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Abstract: Residence at high altitude is consistently associated with low birth weight 35 
among placental mammals. This reduction in birth weight influences long-term health 36 
trajectories for both the offspring and mother. However, the physiological processes that 37 
contribute to fetal growth restriction at altitude are still poorly understood, and thus our 38 
ability to safely intervene remains limited. One approach to identify the factors that 39 
mitigate altitude-dependent fetal growth restriction is to study populations that are 40 
protected from fetal growth restriction through evolutionary adaptations (e.g., high 41 
altitude-adapted populations). Here, we examine human gestational physiology at high-42 
altitude from a novel evolutionary perspective that focuses on patterns of physiological 43 
plasticity, allowing us to identify (1) the contribution of specific physiological systems to 44 
fetal growth restriction and (2) mechanisms that confer protection in highland-adapted 45 
populations. Using this perspective, our review highlights two general findings: first, that 46 
the beneficial value of plasticity in maternal physiology is often dependent on factors 47 
more proximate to the fetus; and second, that our ability to understand the contributions 48 
of these proximate factors is currently limited by thin data from altitude adapted 49 
populations. Expanding the comparative scope of studies on gestational physiology at 50 
high altitude and integrating studies of both maternal and fetal physiology are needed to 51 
clarify the mechanisms by which physiological responses to altitude contribute to fetal 52 
growth outcomes. The relevance of these questions to clinical, agricultural, and basic 53 
research combined with the breadth of the unknown highlight gestational physiology at 54 
high altitude as an exciting niche for continued work.  55 
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I. Introduction 66 
 67 
High altitude environments (defined here as > 2500 m above sea level) have a long 68 

history as focal sites for studying fundamentals of physiology. The reduced oxygen 69 
availability and relatively low ambient temperatures that characterize these 70 
environments present unavoidable, physiological challenges to residents and transients 71 
alike. Despite these challenges, animals including humans have repeatedly colonized 72 
high altitude environments. In many of these cases, the novel selective pressures 73 
associated with the abiotic challenges of high altitude have driven evolutionary changes 74 
that improve Darwinian fitness at altitude (i.e., evolutionary adaptations). Fitness in this 75 
sense is comprised of two components: survival and reproduction. Of these, traits that 76 
influence survival continues to be the primary focus of research aimed at understanding 77 
adaptations to high altitude (1–5), in part because altitude so obviously affects 78 
performance (and thus survival) through lower oxygen availability. Although high altitude 79 
also impacts the other major component of fitness, reproduction, we still understand 80 
relatively little about reproductive adaptations. 81 

Gestation at high altitudes is associated with dose-dependent reductions to birth 82 
weight in humans (Fig. 1) and other mammals. In domesticated guinea pigs and sheep, 83 
gestating at altitude or under simulated hypobaric hypoxia can result in a dramatic 30% 84 
decline in birthweight (6–8); similar but more moderate reductions in birthweight occur in 85 
mice and humans (9, 10). These reductions in birth weight are associated with long-86 
term risks to newborn survival and health in humans and other animals (11–16). Given 87 
the consequences of these adverse outcomes on reproductive success, protection of 88 
fetal growth should be an important aspect of evolutionary adaptation to altitude. 89 
Indeed, altitude-adapted populations, including indigenous Andean and Tibetan 90 
humans, display reduced altitude-dependent fetal growth restriction (Fig. 1).  91 

Understanding the physiological bases of evolutionary adaptations that protect fetal 92 
growth in altitude-adapted populations is of interest to both basic and applied research. 93 
These adaptations can offer novel insights into potential targets for interventions that 94 
would limit altitude-dependent growth restriction in humans and livestock. To draw 95 
biomedical insight from evolutionary adaptation to altitude and its effects on fetal growth 96 
restriction, we need answers to two broad questions: 97 

 98 
(1) Which physiological processes contribute to fetal growth restriction in lowlanders 99 

gestating at altitude? and 100 
(2) How have these processes been shaped by evolutionary adaptation to protect 101 

fetal growth in highland-adapted populations? 102 
 103 

In this review, we provide new insight into these questions by summarizing the 104 
current state of the field using a perspective based in evolutionary theory. This 105 
perspective can be broadly applied to help identify physiological traits or processes that 106 
are likely contributors to fetal growth outcomes at altitude. We then identify key areas 107 
where new approaches or questions are needed to advance our understanding of 108 
hypoxia-dependent fetal growth restriction from an evolutionary vantage point. 109 
 110 



II. Which physiological traits or processes influence fetal growth at 111 
altitude? 112 

 Hypobaric hypoxia is likely the ultimate cause of fetal growth restriction at altitude. 113 
However, oxygen availability can influence fetal growth through both direct and indirect 114 
mechanisms. Direct effects of oxygen limitation refer to the inability of the fetus to 115 
acquire sufficient oxygen for growth, whereas indirect effects refer to the response of 116 
maternal, placental, and fetal physiology to environmental hypoxia, which can then 117 
secondarily restrict fetal growth. Indirect effects of hypobaric hypoxia on fetal growth 118 
thus include physiological changes in the mother that alter the fetal environment. At 119 
altitude, many animals undergo plastic changes to their physiology (i.e., acclimatization) 120 
to preserve arterial oxygen content and delivery to tissues. Acclimatization can include 121 
remodeling function and structure of cardiovascular, metabolic, and pulmonary systems 122 
(for further examples and discussion beyond pregnancy, see (17). Downstream of 123 
maternal cardiopulmonary systems, placentation and fetal growth may also respond to 124 
oxygen tension directly or to changes in maternal physiology (such as blood viscosity or 125 
pressure). With this in mind, a large number of maternal and feto-placental traits may 126 
directly or indirectly contribute to fetal growth at altitude, and the degree and nature of 127 
physiological plasticity in these traits may also be important. For the purposes of this 128 
review, we have grouped traits into four “steps” along the oxygen transport cascade 129 
from the environment through maternal circulation and into fetal circulation (Fig. 2): (a) 130 
maternal oxygen transport capacity, (b) blood delivery to the fetoplacental unit, (c) 131 
organization and function of the placenta, and (d) fetal hematology.  132 

III. Physiological plasticity and adaptation 133 
 134 

In the field of placental and fetal hypoxia, any plasticity in maternal, fetal, or 135 
placental function or structure is often referred to as an “adaptation” to hypoxia, meant 136 
to convey simply that the system is responding to hypoxia; these types of responses 137 
can be described more specifically as acclimatization. In contrast, adaptation in the 138 
evolutionary sense specifically refers to responses that enhance Darwinian fitness. This 139 
specificity is important within the context of hypoxia responses because maladaptive, or 140 
counterproductive, acclimatization responses are well-known components of the 141 
integrated, physiological responses to altitude in lowlanders (5, 17, 18). The prevalence 142 
of maladaptive plasticity is thought to reflect evolutionary adaptation to lowland 143 
conditions in an ancestral population. Unfortunately, some of the physiological 144 
responses that evolved to cope with acute and/or localized hypoxia in low-elevation 145 
conditions produce misdirected, maladaptive responses under the chronic and global 146 
hypoxia at high altitude (17). For example, in lowland environments, tissue hypoxia may 147 
result from anemia, in which case increasing production of red blood cells 148 
(erythropoiesis) can facilitate greater oxygen carrying capacity within the blood and thus 149 
alleviate hypoxia. Importantly, in this scenario, erythropoiesis returns hematocrit from 150 
pathologically low levels into a healthy range. At high altitudes, tissue-level hypoxia 151 
resulting from environmental (rather than physiological) factors stimulates this same 152 
response (increased erythropoiesis). However, in this case, hematocrit is already within 153 
a healthy range, and the excessive erythropoiesis can increase blood viscosity. At 154 



extreme levels, elevated blood viscosity places excessive strain on the heart (19), and it 155 
can hinder cardiac output and oxygen delivery to the systemic circulatory system (e.g., 156 
(20).  157 

Understanding and developing treatments for diseases or pathologies at altitude 158 
depends on differentiating between the aspects of physiological plasticity that are 159 
maladaptive and those that are adaptive. Harmful versus beneficial value can be 160 
assessed through correlations between physiological trait values (e.g., maternal 161 
hematocrit) and birth outcomes (e.g., birthweight) or by quantifying a hazard ratio, but 162 
there are several limitations to these approaches. As aforementioned, many 163 
physiological trait values that influence fetal growth are remodeled at altitude as part of 164 
maternal acclimatization. Thus, correlations between trait values and birth outcomes 165 
can appear because both are independently responding to the same environmental 166 
cues, rather than being causally linked. For example, up-regulation of common 167 
transcription factors that are sensitive to hypoxia (like hypoxia-inducible factor, HIF) can 168 
induce correlated responses across independent systems. In addition, we might expect 169 
that there are particular oxygen content or nutrient delivery thresholds relevant for fetal 170 
growth below or above which a relationship between the predictor and outcome (here, 171 
fetal growth) is no longer apparent because that variable has been effectively saturated.  172 

An inferential framework that is rooted in evolutionary theory can help circumvent 173 
some of these challenges and provide new insight. Natural selection acts on plastic 174 
traits differently depending on whether the induced response is beneficial (adaptive) or 175 
harmful (maladaptive). When plasticity is adaptive, natural selection acts to preserve or 176 
even enhance the magnitude of the plastic response (21). In contrast, if plasticity is 177 
maladaptive, selection should favor a blunted response that prevents the expression of 178 
the maladaptive trait value in the novel environment (22, 23). Empirical data support 179 
these theoretical predictions (see refs. (21–23) for further explanation and examples). 180 

In practice, these evolutionary expectations allow for the inference of the adaptive 181 
value of plastic responses at altitude (21). Put simply, a lowlander response to altitude 182 
can be inferred to be adaptive if it moves the trait value closer to that expressed by the 183 
locally adapted highland population (Fig. 3A). Conversely, maladaptive plastic 184 
responses either move the trait value further from the locally adapted phenotype (Fig. 185 
3B) or overshoot it (Fig. 3C). Despite the potential biomedical insight this evolutionary 186 
framework could provide, these inferential arguments have not yet been used to 187 
interpret the large body of data addressing how altitude shapes physiology and thus 188 
affects fetal growth.  189 

 190 
IV. Using an evolutionary framework to assess evidence for adaptive and 191 

maladaptive plasticity in gestational physiology. 192 
 193 

In utilizing this framework to assess the adaptive value of plasticity in a specific 194 
gestational trait, there are several important factors that should be considered. First, 195 
because the framework requires an understanding of the ancestral and derived 196 
phenotypic states, the colonization history must be known. In the case of high altitude 197 
adaptation in humans, the well-studied highland populations are definitively derived 198 
from lowland ancestors (e.g., (24–27). Our understanding of ancestral gestational 199 
plasticity in lowland humans comes primarily from studies of descendants of European 200 



immigrants living at high elevation in the Andes and Rocky Mountains and of Han 201 
Chinese living at high elevation on the Tibetan Plateau. These data can be contrasted 202 
with similar data from well-studied indigenous populations in the Andes (principally 203 
Quechua and Aymara) and Tibet (Tibetans, including Sherpa). Ideally, contrasts should 204 
be drawn between highlanders and their closest lowland relatives; however, this can be 205 
difficult when the genealogical histories of focal populations are not fully understood. 206 
The history of genetic admixture between focal highland and lowland populations is a 207 
related issue. Modern-day movement of humans across the globe has resulted in 208 
widespread admixture among historically separated populations. As a result, formal 209 
analysis of genetic ancestry is often necessary for correct population assignment. Here, 210 
we primarily restricted our review to only those studies that assessed the genetic 211 
ancestry of sampled individuals to avoid errors in inference based on incorrect 212 
population assignment. In a few cases, however, we did include studies that only used 213 
surname analyses for population assignment (28–31); these include foundational 214 
studies of placenta histology that were published prior to wide availability or use of 215 
genetic approaches.  216 

Second, physiological traits rarely function or evolve in isolation. Many of the 217 
physiological systems that support gestation are highly interconnected and 218 
interdependent, and this interdependence may place constraints on the evolutionary 219 
trajectories of individual traits. As a result, the adaptive value of any particular 220 
evolutionary change may be context dependent, and subject to evolutionary and 221 
functional constraints imposed by interacting systems. Relatedly, not all phenotypic 222 
differences affect fitness. Population differences in a phenotype may reflect neutral 223 
population genetic processes, and as a result, simply documenting a phenotypic 224 
difference between highlanders and lowlanders may not be sufficient to infer adaptation 225 
without additional information (32). A more powerful approach is to look for shared 226 
features across multiple, independent instances of adaptation (e.g., plasticity that is 227 
modified similarly in both Tibetans and Andeans). Such convergent changes provide 228 
particularly strong evidence for adaptive evolution and demonstrate that evolution of 229 
these solutions is not precluded by or dependent on other functional or evolutionary 230 
constraints specific to one group. As a result, these convergent solutions may be 231 
particularly promising targets for intervention. Differences in plasticity remodeling 232 
among adapted populations can suggest multiple solutions for the same biological 233 
problem, but their effectiveness may depend on unique interactions between gestational 234 
and maternal physiology as well as genetic background. Although understanding these 235 
contingencies could prove insightful for personalized medicine, population-specific 236 
solutions will be more difficult to understand because of the complex 237 
interconnectedness of relevant traits. With this in mind, using evolutionary frameworks 238 
to assign adaptive or maladaptive value to traits relevant to fetal growth should be 239 
based on at least two independently-derived highland populations (e.g., Andean and 240 
Tibetan; Ethiopian highlanders may be able to serve as a third group for confirmation in 241 
the future, however gestational adaptations have not been characterized in this 242 
population to-date and thus they are not included in this review).  243 

Here, we first review what is known about altitude acclimatization during gestation in 244 
lowland populations to establish general patterns of plasticity in lowlanders. We then 245 
contrast these patterns with data from highland populations to infer the adaptive value 246 



of lowlander responses. We also include other types of information on adaptive value 247 
when available, such as hazards ratios and associations between trait values and 248 
outcomes like birth weight. Finally, we identify key areas for future work that will 249 
broaden and strengthen the utility of evolutionary frameworks for understanding fetal 250 
growth restriction at altitude. Throughout, we discuss only those traits for which there is 251 
consistent or sufficient evidence to characterize plasticity in lowlanders. For traits where 252 
the published evidence is scant or equivocal, summaries and relevant citations can be 253 
found in Table 1. 254 
 255 

i. Maternal oxygen and nutrient transport capacity  256 
 257 
A major challenge to physiology at high altitudes is simply preserving oxygen delivery to 258 
tissues. This challenge can be at least partially offset by changes in cardio-pulmonary 259 
function and the oxygen carrying capacity of the blood.  260 
 261 
Ventilation and heart rate: Acclimatization to high altitude increases ventilation (L/min) 262 
and heart rates in lowlanders compared to sea-level values (33–36). While increasing 263 
heart rate can improve delivery of oxygen, increasing ventilation rate contributes to 264 
pulmonary oxygen uptake as well as respiratory alkalosis, which can affect the off-265 
loading of oxygen at target tissues by altering blood chemistry (see section below). 266 
These acclimatization responses persist during pregnancy: women of lowland ancestry 267 
that are gestating at altitude display greater ventilation (L/min) and their heart rates tend 268 
to be elevated relative to women of similar genetic backgrounds gestating at sea-level 269 
(35, 37, 38).  270 
 Indigenous Andeans and Tibetans differ in their ventilatory adaptations to altitude 271 
(39), and these differences are also maintained during pregnancy. Specifically, pregnant 272 
Andean women at altitude maintain lower ventilation at term relative to Europeans (40), 273 
whereas Tibetans maintain greater ventilation (41). Interestingly, elevated ventilation 274 
rates appear to have a positive impact on birth weight for both Tibetans and Andeans, 275 
but there does not appear to be a similar benefit of elevated ventilation to birthweights in 276 
lowland groups (40, 41). These patterns suggest that increasing ventilation at altitude is 277 
adaptive, but the benefit to fetal growth may be dependent on interactions with 278 
downstream physiological traits that augment oxygen delivery and/or acid-base balance 279 
in the blood through other mechanisms.  280 

In contrast, both Tibetans and Andeans display lower heart rates throughout 281 
pregnancy at altitude compared to women with lowland ancestry (37, 40–42). In 282 
addition, lower pulse rates in Tibetans have been linked to improved pregnancy 283 
outcomes (including total pregnancies and survival of the child up to one year; see ref. 284 
(43). These patterns suggest that the acclimatization-dependent increase in heart rate 285 
of lowland women at altitude is likely maladaptive. Increasing heart rate may have 286 
detrimental effects on blood pressure or stress on the heart, but evidence is limited (see 287 
section on blood pressure below). Alternatively, the maladaptive pattern in heart rate 288 
may reflect underlying maladaptive patterns of catecholamine synthesis (e.g., (44, 45), 289 
which can drive sustained peripheral vasoconstriction at altitude. 290 
 291 



Hematocrit and hemoglobin: Oxygen-carrying capacity in the blood is determined by 292 
a combination of the concentration and functional properties of hemoglobin, as well as 293 
the  blood biochemistry. Exposure to high altitude is generally associated with an 294 
increase in hematocrit and hemoglobin concentrations during pregnancy in women with 295 
lowland ancestry (35, 38, 42, 46–52). Elevated hematocrit in pregnant women at altitude 296 
may be due to insufficient blood volume expansion during pregnancy (52): the absolute 297 
concentrations of both hematocrit and hemoglobin decline with pregnancy at any 298 
altitude (52, 53) as plasma volume increases, but pregnancy-associated increases in 299 
plasma volume (and by association, blood volume) are apparently blunted by residence 300 
at high altitude in women with lowland ancestry (52).  301 

Both insufficient blood volume expansion and elevated hematocrit are 302 
independently associated with pregnancy complications (52) (and citations therein) and 303 
low birth weight (49, 52–54) but see ref. (42). Elevated hematocrit has also been linked 304 
to irregular morphology of the placenta (48). The causal mechanism by which these 305 
factors might lead to low birth weight remains unclear. Elevated hematocrit may drive 306 
physiological changes that alter placental morphology and/or constrain fetal growth. 307 
Alternatively, elevated hematocrit and fetal growth restriction may reflect other upstream 308 
physiological constraints. 309 

One of the notable adaptations seen in highland-adapted Tibetans is an 310 
attenuation of the acclimatization-related increase in circulating hematocrit and 311 
hemoglobin. Recently, regulation of plasma volume has also been recognized as 312 
important to adaptive changes in hematocrit concentration in male and non-gestating 313 
female Tibetans (55). It is unclear whether these patterns persist during high altitude 314 
pregnancies. While some studies show that both pregnant Andeans and Tibetans tend 315 
to maintain lower hematocrit and hemoglobin concentrations in the blood relative to 316 
pregnant women with lowland ancestry (41, 42, 50), others find no difference (37, 40, 317 
56). Moreover, blood and plasma volume appear generally similar between European 318 
and Andean women at altitude (37, 40). Nonetheless, elevated hematocrit is still 319 
associated with reduced fetal growth in Tibetans and Andeans, and lower hemoglobin is 320 
associated with greater fertility and survival of children through their first year of life in 321 
Tibetans (43). These patterns suggest that altitude-dependent increases in hematocrit 322 
are universally maladaptive above a certain threshold. 323 
 324 
Blood chemistry and oxygen content: In concert with changes to hematocrit and 325 
hemoglobin content, shifts in blood biochemistry alter hemoglobin affinity for oxygen. 326 
Altering hemoglobin-oxygen affinity affects both blood oxygen saturation at the lungs 327 
and the dynamics of oxygen off-loading at tissues. Generally speaking, humans with 328 
lowland ancestry experience a rightward shift in hemoglobin’s affinity for oxygen (Hb-O2 329 
affinity) in whole blood at altitude, which is driven by an increase in the erythrocytic 330 
concentration of a potent allosteric cofactor, 2,3-biphosphoglycerate (BPG) (57, 58). 331 
While these changes can improve oxygen offloading at the tissues, they can also 332 
reduce oxygen loading at the lungs, resulting in an overall decrease in oxygen 333 
saturation in the circulatory system (17, 59). We have no information on how 334 
erythrocytic concentrations of allosteric cofactors are altered by altitude specifically in 335 
pregnant women, however, Hb-O2 dissociation in whole blood (which will reflect 336 
interactions of allosteric factors with hemoglobin binding affinities) from pregnant 337 



women with lowland ancestry are left shifted at altitude (35). This leftward shift means 338 
that hemoglobin has a greater affinity for oxygen at altitude during pregnancy, which 339 
counters the general pattern in humans with lowland ancestry (17, 60, 61). The leftward 340 
shift in pregnant women may be attributable to ventilation-dependent respiratory 341 
alkalosis (see above), which drives a decrease in PaCO2 and an increase in blood pH 342 
during gestation in women with lowland ancestry (35, 38, 42, 50, 62). Ultimately, women 343 
with lowland ancestry gestating at altitude tend to have a lower oxygen saturation when 344 
compared to gestating women of similar genetic backgrounds nearer sea-level (35, 38, 345 
42, 50).  346 
 These patterns could suggest that fetal growth restriction is simply the result of 347 
decreased oxygen availability in circulation. Surprisingly, even with decreases in oxygen 348 
saturation (SaO2) in gestating women at altitude (35, 38, 42, 50), several studies show 349 
that arterial oxygen content (in mL per unit blood volume) is actually greater in women 350 
with lowland ancestry at high altitude compared to women with lowland ancestry at sea 351 
level (35, 38, 42, 50); this difference may be explained by increased hemoglobin 352 
concentrations (see previous section). Like women with lowland ancestry, both Andean 353 
and Tibetan women also experience increases in blood oxygen content with altitude 354 
such that their blood oxygen content at altitude tends to be similar to or lower than that 355 
of women with lowland ancestry gestating at altitude (37, 40–42, 50). These changes in 356 
oxygen content in highland-adapted populations are also associated with a decrease in 357 
PaCO2 and increases in blood pH (42, 50). The fact that altitude-dependent shifts in 358 
oxygen saturation that occur in lowlanders are exaggerated or maintained in altitude-359 
adapted populations suggests that the increase in oxygen content is more important 360 
than saturation and that blood oxygen content in lowlanders at altitude is sufficient to 361 
maintain fetal growth. Thus, other interacting physiological processes or determinants of 362 
oxygen transport and utilization seem more likely to be directly responsible for limiting 363 
fetal growth at altitude (63). 364 
 365 
Blood pressure: Many of the changes to cardiovascular function, blood biochemistry, 366 
and vasoconstrictive factors (i.e., catecholamines) described above can contribute to 367 
elevated blood pressure, and hypertensive complications of pregnancies are more 368 
common at altitude (52, 64, 65). However, there is mixed evidence for elevated blood 369 
pressure in pregnant women at high altitude. Most studies find that blood pressure does 370 
not vary with altitude in pregnant women with lowland ancestry or between those with 371 
lowland and highlander ancestry (46, 52, 66–72), but others, including two large 372 
longitudinal studies, find that blood pressure is indeed elevated in high altitude 373 
pregnancies (41, 42, 49, 65, 73). There are at least three important caveats to those 374 
majority of studies finding no effect of altitude on blood pressure. First, most studies 375 
specifically exclude women who are hypertensive during pregnancy, even if they have 376 
no other complications. Given that women at altitude are more likely to have 377 
hypertensive disorders during pregnancy (52, 64, 65), this exclusion criteria results in a 378 
bias towards women that are able to remain normotensive at altitude. Second, blood 379 
pressure changes across a normal pregnancy, meaning that altitude-dependent 380 
increases in blood pressure may only be detectable or relevant during specific periods 381 
across gestation; of the studies we reviewed, the majority only report measures taken in 382 
the 3rd trimester or near-term. Finally, few studies are longitudinal, which could help 383 



detect relatively small differences in blood pressure that might persist even among 384 
women classified as normotensive. In support of the importance of these caveats, the 385 
two large cohort, longitudinal studies reporting blood pressure across gestation (65, 73) 386 
do detect relatively small increases in blood pressure at altitude compared to low-387 
altitude counterparts specifically during early pregnancy (weeks 15-25). Additional 388 
longitudinal blood pressure measures from gestating women of highland ancestry 389 
across altitudes are needed. 390 
 391 

ii. Blood delivery to the feto-placental site 392 
 393 
Maternal vascular remodeling and growth: In a healthy pregnancy, remodeling and 394 
growth of the uterine artery and associated vasculature facilitates dramatic increases in 395 
blood flow to the feto-placental unit, allowing sufficient delivery of gas and nutrients to 396 
the placenta. Blood flows to uterine artery from the common iliac artery via the internal 397 
iliac artery (see Fig. 2), however most studies present measures from the common and 398 
external iliac arteries. Neither the common nor the external iliac arteries experience 399 
substantial pregnancy-dependent remodeling in lowland women at low (68) or high 400 
altitudes (37, 38, 42, 68). In contrast, the uterine artery increases 1.5-times in diameter, 401 
facilitating an incredible 20-fold increase in flow during pregnancy at low altitude (68). 402 
Altitude exposure is consistently associated with reduced uterine artery diameters 403 
(indicative of insufficient remodeling) and lower volumetric blood flow (mL/min) during 404 
pregnancy in women with lowland ancestry (Han Chinese, presumed-European [in 405 
Colorado, USA], eastern European, and Arab genetic backgrounds; (38, 42, 68, 74, 75). 406 
One interesting counterpoint to this general pattern are European descendants in South 407 
America, who tend to show either an increase or no change in uterine artery diameter 408 
while pregnant at high-altitude compared to lowland pregnancies (56, 76, 77). This 409 
pattern may be the result of admixture between native Andeans and European-410 
descendants which is common in these populations (see Section V.i). 411 

Between the uterine artery and the placenta lie the myometrial arteries, which are 412 
functionally altered by altitude exposure during pregnancy in lowlanders. Women of 413 
presumed European-descent residing in the Rocky Mountains exhibit blunted nitric 414 
oxide (NO)-dependent vasodilation of myometrial arteries (78). NO is an important 415 
contributor to vasodilation of local vasculature during pregnancy (79), suggesting that 416 
blunted NO-dependent vasodilation could contribute to fetal growth restriction by limiting 417 
blood delivery to the placenta or by locally elevating blood pressure and/or strain on the 418 
vasculature. Conversely, AMPK-dependent vasodilation of myometrial arteries is 419 
increased in women with European ancestry residing at high altitudes (80). How these 420 
changes in NO and AMPK vasodilation contribute to fetal growth trajectories at altitude 421 
is not well-understood. 422 
 Data on highland-adapted populations have been limited to artery diameter and 423 
flow metrics; no data on vasodilatory function have yet been published. Variation in the 424 
diameter and blood flow through the common and external iliac arteries are not 425 
consistent between altitude-adapted populations – both are greater in Andeans 426 
compared to Europeans at altitude (37, 42), but lower in Tibetans compared to Han 427 
Chinese at altitude (41). Diameter and blood flow through common and external iliac 428 
arteries are thus unlikely to be a major factor in evolutionary protection of fetal growth 429 



restriction at high altitude. In contrast, uterine artery diameter and/or flow tends to be 430 
greater in both pregnant Andeans and Tibetans at altitude compared to lowlanders at 431 
altitude (37, 41, 42, 56, 76, 77, 81). The fact that highlanders consistently have larger 432 
uterine artery diameters relative to lowlanders suggests that attenuation of uterine artery 433 
expansion in lowlanders is likely maladaptive for fetal growth at altitude. However, 434 
correlations between fetal growth and uterine artery diameter or blood flow vary among 435 
studies. In most cases where multiple populations and/or altitudes are examined, 436 
associations between uterine artery metrics and fetal growth occur only within a single 437 
population and altitude (37, 38, 41, 56, 68). More importantly, the group in which this 438 
association can be detected varies across studies. For example, whereas Julian et al. 439 
(68) find that uterine artery flow has a marginal, positive relationship with birthweight in 440 
European women at high altitude (but not at low altitude), Zamudio et al. (38) document 441 
a significant relationship between uterine artery flow and birthweight in European 442 
women at low altitude (but not high altitude). This disagreement among studies could 443 
reflect real variability among or within groups, unmeasured explanatory factors, or 444 
operator and instrument error. While variability among studies could undermine the 445 
general importance of uterine artery diameter or flow as a determinant of fetal growth at 446 
altitude, loci that contribute variation in these traits bear genetic signatures of a history 447 
of natural selection in some altitude-adapted populations. For example, allelic variation 448 
in PRKAA1, a gene previously identified to have experienced selection in Andeans (82, 449 
83), has been linked to uterine artery diameter and birth weight in European and 450 
Andean women (84); PRKAA1 encodes AMPK and may regulate eNOS-dependent 451 
vasodilation in myometrium (85). These results suggest that traits related to dynamic 452 
function of the artery like vasodilation, rather than static measures, may be important for 453 
fetal growth. If true, measurements of artery diameter or flow under a single set of 454 
conditions may be insufficient to fully characterize adaptive variation in the uterine artery 455 
in high-altitude adapted populations. Measuring dynamic changes in artery diameter 456 
and flow using accessible model systems may therefore be essential to understanding 457 
how uterine artery physiology influences fetal growth outcomes. 458 
 459 

iii. Nutrient and gas exchange in the placenta  460 
Nutrient and gas exchange are determined by both the structure and function of the 461 

placenta. Placental structure determines the total surface area for transfer as well as the 462 
rate at which blood will move along that surface, whereas placental function, which 463 
includes gene and protein expression and regulation, influences capacity to move 464 
solutes from maternal to fetal circulation and placental metabolism. 465 
 466 
Placental structure: Altitude exposure is associated with a reduction in absolute 467 
placental size in lowlanders, however the ratio of placental to fetal mass tends to 468 
increase at altitude because fetal growth restriction outpaces the reduction in placental 469 
mass (28, 42, 48, 50, 70, 74, 86–97). In Andeans, the absolute size of the placenta is 470 
not affected by altitude (28, 42, 50), and the ratio of placental to fetal mass is unaltered. 471 
Changes in the mass of the placenta alone is therefore not likely to be a critical 472 
determinant of fetal growth trajectories of humans at altitude. 473 

The placenta contains distinct functional structures and compartments that could 474 
be independently altered in ways that further constrain or support fetal growth without 475 



altering overall placental mass. Many of these are altered by altitude residence in 476 
women with lowland ancestry. For example, villi within the placenta (see Fig. 1), sites of 477 
nutrient and gas exchange, tend to be shorter and occupy less total placental volume at 478 
altitude in women with lowland ancestry (28, 29, 48, 70, 86, 98, 99). Conversely, 479 
vasculature in and around villi are more abundant and larger in lowlanders at high-480 
altitude, perhaps to counteract the decrease in villi volume. Similarly, placental arteries 481 
originating from the maternal endometrium are more numerous at high altitude in 482 
women with lowland ancestry (91), and fetal capillaries within the villi are often more 483 
numerous and/or larger in volume (29, 48, 49, 62, 70, 86, 91, 92, 97, 99, 100). Finally, 484 
the villous membrane in apposition with fetal cells thins with altitude, which may improve 485 
nutrient and gas exchange (30, 31, 100) but see ref. (70). These changes to vascular 486 
structure and organization within the placenta may protect total placental diffusion 487 
capacity despite a general decrease in size of the villous portion (98, 99) but see (70, 488 
100).  489 

The only data on placenta structure in altitude-adapted populations comes from 490 
studies on Andeans. Note that these studies, all published in the 1980s, used surnames 491 
to differentiate highland and lowland ancestry rather than genetic markers, and thus are 492 
potentially prone to misassignment of ancestry. Nonetheless, the villous portion is 493 
decreased in Andean placentas during pregnancies at high-altitude, and the magnitude 494 
of decrease is similar to that seen in lowland natives at altitude (28, 98). However, the 495 
structure of villi in Andean placentas differs from that of lowlanders at altitude. Andeans 496 
maintain longer chorionic villi and, within the villi, fetal capillaries are also longer at high 497 
altitude compared to lowlander placentas at altitude (29). Andean placentas also display 498 
smaller fetal capillary diameters relative to lowlanders at altitude (29). As with 499 
lowlanders, the villous membrane of Andean placentas thins at altitude (30, 31). 500 
Together, these structural changes to the villi seen in Andean placentas could underlie 501 
an increase in the efficiency of nutrient and gas transfer beyond that seen in lowlanders 502 
by both increasing surface area and decreasing diffusion distance. The fact that 503 
Andeans at altitude protect villi and fetal capillary length but retain thinning of the villous 504 
membrane and the relative decrease in villous volume suggests that placental structural 505 
remodeling that lowlanders express at altitude reflects a mix of adaptive and 506 
maladaptive responses. 507 
 508 
Function of the placenta: Changes to various functional aspects of the placenta could 509 
augment structural change to preserve or improve nutrient delivery and gas exchange. 510 
Alternatively, plasticity in placental function could exacerbate bottlenecks in nutrient and 511 
gas exchange. Functional components of the placenta include the activity and 512 
abundance of receptors and transporters along the villous membrane, placental 513 
metabolic activity, and the production of hormones critical for altering maternal 514 
physiology in ways that support fetal growth.  515 

In women with lowland ancestry, the placenta at altitude displays altered regulation 516 
of stress-related pathways, including those involved in hypoxia and oxidative damage. 517 
The hypoxia-inducible factor (HIF) pathway is generally up-regulated in high altitude 518 
placentas from women with lowland ancestry such that HIF subunits and their 519 
transcriptional targets are both up-regulated within the placenta (67, 69, 72, 101). At the 520 
same time, gene expression of inhibitory enzymes, including Factor inhibiting HIF-1 521 



(FIH-1) and von Hippel-Lindau protein, which tags HIF subunits for degradation, may 522 
also be elevated in placentas from women of lowland ancestry gestating at altitude (72, 523 
92). The combined up-regulation of HIF subunits and the factors that tag them for 524 
degradation could explain disagreement among studies as to whether HIF and its 525 
targets are up-regulated at the protein level (92, 101). Important to note here is that 526 
these studies generally focus on term placentas, which include samples from both 527 
vaginal and cesarean deliveries.  Vaginal birth results in considerable ischemic and 528 
oxidative stress to the placenta, meaning that measurements of markers for hypoxia 529 
and oxidative stress from these tissues may reflect the effects of birth rather than in situ 530 
conditions. Although most studies acknowledge and statistically assess differences 531 
between placentas from vaginal and cesarean deliveries, power is often low to detect 532 
differences within groups due to small sample sizes, and cesarean deliveries are 533 
usually predominant specifically at altitude. Further explicit attention to these differences 534 
would be useful to resolve the potential influence of mode of birth on placental markers 535 
of hypoxia at altitude. 536 

Genes in angiogenic pathways in the placenta are generally upregulated by altitude 537 
exposure in women with lowland ancestry. Many HIF-targets are angiogenic (69, 92), 538 
and these factors tend to be up-regulated with other angiogenic genes, such as those in 539 
the renin-angiotensin system (101). Increased progesterone, a sex steroid with 540 
angiogenic function, at altitude may also promote vascularization of the placenta bed. 541 
Progesterone concentration in maternal circulation tends to be greater in high altitude 542 
pregnancies for women with lowland ancestry (77, 102), and the placenta is the primary 543 
source of progesterone during mid to late gestation in humans (103). 544 

There are considerably fewer data addressing functional aspects of the placenta in 545 
altitude-adapted human populations. Comparable data on oxidative damage, stress 546 
pathways, or angiogenic genes in placentas from altitude-adapted populations that 547 
could be contrasted with that from women with lowland ancestry is extremely limited 548 
(Table 1). However, based on patterns in gene expression, one recent study suggests 549 
that placentas from Tibetan women at altitude may experience less stress from the 550 
ischemia of labor compared to placentas of women with European ancestry at altitude 551 
(104). These results imply some population-specific resilience to hypoxia and oxidative 552 
damage within the placenta at altitude. There is also some evidence that Andeans tend 553 
to have higher concentrations of estrogens and progesterone in maternal circulation at 554 
altitude relative to women with European ancestry at altitude (77), which could suggest 555 
that elevated progesterone that occurs in lowlander pregnancies at high altitude is 556 
adaptive. It is possible that these angiogenic hormones could support greater 557 
vascularization of the implantation site and remodeling of maternal vasculature. Linking 558 
differences in circulating sex steroids to variation in vascularization in or around the 559 
placental bed could help advance this argument.  560 
 561 

iv. Fetal hematology 562 
Blood chemistry and hematocrit in the fetus can also influence capacity to exchange 563 

gas and nutrients. There is some evidence to suggest that fetuses with lowland ancestry 564 
are capable of extracting and consuming similar amounts of oxygen from maternal 565 
blood at high altitude and near sea level (400 m, (50), despite changes in maternal 566 
arterial oxygen content and blood flow through local vasculature. However, fetal 567 



hematological measures generally show that the fetus at high altitude still senses 568 
relative maternal hypoxia. Fetal erythropoietin, hematocrit, and hemoglobin 569 
concentration are all elevated at altitude (50) but see (49). The pH of fetal blood is also 570 
elevated (50, 51) and bicarbonate content decreases (50, 51). These hematological 571 
changes are consistent with improved fetal O2 extraction at high-altitude.  572 

We might expect that fetal hematological changes like increased hematocrit also 573 
have maladaptive side effects, as they do in adults, in which case we would expect 574 
altitude-dependent increases that occur in lowlanders to be blunted or absent in 575 
altitude-adapted populations. Surprisingly, Andean fetuses display increases in 576 
hematocrit and hemoglobin similar to those seen in fetuses with lowland ancestry (50), 577 
whereas Tibetan infants retain lower hematocrit relative to Han Chinese infants (105). 578 
Andean fetuses at altitude are also similar to infants with lowlander ancestry in that they 579 
display lower umbilical bicarbonate, and they have even more basic blood pH (50). 580 
Although there may be changes in regulatory regions upstream of fetal hemoglobins in 581 
Andeans and Tibetans (106, 107), there are no known coding changes to these genes 582 
in either altitude-adapted population (106–108). Andean fetuses may also extract and 583 
consume similar amounts of oxygen per gram of fetal weight when compared with 584 
fetuses with lowland ancestry regardless of altitude (50). 585 

In general, fetal responses to hypoxia (including increases to hematocrit and 586 
hemoglobin) may be sufficient to overcome any altitude-dependent decreases in oxygen 587 
delivery regardless of ancestry (50); additional studies to confirm these patterns are 588 
desirable. 589 
 590 

v. Summary 591 
 592 

Many maternal, placental, and fetal physiological traits are altered by exposure to 593 
high altitude in humans with lowland ancestry, but evidence for the contribution of any 594 
specific change in these traits to fetal growth outcomes remains limited. The simplest 595 
explanation for fetal growth restriction at altitude would be that lower oxygen directly 596 
limits growth of the fetus. However, plasticity in the placenta and/or fetal hematology 597 
appear sufficient to achieve necessary uptake and consumption of oxygen in lowlanders 598 
and highlanders alike. Altitude-dependent fetal growth restriction is therefore likely 599 
linked to indirect effects of low oxygen on gestational physiology that constrain fetal 600 
growth trajectories. Relevant factors may include vascular stress in and around the 601 
placenta and change in nutrient delivery to the fetus, but there are relatively few data 602 
quantifying these factors in situ, especially during early development. 603 

 604 
V. Challenges and Opportunities 605 

 606 
Many traits that support nutrient and oxygen transport during gestation are plastic in 607 

response to the persistent hypobaric hypoxia of altitude. The same appears to be true 608 
for structural components of the placenta. Unfortunately, we are limited in the extent to 609 
which we can assess adaptive or maladaptive value of these plastic responses because 610 
we lack data on the responses of highland-adapted populations, or the data that do 611 
exist are inconclusive. Similarly patterns of plasticity in women with lowland ancestries 612 
can be inconsistent across studies. Below we offer suggestions for progress. 613 



 614 
i. A call for greater breadth in model systems 615 

 616 
The literature on gestational adaptation is dominated by work in humans. Human 617 

adaptation to altitude continues to be a major area of basic and applied research, and 618 
there is clinical importance to understanding gestational physiology at altitude 619 
specifically in humans because human pregnancy has unique attributes, including 620 
aspects of placental structure and development, that cannot be studied in any non-621 
primate model system. Still, using humans as a model for understanding the evolution 622 
of gestational traits is limited by both practical and ethical concerns. To both meet the 623 
need for understanding human gestational physiology and overcome limitations of 624 
working in humans, we suggest two complimentary avenues that are likely to be fruitful, 625 
particularly if they are pursued in parallel. First is expanding the breadth of human 626 
populations we study, and second is the development of animal models that can be 627 
studied within a comparative, evolutionary framework. 628 

To-date, the human literature on gestational adaptations to altitude has largely 629 
focused on women of presumed European ancestry in the Rocky Mountains in 630 
Colorado, USA and women from populations living in and around the Andes (see Table 631 
1). Our ability to assemble a comprehensive picture of human gestational physiology at 632 
altitude is limited by constraints unique to each population. 633 

First, studies in the Rockies are limited by the fact that the low altitude comparison 634 
group has historically been based in Denver, Colorado, at 1600 m elevation. This 635 
moderate altitude corresponds to more than 15% reduction in oxygen availability (19.6 636 
kPa at sea level versus ~16 kPa in Denver), and (perhaps unsurprisingly) birthweight is 637 
reduced at this elevation relative to sea level (109, 110). Thus, these studies may be 638 
prone to miss relevant changes in physiology or correlations between physiology and 639 
birth weight because the difference between populations in Denver and those at higher 640 
altitudes is likely to be smaller. Recent efforts to include populations from lower 641 
elevations provide useful comparative data, and future efforts in this direction with 642 
attention to maintaining comparable genetic ancestry will be useful for expanding our 643 
understanding of the physiology shaping fetal growth restriction across altitude 644 
gradients. 645 

Populations in the Andes also present challenges to drawing generalizable 646 
conclusions about gestational adaptation. Indigenous highland groups in the Andes 647 
(namely, Aymara and Quechua) represent a single instance of adaptation to altitude. As 648 
discussed in Section IV, in can be difficult to distinguish phenotypic responses that arise 649 
from natural selection from those that arise from genetic drift when focusing a single 650 
colonization of high altitude (32). Moreover, it can be difficult to account for context-651 
specific adaptive responses that arise from interactions between interrelated systems or 652 
other constraints on the adaptive process. For example, Andeans and Tibetans, two 653 
independent adaptation events to high altitude environments, differ in how the 654 
ventilatory system has adapted to altitude (39, 111, 112). Comparing patterns of 655 
plasticity in ventilation between lowlanders and these highland groups independently 656 
would lead to different conclusions about the adaptive value of increasing ventilation 657 
rates at altitude. When instead viewed together, we can more accurately infer that the 658 
adaptive value of ventilation patterns at altitude may depend on the function of 659 



interrelated physiological systems. Studying gestational physiology in Tibetans 660 
(including Sherpa) and Ethiopian highland groups (namely, Oromo and Amhara) will be 661 
important to confirm the adaptive value of plasticity based on comparisons between 662 
Andeans and Europeans alone. 663 

Inferences based on Andean highlanders are also limited by the relatively recent 664 
colonization of high altitude by Andeans (112) combined with a history of admixture 665 
between highland indigenous groups, Europeans, lowland indigenous groups and west 666 
Africans (Yoruba) in and around the Andes (24, 113). Both recent colonization and 667 
prevalent admixture can contribute to lower genetic differentiation between highland and 668 
lowland populations, which can result in populations displaying similar phenotypes, 669 
including plastic responses. Again, adding comparative data from other independent 670 
adaptive events, especially those where gene flow has historically been low for longer 671 
periods, will be important for confirming adaptive and maladaptive patterns inferred from 672 
a single population.  673 

Beyond population-based variation, humans have limited utility as a model for 674 
discovery-based research and mechanistic studies because we have limited access to 675 
studying dynamic processes across gestation. The majority of studies reviewed here 676 
focus primarily on third trimester to late term pregnancies, but many of the processes 677 
that organize maternal gestational physiology, vascular remodeling, and placental 678 
growth occur at earlier time points (114–116). Early gestation can only be studied ex 679 
vivo in humans and often relies on limited material. The in vivo manipulations and 680 
controlled sampling that is needed to study placentation and fetal growth at altitude can 681 
only be performed in animal models. 682 

To date, domestic sheep are the only animal model that has been used to study in 683 
evolutionary adaptations in gestational physiology using a comparative approach. 684 
Criollo sheep were introduced to Peru by Spanish colonizers as early as the beginning 685 
of 16th century and may have been moved to the highlands of the Andes for farming 686 
soon thereafter (117). Many of the physiological responses to altitude that are thought 687 
to be adaptive in altitude-adapted humans also occur in highland populations of these 688 
sheep. For example, both lowland adult and fetal sheep display increased hematocrit 689 
and/or hemoglobin concentration at altitude, but adapted adults maintain lower 690 
hematocrit at altitude (6, 118). Data on fetal hematocrit or hemoglobin are not available 691 
for the altitude-adapted population. Altitude-adapted sheep also seem to maintain 692 
elevated concentrations of angiogenic sex steroids during pregnancy relative to 693 
lowlanders (119). Finally, the area of the placenta across which nutrient exchange 694 
occurs is increased in altitude-adapted sheep (6, 120), and their placenta contains a 695 
greater concentration the vasodilator eNOS (118). Sheep are already a well-studied 696 
model for hypoxic and metabolic stress during gestation in lowland environments (121), 697 
which makes this a promising system for better understanding constraints of both 698 
placental and maternal physiology at altitude that contribute to fetal growth restriction.  699 

There are two important limitations to using this system as a model for evolutionary 700 
insight. First, whole-animal physiological adaptations to altitude have not been 701 
described – we do not know the extent to which core physiological systems (e.g., 702 
pulmonary or cardiovascular) have been adaptively modified outside the context of 703 
gestation. Given the interdependency of maternal and feto-placental traits, this 704 
characterization is important. Comprehensive efforts to characterize the physiological 705 



basis of adaptation to altitude in these sheep through the integration of functional 706 
genomics and physiology would be useful for further developing the utility of this model. 707 
Second, the utility of these sheep as a model for evolutionary adaptation to high-altitude 708 
is also limited by the fact that these sheep are domesticated and have been since well 709 
before they were brought to the Andes. The capacity of any population to adapt to a 710 
novel environment is a function of the initial genetic variation available for selection to 711 
act upon and the efficacy of selection on fitness-related traits. Domestication events are 712 
typically associated with genetic bottlenecks which reduce genetic variation and the 713 
efficiency of selection relative to genetic drift (122). Furthermore, artificial selection for 714 
specific traits (e.g., body size, time to maturity) may constrain other evolutionary 715 
responses to natural selection (122). For these reasons, models for gestational 716 
adaptation to altitude that are not subjected to potential confounding effects of 717 
domestication would still be desirable.  718 

Identifying useful systems for development as animal models is an important next 719 
step towards making experimental progress on this topic. Rodent systems are 720 
appealing for many of the same reasons sheep are – there is a large body of research 721 
already established for gestational physiology of rodents under acute hypoxia that 722 
would facilitate crosstalk between altitude-specific fetal growth restriction research and 723 
the broader field of gestational physiology and health. In particular, deer mice 724 
(Peromyscus maniculatus), which are now well-established as a comparative model for 725 
altitude adaptation (18, 123, 124), are a promising system because they offer 726 
experimental tractability, genomic resources, and multiple populations that are adapted 727 
to both highland and lowland conditions (125). Other wild rodent species, such as 728 
Phyllotis leaf-eared mice in the Andes, may have similar potential (126, 127).  729 
 730 

ii. Integrating gestational physiology 731 
 732 

The genetic basis for gestational adaptions Andeans and Tibetans is thought to be 733 
highly polygenic (42, 43, 56, 128), and thus the mechanisms protecting fetal growth in 734 
these populations may involve physiological traits at or across multiple levels between 735 
mother and fetus (Fig. 2). Across all the studies we reviewed, most were focused on 736 
maternal traits or structural constraints related to the placenta and uterine artery, and 737 
they focused on near-term timepoints. Other traits that are likely relevant, especially 738 
endocrine and metabolic function of the maternal and placental compartments, have 739 
received less attention and/or display equivocal patterns across the small number of 740 
published studies (see Table 1). Expanding the set of focal traits, integrating across 741 
physiological systems and levels of biological organization, and focusing on 742 
developmental trajectories are all necessary to fully understand the major factors that 743 
influence birth outcomes at high altitude. 744 

As an example, there is evidence that maternal immune function may be important, 745 
but it has received very little attention. Local regulation of the maternal immune system 746 
is critical during early placentation (44, 81, 129–131), and inflammatory signals are 747 
more abundant at high altitude in the maternal circulation and placentas of lowlanders 748 
(44, 46, 67, 72) but see (81), suggestive of immune dysregulation. Given its dual role in 749 
erythropoiesis and immune cell production, the spleen (which grows ~50% in size 750 
during pregnancy; refs. (132, 133) seems to be a promising target of integrative studies 751 



but has received surprisingly little attention within the context of high-altitude 752 
pregnancies. Uterine natural killer cells, which play an important role in establishing the 753 
placental bed are also a promising source of new insight for understanding origins of 754 
fetal growth restriction at altitude (129, 134, 135). 755 

An integrated view of the materno-feto-placental unit would also be useful for 756 
clarifying the ultimate versus proximate factors responsible for fetal growth outcomes. 757 
We need a better developmental understanding of how altitude-dependent fetal growth 758 
restriction arises. Longitudinal studies, when feasible, would be particularly useful for 759 
determining how early events may predict fetal outcomes. Connecting individual traits 760 
though physiological networks will also help advance our understanding of the 761 
processes that operate at the whole organism-level and translates environmental 762 
hypoxia into fetal growth restriction. Computational and experimental approaches for 763 
network physiology (e.g., (136–138) may help identify the importance or stability of trait 764 
dependencies underlying fetal growth restriction and/or adaptive mechanisms that 765 
protect fetal growth at altitude.  766 

Understanding physiological integration among traits and dynamic development 767 
across pregnancy in the context of altitude-dependent fetal growth restriction is also 768 
likely to advance several adjacent areas of active research. Complex interactions 769 
between placental development and physiology and maternal physiology are hallmarks 770 
of many gestational complications, including intra-uterine growth restriction, pre-771 
eclampsia, and gestational diabetes. Moreover, the risk for many of these complications 772 
are increased in pregnancies at high altitude. Understanding how maternal, placental, 773 
and fetal physiologies interact and evolve in the context of high altitude is therefore 774 
likely to also shed light on mechanisms relevant to these diseases at lower altitudes. 775 
For example, although the ultimate cause of fetal growth restriction at altitude is unique 776 
to the environment (persistent hypobaric hypoxia), placental gene expression at term is 777 
similar to that seen in placentas from pre-eclamptic pregnancies, where hypoxia may be 778 
maternal or placental (69). Thus, even when the etiologies differ, there is good reason 779 
to think that what we learn from high altitude adaptation could improve treatments for 780 
other gestational complications.  781 

VI. Perspectives and Significance 782 

The relative contribution of individual gestational traits to the broader phenomenon 783 
of fetal growth restriction at altitude remains poorly understood, and the evolutionary 784 
adaptations that contribute to protecting fetal growth in adapted populations are similarly 785 
unclear. We have highlighted many outstanding questions about gestational adaptations 786 
and this distinction between plastic responses that are ultimately versus proximately 787 
adaptive. Understanding these mechanisms will add valuable new information for both 788 
basic science and clinical intervention research aimed at improving human and animal 789 
health outcomes across a range of gestational complications that involve hypoxia.  790 
  791 
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Figure 1  Human birthweight in lowland populations (data from Han Chinese 1116 
populations shown here in blue) decreases with increasing altitude. Highland 1117 
adapted populations (data from Tibetan populations shown here in green) display 1118 
reduced or absent altitude-dependent declines in birthweight. Each point represents a 1119 
population average at a given elevation. Linear regressions between altitude and 1120 
birthweight are shown for each population (solid lines). Figure reproduced from (143). 1121 
 1122 
 1123 
 1124 
Figure 2 Maternal and fetal systems shaping gas and nutrient exchange. (a) Gas 1125 
exchange (including oxygen uptake) and nutrient circulation is determined by maternal 1126 
pulmonary and cardiovascular function. Maternal blood chemistry can also alter oxygen 1127 
uptake and delivery. (b) Blood delivery to the fetoplacental unit comes through the 1128 
common (cIA), which bifurcates to form the external and internal iliac arteries (elA and 1129 
iIA, respectively). The ilA leads to the uterine artery (utA), which delivers blood to the 1130 
placenta. (c) Within the placenta, maternal blood fills the intervillous space (light pink), 1131 
bathing the villous membrane (grey outline) to facilitate gas and nutrient exchange with 1132 
the fetal blood supply, which is contained within the villi (white). (d) Fetal blood returns 1133 
to the fetus via the umbilical cord. 1134 
 1135 
 1136 
Figure 3 Patterns of trait values in ancestral (e.g., lowlander) and adapted (e.g., 1137 
highland) populations in different environments can be used to infer whether 1138 
plasticity in a given trait is adaptive or maladaptive.  Organisms can often reversibly 1139 
adjust their physiology, behavior, or morphology in response to novel environmental 1140 
conditions, however this plasticity can be either beneficial (adaptive) or harmful 1141 
(maladaptive), depending on the context. Ancestral (lowlander) plasticity is represented 1142 
in this figure as the arrow between two blue boxplots (A-C), which indicate a 1143 
hypothetical distribution of ancestral trait values in two different environments, sea level 1144 
(0 meters above sea level [asl]) or at high altitude (3600 m asl). When plasticity in 1145 
lowlanders is adaptive (beneficial) at high altitude, altitude-adapted should display 1146 
similar or even more extreme values for that trait (A). For example, blood pH displays 1147 
this pattern across altitudes and populations (Table 1). Alternatively, if ancestral 1148 
plasticity induced in lowlanders at high-altitude is maladaptive, altitude-adapted 1149 
populations should maintain trait values at altitude similar to those found in the lowland 1150 
population when near sea level (B). Uterine artery diameter [UA diam.] displays altitude-1151 
dependent plasticity that may be consistent with this pattern (Table 1).  Finally, 1152 
maladaptive plasticity can also appear as plasticity in lowlanders that overshoots local 1153 
optima seen in highlanders (C). Hematocrit shows this pattern in both gestating and 1154 
non-reproductive women (Table 1). 1155 
 1156 









Table 1 Comprehensive summary of studies addressed in this review that quantify gestational traits thought to be 1 
involved in fetal growth restriction in the context of high altitude. Populations for which data have been published for each 2 
trait are indicated in each column as ★. We summarize the direction of plasticity in trait value for women with lowland 3 
ancestry, using ↑/↓/= to indicate increase/decrease/no change in women gestating at altitude relative to those lowland 4 
environments. ? indicates uncertainty due to disagreement among studies or limited empirical data. Similar notation is 5 
used to summarize plasticity in women with highland ancestry along with ND (no data). We summarize evidence for the 6 
adaptive value of lowlander plasticity using A (adaptive), M (maladaptive), N/A (no plasticity in lowlanders), or UNK 7 
(insufficient or absent data in either population for assessment). 8 
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Maternal 
physiology 

Ventilation (L/min) ★      ★ ★ ★  ★ ★ ↑ ↑/↓ A? (35, 40, 41) 

Heart rate ★ ★   ★  ★ ★ ★  ★ ★ ↑  〓 M (37, 38, 40–42, 139) 

Hct & Hb ★ ★  ★ ★  ★ ★ ★ ★ ★ ★ ↑  〓? M (35, 37, 38, 40–43, 46–52, 56) 

Blood & plasma volume ★      ★ ★   ★  ↓  ND M? (37, 40, 52) 

Blood pressure ★ ★  ★ ★  ★ ★ ★ ★ ★ ★ ↑/〓 〓? M? (41, 42, 46, 49, 52, 65–73) 

Blood pH ★ ★   ★  ★ ★   ★  ↑ ↑ A (35, 42, 50) 

Arterial O2 content ★ ★   ★  ★ ★ ★  ★ ★ ↑ ↑? A? (35, 37, 38, 40–42, 50, 56, 62) 

Placental blood 
delivery 

Iliac arteries diameter and/or 
flow 

★ ★   ★  ★ ★   ★ ★ 〓 ↑/〓? N/A (37, 38, 41, 42, 68) 

Uterine artery diameter and/or 
flow 

★ ★ ★  ★  ★ ★ ★  ★ ★ ↓? ↓/=? M? (37, 38, 41, 42, 56, 68, 74–77, 81) 

Vasodilatory responses ★      ★      ↓ ND UNK (78, 80) 
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Vasodilators in maternal 
circulation 

★   ★   ★   ★   ↑/〓 ND UNK (46, 66, 68) 

Nutrient and O2 
exchange 
capacity 

Uteroplacental artery number ★      ★      ↑ ND UNK (91) 

Placenta size  ★ ★  ★ ★  ★ ★  ★ ★  ↓/〓 〓 M? (28, 42, 48, 50, 70, 74, 86–97) 

Villi volume (absolute and/or 
percent of placenta) 

★ ★  ★ ★  ★ ★  ★ ★  ↓ ↓ M? (28, 29, 70, 86, 98, 99) 

Villous membrane thickness ★ ★  ★ ★  ★ ★  ★ ★  ↓ ↓ A? (30, 31, 70, 100) 

Fetal capillary number and/or 
volume 

★ ★  ★ ★  ★ ★  ★ ★  ↑? ↑/↓? UNK (29, 48, 49, 62, 70, 86, 91, 92, 97, 99, 100) 

Expression of HIF, HIF-targets, 
and inhibitors (vHL & FIH)  

★      ★      ↑? ND UNK (67, 69, 72, 92, 101)(69, 72)  

Glucose content/transporter 
expression 

★      ★      ↓ ND UNK (71, 93, 95) 

Oxidative stress & damage ★ ★   ★  ★ ★   ★ ★ ↑/↓? ND UNK (94–96, 104, 140) 

Mitochondrial abundance or 
function 

★    ★      (141) 

Progesterone ★ ★   ★  ★ ★   ★  ↑ ↑ A? (77, 102) 

Estrogens ★ ★   ★  ★ ★   ★  ↑/↓? ↑ UNK (77, 102) 

Fetal 
hematology 

Umbilical vein diameter and/or 
flow 

 ★  ★ ★   ★  ★ ★  ↓ ↓ M (50, 142) 

Umbilical artery diameter and/or 
flow 

★ ★  ★ ★  ★ ★  ★ ★  ↓/〓? ↓/〓? M? (37, 50, 68, 74, 142)  

Hct & Hb  ★  ★ ★   ★  ★ ★  ↑ ↑ A? (49, 50, 105) 

Blood pH ★ ★   ★  ★ ★   ★  ↑ ↑ A? (50, 51) 

O2 extraction  ★   ★   ★   ★  〓?  〓? N/A (50) 
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