclusion criteria were identified and sequentially
included in our analyses.

Sample characteristics

Table 1 summarizes characteristics of mothers and their two
births. The average age of mothers at their second birth was 28.5
years (interquartile range (IQR): 7 years), which was 33 months
(IQR: 29 months) from previous birth. The average altitude of the
first and second birth were 410m (IQR: 302m), and 411 m
(IQR: 300 m) respectively. Majority of mothers lived at altitude
between 300 and 900 m for their first birth (Table 2). Overall
change in residential altitudes between first and second birth
was small. About 90% of mothers showed an altitude change
smaller than about 60 m and 2% showed >300m change in
altitude. Table 2 describes the mean differences in altitude from
the first to second birth of a same mother according to the first
birth altitude.

Table 1. Maternal and infant characteristics and birth altitude
among Austrian women who had two births between 1984 and 2016
(n = 544,624)

Median IQR
Maternal characteristics
Age of mother at the second birth (years) 28.5 7
Education (%)
Compulsory school 124
Apprenticeship 355
Vocational education 17.2
Secondary school 13.1
College 5.0
University 6.7
Unknown 10.1
Infant- and birth-related characteristics (first born)
Sex, boy (%) 51.3
Altitude (m) 410 302
Birth weight (g) 3300 600

Infant- and birth-related characteristics (second born)

Sex, boy (%) 51.2%

Time to previous birth (months) 33 29
Gestational age (weeks) 39 2
Birth length second born (cm) 51 2
Altitude (m) 411 300
Birth weight (g) 3400 570
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Table 2. Mean change of altitude from first born to second born by Table 3. Multivariable regression model of second born birth weight
the altitude level of the first born among Austrian women who had among Austrian women who had two births between 1984 and 2016
two births between 1984 and 2016 (n = 544,624) (n = 544,624)
Altitude of first born (m) n Mean change first Regression Standard P values
to second birth (m) coefficient errors
100-200 128,667 12.0 Intercept —6839.081 312.200 <.0001
300-400 194,954 8.8 Maternal characteristics
500-900 201,312 —-6.7 Age of mother at second 0.707 0.102 <.0001
1000-1400 19,121 —56.6 birth (years)
1500-1700 570 1214 Age of mother at second —0.144 0.014 <.0001
birth (years) squared term
Overall 544,624 1.4 .
Education
Compulsory school Reference
Associations between maternal altitude and second birth weight Apprenticeship 3.455 1.187 0.0036
Table 3 shows prospective associations of maternal altitude with Vocational education 6.430 1.364 <.0001
sBecond ?lhrth Welight fin thz muItivlariak?led.reglression. tr‘nodelf Secondary school 3.799 1.469 0.0097
ecause this analysis focused on a longitudinal association o
altitude with birth weight, results was described for main effects COI.IegeA 3517 2004 0.0793
only but not for non-altitude-related variables. After adjusting for University —7.817 1.920 <.0001
maternal characteristics and characteristics of the first and Unknown —-7.370 2.446 0.0026
second birth, we found that first birth altitude, altitude ratio Infant- and birth-related characteristics (first born)
(secon<t:I birth/ﬁrséc_ k:irth)% and afltir;ctjd? trrz:tio secogdbbitrr;chgﬁrst_?irih Sex, boy 39.970 0.752 <0001
were strong predictors for weight of the second birth. Sensitivity Birth weight (g) 0250 0.001 <0001
analyses according to sexes of two births returned similar results ) o
(Supplemental Tables S1 and S2). Infant- and birth-related characteristics (second born)
To illustrate the effect size of these predictors, we estimated the Year of born —-0.215 0.047 <.0001
means and 95% Cls of second born birth weight (g) depending on Sex
1e:altitucfle of thﬁe first andd§econd dbirfch :jn ?our scehnarios, Ia'dju§>'cil:)nlg Girl Reference
or all significant predictors derived from the multivariable B
regression model (Fig. 1). The estimated second birth weight for .Boy ) 65.284 0.758 <0001
low-low altitude mothers was 3567 g (95% ClI: 3565, 3570). While Time tlf previous born —0.041 0.035 0.2426
for low-high altitude mothers, the second birth weight decreased (rfqont s) .
to 3536 g (95% Cl: 3523, 3548) by 32 g per 1000 m. For high-high Time to previous born —0.001 0.000 <.0001
altitude mothers, the estimated second birth weight was 3414 g (months) squared term
(95% Cl: 3412, 3418). However the estimated second birth weight Gestational age (weeks) 417.415 16.033 <.0001
increased to 34999 (95% Cl: 3480, 3517) for high-low altitude Gestational age (weeks) —4.475 0.206 <.0001
mothers by 84 g per 1000 m. The estimated second birth weight of squared term
high-low altitude mother is higher than of high-high altitude Birth length second 114.832 0.210 <.0001
mothers, yet still lower than that of low-high altitude mothers’ born (cm)
second b!rth by'37g per 1000 m. The estlmajced d.lfferenge in Birth length second bom ~1.901 0.052 <0001
second birth weight between low-low and high-high altitude (cm) squared term
mothers was 153 g per 1000 m. Main effect (altitude)
Altitude of the first birth (m) —21.143 8.362 0.0115
DISCUSSION Altitude of the second —131.314 8.405 <.0001
Using longitudinal data, our population-based study shows a birth (m)
longitudinal effect of maternal altitude on birth weight. Our Altitude ratio: second birth/ 12.541 3.055 <.0001
findings demonstrate the negative impact of high altitude on first birth

birth weight from first to second born siblings within the same
mother living in Austria with low-to-moderate residential altitude.
After taking consideration of maternal and infant characteristics,
a 32-g decrease in birth weight was estimated per 1000 higher
altitude (moving from an altitude of 200m up to 1200 m). In
contrast, a 84-g per 1000 increase in birth weight was estimated
per 1000 m lower altitude (moving from 1200 m down to 200 m).
Interestingly, among mothers who have moved between two
births, the second birth weight was lower among those moved
down and gave birth at a lower altitude compared to those
moved up and gave second birth at a higher altitude.

To the best of our knowledge, this study is the first to report
longitudinal associations between maternal altitude and birth
weight, precluding a comparison with previous studies. Never-
theless, our finding on altitude-associated reduction in birth
weight and the estimated effect size are consistent with that
from cross-sectional studies. Previous studies have reported a
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102-133 g decreased mean birth weight with 1000 m increased
altitude in regions at medium-to-high altitude, with minimal
model adjustments.'’**> OQur group has previously demonstrated
a crude estimate of 1509 decline in birth weight per 1000 m
of altitude in Austrian mothers residing at low-to-medium (up
to 1600 m) altitude.'® This is in line with the estimated difference
in birth weight of 153g per 1000 m between low-low and
high-high mothers found in this study. Further, Wehby et al.*'
reported a multivariable-adjusted estimation of 70-100 g decline
in birth weight per 1000 m altitude ranging between 5 and
1280 m using “low-altitude” sample from South America. Taken
together, the cross-sectional evidence on altitude-associated birth
weight reduction is consistent in observations from very high
altitude levels (2500 to 4500 m) to low and medium altitude
(below 1500 m). Previous research has suggested a low birth
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weight paradox phenomenon, such that there is no impact on
mortality from altitude-induced weight reduction among term
babies." Nevertheless, the weight reduction might be detrimental
among premature babies or negatively impact morbidity, which
should be investigated in further studies.

The average duration between two births in our study was
33 months (IQR: 29 months). That is to say, in approximately
3 years of time, a relocation of a woman after the first birth may
have a profound effect on the weight of her second birth. This
effect is presented as 32 g weight reduction per 1000 m altitude
ascending and 84 g weight gain per 1000 altitude descending
of the second birth. Therefore, the impact of altitude on birth
weight is a contingent process with a negative effect with
elevating altitude.” This finding has research and clinical and
public health implications.

In the present study, we were able to estimate a smaller birth
weight at lower altitude (high-low altitude mothers: 3499 g)
compared to higher altitude (low-high altitude mothers: 3536 g),
which depended on the altitude of first birth. This novel finding
suggests that, although having lived in a low resident altitude
area was not protective against weight reduction of a second
birth at a higher altitude, these women remained having heavier
second birth compared to those who moved from higher
to lower residential altitude for the second birth. The mechanism
of this phenomenon is not understood. We speculate a
gene—environment interaction between altitude and birth weight,
where the long-term genetic adaption to residential altitude is
stronger than the short-term epigenetic adaption to altitude
during the pregnancy. In addition, although a low birth weight
paradox has been suggested, such that altitude affects birth
weight but not infant mortality’ it is unclear whether this
holds true for infants with smaller birth weight due to their
mothers who moved from/to higher altitude. Further studies
should use longitudinal design and robust measures of genetic
and epigenetic markers to elucidate their associations.

This study has clinical and public health implications. Majority
of previous studies have suggested a reduction in birth weight
only after a certain threshold, ~2000m, where the critical
barometric pressure reaches a hypoxic effect. Clearly, previous
cross-sectional studies (47) including ours'® and current long-
itudinal study have shown that reduction in fetal growth could
occur at a moderate altitude of 1600 m. In the present time,
global immigration is more than ever, with 1 billion people in the

SPRINGERNATURE

world today on the move.*® Therefore, the change in altitude
alongside with migrations must be considered in maternal care
for movers.

There are several strengths and limitations of this study.
The main strength of this population-based study is the large
sample size, gathering data on almost all live births in Austria
over 33 years. We were able to adjust for a range of maternal
characteristics (maternal age, education) and infant- and birth-
related characteristics (sex, time to previous born, and gesta-
tional age and birth length of the second born). Although other
specific maternal factors were not documented on birth
certificates, data in the present analyses were analyzed long-
itudinally within each pair of siblings, ensuring that other
mother-specific factors are automatically adjusted for. This
approach mimicked a cross-over study design to address causal
inference. Finally, Austria provides a free standardized national
obstetrician-led pregnancy care. We do not expect much
inequality of access to antenatal care or substantial differences
in treatment. The limitation of our study is the lack of
information between two births, including paternal biometric
measures, gestational weight gain and nutrition, maternal
hypertension, preeclampsia, cigarette smoking, alcohol con-
sumption, and general morbidity of the mother. Such changes
may occur in a small number of women.

CONCLUSION

In summary, our data demonstrate a clear longitudinal effect
of altitude on birth weight within siblings of the same mother
from first and second birth in a low-to-medium altitude
European country. Further longitudinal studies should use robust
measures of genetic and epigenetic markers to elucidate the
gene-environmental interaction between altitude and birth
weight. Finally, a profound effect of medium altitude on birth
weight reduction should be noted in maternal care by taking
consideration of women’s recent moving histories.
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