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1 | INTRODUCTION

Pregnancy at high altitudes (>2500 m) involves the physiological
challenge of adapting to pregnancy with altered physiology from

| Dino A. Giussani®> | Catherine E. Aiken?

Abstract

Objective: To understand the relationship between birth weight and altitude to im-
prove health outcomes in high-altitude populations, to systematically assess the im-
pact of altitude on the likelihood of low birth weight (LBW), small for gestational age
(SGA), and spontaneous preterm birth (sPTB), and to estimate the magnitude of re-
duced birth weight associated with altitude.

Methods: PubMed, OvidEMBASE, Cochrane Library, Medline, Web of Science,
and clinicaltrials.gov were searched (from inception to November 11, 2020).
Observational, cohort, or case-control studies were included if they reported a high
altitude (>2500 m) and appropriate control population.

Results: Of 2524 studies identified, 59 were included (n = 1 604 770 pregnancies). Data
were abstracted according to PRISMA guidelines, and were pooled using random-
effects models. There are greater odds of LBW (odds ratio [OR] 1.47, 95% confidence
interval [CI] 1.33-1.62, P < 0.001), SGA (OR 1.88, 95% Cl 1.08-3.28, P = 0.026), and
sPTB (OR 1.23, 95% ClI 1.04-1.47, P = 0.016) in high- versus low-altitude pregnancies.
Birth weight decreases by 54.7 g (+13.0 g, P < 0.0001) per 1000 m increase in altitude.
Average gestational age at delivery was not significantly different.

Conclusion: Globally, the likelihood of adverse perinatal outcomes, including LBW,
SGA, and sPTB, increases in high-altitude pregnancies. There is an inverse relationship
between birth weight and altitude. These findings have important implications for the

increasing global population living at altitudes above 2500 m.
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environmental hypobaric hypoxia. Studies performed in differ-

ent global locations'® suggest that infants born at high altitudes

4,579 h2,3,7,10,11

are lighter with reduced body lengt

compared to

those born at low altitudes. Lower birth weights are associated
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with short- and long-term adverse health outcomes, including
increased risk of neonatal death,'® childhood stunting,13 and
increased risk of obesity14 and cardiovascular disease later in
life.r>1¢ Studies suggest higher rates of pregnancy complications
associated with reduced birth weight in high-altitude populations,
including stillbirth,’® pre-eclampsia,” and gestational hyperten-
sion.’'” However, estimates of the impact of altitude on preg-

4,57

nancy vary widely across global contexts, with some studies

finding no significant impact.w'19

There are multiple possible etiologies of altitude-associated re-
duction in fetal growth. A contributing factor may be uterine artery
diameter, which is reduced in high-altitude pregnancies.?° Above
2500 m, uterine artery blood flow is reduced by approximately
30%,%! and consequently there is reduced exchange of oxygen and
nutrients at the chorionic villi.2?2 There are also metabolic changes
within the high-altitude placenta that prioritize glycolysis to pre-

2324 and modifications in fetal ox-

serve oxygen for fetal metabolism
ygen consumption.?>?® These adaptations may ensure fetal survival
at the expense of fetal growth.

The number of pregnancies at high altitudes globally continues
to increase.?”?® As low-altitude areas become more heavily popu-
lated, more people are pushed to live at higher elevations world-
wide,?? with climate change likely to perpetuate this trend. With an
increasing fraction of the global population exposed to high altitudes
in utero, it is essential that any increase in adverse pregnancy out-
comes associated with fetal growth restriction at a high altitude is
recognized and quantified.

In order to fully understand the implications of pregnancy at ele-
vations above 2500 m on fetal growth, the aim of the present study
was to systematically assess the impact of increasing altitude on the
likelihood of low birth weight (LBW), small for gestational age (SGA),
and spontaneous preterm birth (sPTB). The secondary aim was to
derive an estimate of the magnitude of any reduction in birth weight

associated with altitude.

2 | METHODS

The present systematic review and meta-analysis was conducted
in accordance with the Preferred Reporting Items for Systematic
Review and Meta-Analyses (PRISMA) guidelines.®® The systematicre-
view protocol was registered using PROSPERO (CRD42019125620;
Appendix S1).

2.1 | Literature searches and search strategies

A systematic literature search was performed using prespecified
search terms (Appendix S2) in PubMed, Ovid EMBASE, Cochrane
Library, Medline, Web of Science, and clinicaltrials.gov. All searches
were performed from the time of inception of the database to
November 11, 2020. No restrictions regarding filters, language, or
location were applied to any of the searches.

2.2 | Inclusion criteria
Observational, cohort, or case-controlled study designs in human
populations were included. Studies were eligible for inclusion if they
had a high-altitude group above 2500 m and a control group below
2500 m, either within the same country or within 600 km. Although
some studies have reported the association of birth weight with
altitude as low as 1600 m,%! others report an “inflection point” at
around 2000-2500 m.” By choosing 2500 m, a widely utilized cutoff
point,*2%% it was ensured that the included studies measured the
desired effects, and had appropriately comparable control groups
with regard to ethnicity. Of the studies included, none had a control
group at an altitude higher than 2000 m. Studies were excluded if
data were collected more than 50 years ago, as high-altitude popu-
lations may have changed significantly under the influence of mi-
gration trends or nutritional differences in the intervening years.36
Studies were excluded if they did not report specified outcomes.
No exclusions were applied with regard to standards used to assess
SGA. Full inclusion and exclusion criteria are available in Table S1.
The data from conference abstracts would have been included if
sufficient detail for assessment was present; however, none met this
standard. If insufficient information was available for assessment in
a full manuscript, then the authors were contacted for more infor-
mation. Three authors were contacted and all responded. All papers
that met the inclusion criteria were obtained.

2.3 | Study selection

Two reviewers (IDG and CEA) independently assessed each study
using predetermined inclusion/exclusion criteria (Table S1). A third
reviewer (DAG) was available to resolve any cases where eligibility
was unclear. A screening of titles and abstracts was performed, fol-

lowed by an in-depth full-text analysis (Figure S1).

2.4 | Dataextraction

The extraction of data from the included studies was conducted
independently by two reviewers (IDG and CEA). Outcome meas-
ures were birth weight, sex, gestational age at birth, sPTB (birth
<37 weeks), LBW (birth weight <2500 g), and SGA (birth weight
<10th centile). Full-term delivery was defined as delivery occurring
after 37 completed weeks of gestation.

Study details, including geographical location of the population,
cutoff altitudes defining the high- and low-altitude groups, and
ethnicity of the participants (where available) were also recorded
(Table S2).

Where studies reported multiple low- or high-altitude groups, or
multiple groups at the same altitude, these subgroups were com-
bined into a single high- or low-altitude group for the overall birth
weight meta-analysis. For meta-regression, multiple high- and low-
altitude groups from the same study were kept separate to improve
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the precision of estimates of birth weight at different elevations in
our meta-regression.

Where studies quoted elevation ranges or gave only a maximum
bound for altitude, an online elevation resource was used®’ to de-
termine the true mean elevation above sea level of the geographical
region specified for population recruitment. Where an elevation was
given as a range, the mean of the quoted elevation range was used,
for example an altitude in the range of 5-905 m would be assigned
455 m. Where a maximum or minimum bound only was quoted, a
conservative value of 500 m less than the maximum bound was
used, for example a study giving a control altitude range of below
2000 m would be assigned 1500 m. For the 40 included studies, it
was possible to determine the altitude directly from the information
given, for 12 studies, the mean elevations were determined from
location or elevation range, and for seven studies elevation values

were assigned from maximum bounds as specified.

2.5 | Quality assessment of included studies
(risk of bias in individual studies)

Each study was independently assessed by two reviewers (IDG and
CEA\) for quality and validity using the Newcastle-Ottawa Risk of Bias
tool. Eight of the nine domains were relevant and assessed for each
study, with each study either achieving or failing the domain (Table S3).
All risk of bias assessment was performed at the study level.

Data were summarized as mean difference for continuous data
and unadjusted odds ratios (OR) for dichotomous data. Meta-analysis
was performed using the “metaphor” package in R version 3.5.1.%8
Funnel plots and Egger test (for groups with five or more studies)
were used to assess publication bias. Heterogeneity between stud-
ies was assessed using the I? statistic. Any outcome showing signifi-
cant inter-study heterogeneity was analyzed using a random-effects
model. Sensitivity analysis was performed using leave-one-out anal-
ysis (LOOA) and by conducting relevant subgroup analyses (studies
with low numbers, studies with high risk of bias, and studies that

only included infants born at term).

2.6 | Statistical analysis

Where P values are reported, an alpha level less than 0.05 was con-

sidered significant. For meta-regression, a mixed-effects model was

used.
3 | RESULTS
3.1 | Study selection

Electronic searches of the prespecified databases yielded a total of
2524 studies. After removing duplicates and carrying out a screen-
ing of titles and abstracts, 247 studies underwent full-text analysis.

After applying the eligibility criteria, a total of 59 studies remained
eligible for inclusion, representing 1 604 770 pregnancies (Figure S1).

The 59 included studies encompassed a range of geographical
locations, with variation in average high and low altitudes (Table S2).
The majority of areas globally with elevations above 2500 m are rep-
resented in the studies, with the exception of areas in Africa, Mexico,
Iran, Afghanistan, Papua New Guinea, and northern Italy (Figure S2).

The risk of bias was moderate to low in the majority of included
studies: 20 studies had a very low risk of bias; 18 had a low risk of
bias; 16 had a moderate risk of bias; and five studies had a high to
very high risk of bias. Subgroup meta-analyses were performed ex-
cluding the studies with a high risk of bias, and their removal did
not significantly change any outcomes; therefore, all studies were
included (Figure S3).

The likelihood of single studies significantly influencing the over-
all results using LOOA was assessed (Table S4). Birth weight meta-
analysis as a whole was robust to LOOA, as were birth weight split by
male and female infants, term-only birth weight, gestational age, and
LBW meta-analyses. sPTB and SGA were not robust to LOOA, with
the exclusion of two different studies (for sPTB®%? and SGA%?)
significantly altering the findings and thus reducing confidence in
interpreting these results. Funnel plots for all outcomes were as-
sessed visually and using the Egger test (for outcomes with five or
more studies) (Figure S4). All funnel plots for the reported analyses

appeared symmetric and passed the Egger test.

3.2 | Low birth weight

Six studies reported a prevalence of LBW (n = 717 865). Infants born
at high altitudes were 47% more likely to be born weighing less than
2500 g (LBW) compared to infants born at low altitudes (OR 1.47,
95% Cl 1.33-1.62, P < 0.001) (Figure 1).

3.3 | Small for gestational age

Nine studies reported a prevalence of SGA infants (n = 476 305).
Infants born at high altitudes were 88% more likely to be SGA (OR
1.88, 95% Cl 1.08-3.28, P = 0.026) (Figure 2).

3.4 | Preterm birth

Fifteen studies (n = 1 229 576) reported data on sPTB. There was an
increased prevalence of sPTB at high altitudes compared to those at
low altitudes (OR 1.23, 95% CI 1.04-1.47, P = 0.016) (Figure 3).

3.5 | Birth weight

A total of 55 studies (n = 1 537 912 pregnancies) reported data on
birth weight. When a meta-regression plot was drawn, calculating
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High Altitude Low Altitude
Study LBW Population LBW Population OR [95% CI]
Bailey 2019 - 1178 10 069 56492 641959 1.37[1.29, 1.46]
Gonzales 2009b L 2583 28 080 2203 35540 1.53[1.44, 1.63]
Jensen 1997 Dt 105 972 67 960 1.61[1.17, 2.22]
Gonzales 2005 : 2 37 3 131 2.4410.39, 15.17]
Smith 1997 3 21 0 17 6.62[0.32, 137.65]
Zamudio 1993 3 34 0 45 10.11 [0.50, 202.64]
RE Model (p=6.47¢-15;1=49.6%) @ 1.47[1.33, 1.62]
| i | |
0.14 1 7.39 54.6 403.43
Odds Ratio

FIGURE 1 LBW (<2500 g) meta-analysis; expressed as OR (random-effects model) with 95% CI. Black diamond represents overall effect.
Abbreviations: Cl, confidence interval; LBW, low birth weight; OR, odds ratio

High Altitude Low Altitude
Study SGA Population SGA Population OR [95% CI]
Wolfson 2016 2 28 3 16 0.33[0.05, 2.25]
Julian 2007 — 73 5385 11 780 0.96 [0.51, 1.82]
Browne 2015 —_— 17 125 5 37 1.01[0.34, 2.94]
Zamudio 1994 3 40 1 18 1.38 [0.13, 14.24]
Levine 2014 fow 4778 95562 12256 371 402 1.54[1.49, 1.60]
Keyes 2003 ——t 265 1608 46 812 3.29[2.37, 4.55]
Palmer 1999 S — 11 93 3 116 5.05[1.37, 18.69]
Julian 2008 5 25 18 9.93[0.51,192.05]
Keyes 2016 2 25 0 215 45.85[2.14,983.85]
RE Model (p=0.026; I* = 82.6%) ’ 1.88[1.08, 3.28]
[ I I I I I ]
0.02 0.14 1 7.39 54.6 403.43 2980.96
Odds Ratio

FIGURE 2 SGA (<10th centile) meta-analysis; expressed as OR (random-effects model) with 95% ClI. Black diamond represents overall
effect. Abbreviations: Cl, confidence interval; OR, odds ratio; SGA, small for gestational age

the decrease in birth weight against the increase in elevation, there
was adecrease of 54.7+13.0 g (R?=0.285, P < 0.0001) in birth weight
per 1000-m increment in altitude (Figure 4). The 95% Cl lines of the
meta-regression line included the origin (-143 to 10 g birth weight
difference, P = 0.09).

Overall birth weight at high altitudes was reduced by 239 g
(95% CI 207-271, P < 0.001) compared to low altitudes (Figure 5).
Where studies reported birth weight separately for male and fe-
male infants (nine studies, n = 118 303) (Figure S5), there was no
significant difference in the magnitude of decrease in birth weight
at high altitudes between male and female infants. Male infants
(nine studies, n = 60 981) weighed on average 222 g less (95% Cl
130-314, P < 0.001), and female infants (nine studies, n = 57 322)
weighed 187 g less (95% Cl 112-262, P < 0.001), at high altitudes
compared to low altitudes. Thirteen studies (n = 32 382) allowed the
identification of infants born at full term. Term infants born at high
altitudes were on average 307 g lighter (95% Cl 196-418, P < 0.001)
(Figure S6) than those born at low altitudes. A total of 37 studies

(n = 1 340 607) reported gestational age at delivery. There was no
significant difference in gestational age between infants born at high
altitudes versus those born at low altitudes (mean 0.04 + 0.11 weeks
earlier, equivalent to 7 h 40 min earlier at high altitudes, P = 0.446)
(Figure 6).

4 | DISCUSSION

4.1 | Main findings

The results of the present study show that, globally, infants born
at high altitudes (>2500 m) are more likely to experience clinically
significant growth restriction in utero than those born at altitudes
below 2000 m. The present study shows an increase of 47% in the
likelihood of LBW and an increase of 88% in the likelihood of SGA in
populations at high altitudes versus those at low altitudes. Infants in
high-altitude groups are also 23% more likely to have a sPTB.
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High Altitude Low Altitude

Study Preterm Population Preterm Population  OR [95% CI]
Browne 2015 6 125 6 37 0.26 [0.08, 0.86]
Zamudio 1993 1 34 3 45 0.42[0.04, 4.27]
Wolfson 2016 2 28 2 16 0.54[0.07, 4.25]
Zamudio 1995 9 23 9 22 0.93[0.28, 3.06]
Jensen 1997 —— 138 972 133 960 1.03 [0.80, 1.33]
Bailey 2019 ford 936 10069 57776 641959 1.04[0.97, 1.11]
Gonzales 2009b ot 1741 28 080 1955 35540 1.14 [1.06, 1.21]
Levine 2014 D 6498 95562 20799 371402 1.23[1.19, 1.27]
Keyes 2003 e 165 1608 68 812 1.25[0.93, 1.68]
Gonzales 2009a . 2341 27040 539 8409 1.38[1.26, 1.52]
Zamudio 1994 1 40 0 18 1.41[0.05, 36.16]
Julian 2008 2 25 1 18 1.48 [0.12, 17.67]
Palmer 1999 7 93 5 116 1.81[0.55, 5.89]
Ali 1997 — 165 3739 49 2544 2.35[1.70, 3.25]
Keyes 2016 3 25 8 215 3.53[0.87, 14.28]
RE Model  (p=0.016; I> = 92.8%) - 1.23[1.04, 1.47]

[ T I T 1
0.02 0.14 1 7.39 54.6
Odds Ratio

FIGURE 3 Spontaneous preterm birth meta-analysis; expressed as OR (random-effects model) with 95% CI.

overall effect. Abbreviations: Cl, confidence interval; OR, odds ratio
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FIGURE 4 Birth weight meta-regression; circle size represents study weighting based on numbers in each study. Visual outliers are

labelled with study ID. Solid line: line of best fit, dashed line: 95% ClI

There is an inverse linear correlation between altitude and birth
weight, with birth weight decreasing by an average of 54.7g per
1000 m elevation. The effect of altitude on birth weight is robust
across studies conducted in different global settings and in both
sexes. On average, infants born at high altitudes are 239 g lighter

(95% Cl 207-271), which is a clinically significant decrease. Despite
infants being more likely to be born preterm, average gestational age
at delivery is not significantly different between populations at low
and high altitudes, indicating that the observed difference in average
birth weight is not solely a result of shortened gestation.
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ﬂ—Wl LEY-

High Altitude Low Altitude

Study K c n u o n MD [95% CI]
Res! ikova 1996 1 2807 1679 323 3506 674 560 —699 [-890, =507
Frappell 1998 —_—— 2933 344 20 3457 326 20 —524[-732,-316
Sobrevilla 1971 t | 2865 301 12 3376 449 10 =511 [-837, 185
Ballew 1986b —_—— 3075 381 105 3500 463 46 —425 [-577, 273
Kashiwazaki 1988 —e——— 2673 373 3 3095 486 57 —422 [-601, —242
Giussani 2001 e 3083 443 200 3504 421 200 —421 [-506, -3
Julian 2008 [ | 3035 325 2 3455 434 5 —420 [-680, —160
Vaughan 2020 t | 2880 412 14 3300 262 14 =420 [-676, 164
Gonzales 2005 e 2925 265 37 3329 399 131 —404 [-513, -295
Khalid 1997 [ 4 3000 580 20 3400 480 20 —400 [-730, =70
Haas 1982 e 3012 379 40 3390 446 39 —378 [-561, 195
McAuliffe 2004 —e— 2910 420 151 3280 480 74 —370 [—498, —242
Kametas 2004 ——e—— 2935 424 175 3290 495 132 =355 [-461, -250
Ballew 1986a e 3091 3 175 3402 509 71 =311 [-441,-181
Zamudio 2007a e 3167 399 3477 373 —310 [—427,-193
Soria 2013 tel 3086 4 5322 3395 405 19 139 =309 [-321,-297
Palmer 1999 ——e— 3124 419 93 3416 414 1260 —292 [-380, —204
Zamudio 2006 [ 3076 290 13 3365 382 2 —289 [-557, —21
Julian 2012 e 3077 484 82 3358 36l 28 =281 [-451,-111
Keyes 2003 —e— 3084 476 1575 3363 501 775 —279 [-321, 237
Zamudio 1995 [ 3136 379 3415 497 —279 [-538, —20°

eall 19 e 3140 530 2099 3410 590 2676 —270 [-302, 238
Tripathy 2005 —_—— 3194 411 3462 529 1 —269 [—435,-103
Haas 197 o 3175 553 2099 3443 654 2675 =268 [-302, 234
Zamudio 2007 t 3066 2 3332 346 13 —266 [-496, —36
Haas 1980 e 3122 413 105 3386 458 77 —264 [-393, 135
Moore 1984 e 3064 416 150 3317 486 378 253 [-336, -170.
Jensen 1997 —e— 3056 530 972 3297 589 960 —241 [-291,-191
Tissot van Patot 2003 [ | 3123 4 9 3359 366 13 —236 [-533, 61
Wolfson 2016 t - | 3194 364 25 3425 5 16 —231 [-546, 84
Gonzales 2009a ted : 3036 S 27 040 3260 553 8409 24 [
Gonzales 2009b el 3064 474 28 080 3278 526 35540 —214 [-221, -206
Castilla 1999 Fed : 3019 438 3455 3221 559 45 629 —202 [-218, -187
Euser 2018 —o— : 3100 500 552 3300 600 2925 —200 [-247, -153
Khalid 2016 e 2900 300 2 3100 400 25 =200 [-396, —4
Julian 2007 —e— B 3173 509 5404 3368 503 780 —195[-233, 157
Bigham 2014 [ ——— N 3045 544 3232 53 66 —187[-338, —36
Hartinger 2006 ol : 3085 483 20992 3263 484 63 181 —178 [~186, —170
Levine 2014 H : 3041 532 95 562 3218 575 371402 =177 [-181,-173
Leibson 1989 —_—— 3126 412 3301 4 —175[-359, 9
Davila 2011 e 3147 382 3321 4 —174[-329, —19
Gonzales 2012 ol : 3095 489 20714 3262 512 57231 —167 [-175,-159
Ali 1996 —— : 3221 514 1645 3376 539 1654 =155 [-191,-119
Lopez Camelo 2006 e : 3083 499 1187 3222 556 35835 —138 [-167,-109
Grandi 2013 e : 3162 451 1972 3297 5. —135[-159,-111
Bailey 2019 tel : 3081 529 10 069 3199 558 641959 —118[-128, ~108
Moore 1982 ——: 3090 426 3207 505 —117[-223, —11
Mortola 2000 e : 3135 472 3519 3248 480 2170 —113[-139, —88
Mortola 1990 e 3314 397 34 3424 31 36 =110 [-279, 59
Zamudio 1993 [ - | 3222 525 34 3313 530 45 —91[-326, 144
Browne 2015 [ < | 3123 505 102 3191 585 23 —68 [-326, 190
Zamudio 1994 t 1 3178 436 40 3218 479 18 —40 [-299, 219

mith 1997 [ - 3099 438 21 3069 341 17 30 [-218, 278
Ali 2012 t | 3097 410 38 2933 460 24 164 —62, 390
Teran 2008 t 1 3097 365 30 2864 752 30 233 [ 66, 532
RE Model (p=2.03¢-49; 12 = 98.8%) - —239 [-271,-207]

[ I I I I I I I ]
—1000 —800 —600 —400 —200 0 200 400 600

Mean Difference (g)

FIGURE 5 Birth weight meta-analysis; results expressed as MD (random-effects model) with 95% CI. Black diamond represents overall

effect. Abbreviations: Cl, confidence interval; MD, mean difference

4.2 | Strengths and limitations

A large number of high-quality studies from a range of contexts
are included in the analysis. Confidence in the results is further in-
creased by the robustness of the conclusions between both sexes.
Where possible, multiple sensitivity analyses were performed to
take account of other variables, for example limiting the analysis to
term-only deliveries. The data are robust to checks including LOOA,
funnel plot analysis, and Egger test, with the exception of the small
subgroup analyses highlighted.

The present study has some limitations. One limitation is the
high heterogeneity between the included studies. This may reflect
the difficulty in identifying suitable low-altitude control groups that
are demographically similar to high-altitude populations. However,
given that studies are included from diverse populations across the
globe, it is unsurprising that the heterogeneity is high.

There are geographical regions that are significantly under-
represented in the available data. There is a wealth of studies carried
out in North and South America, but very few in the Tibetan Plateau
and other high-altitude regions through India and China. Given that a
significant proportion of the global population reside in these coun-
tries, high-quality data from these settings are an important future
research goal.

A further limitation was that no study specifically reported how
long on average the participants had spent at the study altitude be-
fore pregnancy or before delivery. However, compared to the overall
duration of pregnancy, acclimatization would be expected to occur
relatively rapidly. Moreover, a detailed set of other covariates affect-
ing pregnancy outcome, for example intrauterine infection, was not
available.

4.3 | Interpretation

Infants born at high altitude are significantly more likely to be born
LBW, SGA, or preterm. Moreover, there is also a significant reduc-
tion in birth weight in term infants born at high altitudes versus
those born at low altitudes. These findings are likely to significantly
impact the health of populations at high altitudes, both in the short

h,4° t,* and survival

term, with regard to growt neurodevelopmen
in childhood,*? but also with respect to long-term consequences of
fetal growth restriction, including diseases such as obesity and car-
diovascular disease. 1416

The relationship between birth weight and altitude is linear over
the range of altitudes where data are available. However, some stud-

ies at the highest elevations (>4000 m) show a greater decrease in
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High Altitude Low Altitude
Study « g n o« 0 n MD [95% CI]
Gonzales 2005 b 39.51 0.16 37 40.17 0.03 131 —0.66 [-0.71,-0.61
Khalid 1997 [ : | 393 19 20 399 1.5 20 —0.60 [-1.66, 0.46
Euser 2018 ——1 : 38.84 1.66 552 39.37 1.86 2925 —0.53 [-0.68, —0.38
Jensen 1997 ] : 39 0.1 972 395 0.1 960 —0.50 [-0.51, —0.49
Smith 1997 [ ———— 39.6 1.05 15 40.1 0.5 16 —0.50 [-1.09, 0.09
Hartinger 2006 [ 38.93 1.79 20992 39.18 1.43 63181 —0.25 [-0.27,-0.22
McAuliffe 2004 —_— 394 19 151 396 1.5 —0.20 [-0.66, 0.26
Moore 1984 o 395 0.1 150 39.7 0.1 378 —0.20 [-0.22, —0.18
Keyes 2003 L 38.7 0.1 1575 389 0.1 775 —-0.20 [-0.21,-0.19
Zamudio 1994 ——: 39.6 0.2 40 398 03 18 —0.20 [-0.35,-0.05
Julian 2007 L 38.82 0.24 2484 38.93 021 755 —0.11 [-0.12, —0.09
Gonzales 2012 o 388 1.89 20714 38.9 1.76 57231 —0.10 [-0.13, —0.07
Julian 2008 —— 394 03 24 395 03 16 —0.10[-0.29, 0.09
Leibson 1989 ———— 39.8 1.1 31 399 14 49 —0.10 [-0.65, 0.45
Moore 1982 S H 40 0.2 167 40.1 02 138 —0.10 [-0.15, —0.05
Palmer 1999 —— 394 1.8 93 395 1.6 116 —0.10[-0.57, 0.37
Sobrevilla 1971 —— 398 04 10 399 04 11 —0.10 [-0.44, 0.24
Wolfson 2016 b | 394 14 25 395 22 15 —0.10 [-1.34, 1.14
Zamudio 2006 k - | 393 13 13 394 1.2 12 —0.10 [-1.08, 0.88
Levine 2014 LI 387 2.1 95562 38.8 1.9 371402 —0.10 [-0.11, —0.09
Browne 2015 —— 388 0.2 102 388 0.6 23 0.00 [-0.25, 0.25
Mortola 1990 P 40 1 34 40 1 36 0.00 [-0.47, 0.47
Tissot van Patot 2009 b - | 40 0.8 16 40 1.3 10 0.00 [—0.90, 0.90
Vaughan 2020 —— 39 0.26 14 39 0.04 14 0.00 [-0.14, 0.14
Zamudio 1995 P 397 04 23 39.7 0.6 22 0.00 [-0.30, 0.30
Zamudio 2007a e 38.76 0.2 80 38.75 0.21 90 0.01 [-0.05, 0.07
Julian 2012 —— 384 049 82 38.35 0.54 28 0.05[-0.18, 0.27
Bailey 2019 H 387 2 10 069 38.6 2.1 641959 0.10[0.06, 0.14
Khalid 2016 —_——— 392 09 25 39.1 1.2 25 0.10 [-0.49, 0.69
Teran 2008 I - { 387 1.1 30 386 1.5 30 0.10 [-0.57, 0.77
Castilla 1999 Lo 39.6 2.6 3216 394 29 42259 0.20[0.11, 0.29
Zamudio 1993 : —— 39.7 03 34 393 03 45 0.40[0.27, 0.53
Zamudio 2007 [ - 398 1.7 15 392 03 13 0.60 [—0.28, 1.48
Bigham 2014 ————— 39 2 176 384 2 65 0.60[0.03, 1.17
Davila 2011 : —— 39 0.2 79 384 0.6 47 0.60[0.42, 0.78
Tissot van Patot 2003 — | 402 14 19 394 1.2 13 0.80 [-0.11, 1.71
Ali 2012 R —— 39.27 1.05 41 38.39 0.8 23 0.8810.42, 1.34
RE Model  (p = 0.45; I = 99.6%) s —0.04 [-0.15, 0.07]
[ I T I 1
-2.00 -1.00 0.00 1.00 2.00

Mean Difference (weeks)

FIGURE 6 Gestational age meta-analysis (weeks); expressed as MD (random-effects model) with 95% Cl. Black diamond represents
overall effect. Abbreviations: Cl, confidence interval; MD, mean difference

birth weight than the line of best fit would predict (Figure 3).584344
It is possible that the relationship between birth weight and altitude
is non-linear above 4000 m, but insufficient data are available to
draw robust conclusions. Above 4500 m there are significant logis-
tical and physiological challenges to permanent human settlement.
Consequently, there are almost no large settlements above 4500 m
worldwide and hence future large-scale studies are unlikely to be
feasible at higher altitudes.

If the entire magnitude of birth weight difference between the
high- and low-altitude groups is attributable solely to the impact of
altitude, then the line of best fit in the birth weight meta-regression
would be expected to intersect with the origin, that is at 0 m of ele-
vation difference, there would be O g difference in birth weight be-
tween groups. Although the 95% Cl for the estimate of birth weight
difference at 0 m encompasses the origin (-143 to 10 g), there may
still be differences other than elevation between the groups at low
altitudes and high altitudes that significantly impact birth weight.
Populations at high altitudes have historically been more likely to
be of lower socioeconomic status,*® which is associated with re-
duced birth weight in other contexts.***” Areas of high and low
altitude experience significant environmental differences such as
temperature, humidity, and ultraviolet exposure, as well as access
to different sources of nutrition, and genetic differences.>® Such

factors are difficult to account for adequately in the context of a

large meta-regression.

5 | CONCLUSION

Across the world, infants born at high altitudes are more likely to be
born LBW, SGA, or preterm. Birth weight decreases by an average
of 54.7 g per 1000-m increase in elevation. This results in clinically
meaningful reductions in birth weight between populations at high
and low altitudes that cannot be accounted for by differences in ges-
tational age at delivery.

Populations at high altitudes are increasing in number and di-
versity around the world. The results of the present study provide
important insight into the increased risk of complications associ-
ated with pregnancy at high altitude, particularly LBW due to fetal
growth restriction. Fetal growth restriction and preterm birth are
major causes of perinatal death worldwide and independent predic-
tors of future health risks in surviving infants.
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