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Abstract

Newborns show physiological differences in low- and high-altitude settings of Ecuador; those
differences are especially relevant because most important cities in Ecuador are located at high
altitude, above 2500 m. This study is an epidemiological, observational, and cross-sectional
research performed at San Francisco Hospital in Quito (at 2850 m) and General Hospital in
Manta (at 6 m) in the Manabí province. We studied 204 full-term newborns, healthy without
any prenatal comorbidities, singleton pregnancy, mestizos, and born of healthy parents born.
We found significant differences between the values of red blood cells (RBC), leucocytes,
hematocrit, and hemoglobin. There was a difference of 27% more in RBC, 3% at hematocrit,
and 0.4 g at hemoglobin in the high-altitude cohort. The leucocyte difference is 1270 cells/μl,
which means a difference of 6%. At high-altitude settings, the mean pH was lower than normal
values and pO2, pCO2, andHCO3. High-altitude newborns showed RBC of> 4,500,000 cells/μl;
leukocytes > 19,000; pO2 ≤ 72 mm Hg; hemoglobin > 17.50 g/dl; and hematocrit > 54%. Both
cohorts showed physiological changes of transition to extrauterine life. We observed higher
polycythemia, respiratory acidosis, and hypoxemia among high-altitude newborns. High-alti-
tude setting intensifies the physiological changes in hematological and arterial blood gases
parameters.

Introduction

At least 139 million persons live above 2500 m in 24 countries worldwide.1 Ecuador is one of
these countries and is located in the northwest of South America. The most important cities in
the highland’s regions are located above 2500 m, especially the capitals of the provinces. This
location makes our country interesting for altitude-related studies.2 The Andean altiplano
extends nearly 4800 km along almost the whole of South America, averaging 200 km wide
and encompassing almost 100 million hectares.1 Current residents of the Andes, Native
Amerindians, and Mestizos are likely to be descendants of north and central Asian populations
who migrated in several waves over the Beringian land bridge and most likely came to Ecuador
between 7000 and 9000 years ago.3 The implication is that natural selection over thousands of
years results in some populations being genetically more suited to high altitude life.

Indeed, the current Ecuadorian population mostly lives in urban cities in capitals of prov-
inces, being urban the 60% of the total population. In this study, we compare two cities, Quito,
the capital located at 2850 m, and Manta, a coastal town at 6 m of altitude. We believe that there
are significant physiological differences in individuals of these two locations, especially at birth.

Altitude is defined on the following scale high altitude between 2500 and 3500 m, very high
between 3500 and 5500 m, and extremely high above 5500 m. Physiological and pathological
changes vary between them, but of course, at higher altitudes, more significant changes. Between
2500 and 3000m, the physiological changes are not so severe and could even be imperceptible in
some individuals.4 Most of the Ecuadorian highland’s population lives at this altitude.

On the other hand, the oxygen concentration at sea level is about 21%, and the barometric
pressure averages 760mmHg. As altitude increases, the concentration remains the same, but the
number of oxygenmolecules per breath is reduced. However, the air pressure is 30% lower at the
higher altitude because the atmosphere is less dense. At sea level, the atmospheric pressure of
about 1.04 kg/cm2 (14.7 pounds per square inch) causes oxygen to pass through selectively per-
meable lungmembranes into the blood efficiently. The lower air pressuremakes it more difficult
for oxygen to enter our vascular systems at high altitudes. The result is hypoxia pronounced or
oxygen deprivation.

In newborns, the perinatal high altitude chronic adaptation starts in the transition process to
extrauterine life.5 In a high-altitude zone, significant environmental changes could be seen, espe-
cially atmospheric pressure, temperature, and barometric pressure of oxygen. Consequently, a
state known as hypobaric hypoxia occurs in individuals.6 Acute exposure to hypobaric hypoxia
is known to cause sleep disturbances, hypophagia, oxidative stress, and alterations of
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acetylcholine neurotransmitters.7 Chronic exposure also causes
genetic modifications and neuroplasticity changes in response to
hypoxia.8 Body adaptations in the hematological, lymphatic sys-
tem, and the acid–base balance compensate for oxygen deficiency
due to high altitude, which causes a greater diffusion of oxygen in
peripheral areas and a higher affinity of hemoglobin for available
oxygen.9

However, the embryo requires red blood cells (RBC) for mater-
nal oxygen transportation to allow its growth and development.
Birth brings dramatic changes in circulation and oxygenation,
affecting hematopoiesis.10 During embryogenesis, hematopoiesis
occurs at different sites, including the additional embryonic yolk
sac, the fetal liver, and the premature bone marrow.11 Usually,
the transition from intrauterine to extrauterine life is accompanied
by more or less pronounced hypoxia that carries the risk of brain
damage. Still, it is remarkably well tolerated by the newborn.12 The
underlying mechanisms that increase hypoxia tolerance in new-
borns are still not fully understood.13 Fetal hemoglobin is another
mechanism used by the fetus to compensate for the relative hypo-
xemic environment. This unique hemoglobin has a high affinity for
oxygen, increasing oxygen absorption in the lower oxygenated pla-
cental vascular bed.14 Hypoxia is essential in embryonic and fetal
development. It causes a physiological adaptation response in the
fetus, depending on the degree of hypoxemia, the duration of expo-
sure, and the stage of development in which it is found.15 There is
enough evidence to confirm that newborns at high geographic alti-
tudes have improved hematopoiesis, showing more hypoxia than
newborns born at sea level.16

Besides, high altitude causes several metabolic responses to
increasing the affinity of hemoglobin for oxygen.17 These changes
occur due to the acid–base imbalance that accompanies hypoxe-
mia, which stimulates the production of 2,3-DPG in the RBC,
which releases oxygen to the tissues as an adaptation mechanism.
This situation causes a displacement of the dissociation curve of
hemoglobin to the right, increasing the affinity of hemoglobin
for available oxygen, which at high altitudes is scarce.18

This study aims to compare the physiological changes in new-
borns born at high altitude versus those born at sea level, consid-
ering that there are not enough data to confirm substantive
differences in the chronic hypoxia of the inhabitants at high
altitude.

Subjects and methods

Research design: It is an epidemiological, cross-sectional, observa-
tional study, with two cohorts of newborns born at high-altitude
and low-altitude settings.

Settings: We performed this study at San Francisco Hospital in
Quito, at 2850 m, and Manta General Hospital at 6 m, at Manabí
province, from December 2019 to March 2020.

Participants: To avoid confounding variables, we studied two
cohorts of full-term individuals born at high altitude and sea level,
from mothers without any prenatal comorbidities, singleton preg-
nancy, children of healthy parents, also born and residing at the
exact location. We selected children with normal birth weight
within the inclusion criteria, delivered by vaginal delivery, single
deliveries, without comorbidities, with an APGAR at the birth
of 9 and 10 points. Only mestizos ethnic group.

N = 204 individuals.
Variables: Hematological values, hematocrit, arterial blood

gases (ABG), and glycemic value; related to altitude.

Data sources: Secondary sources such as neonatal clinical
history.

Bias avoidance: The same person always collected the informa-
tion. For the collection of information, we used a standardized data
collection sheet.

Study size: The study population was 204 full-term newborns,
102 infants born at high-altitude settings, and 102 newborns at
sea level.

Statistical methods: we analyzed data with the SPSS© software
version 22.0. We used descriptive and inferential statistics; for
comparing the differences of variables. We calculated Chi-square
with an accepted significance of P less than 0.05. Finally, we also
performed multivariate analysis.

Exposure: The authors considered altitude as the primary
variable.

Ethical approval: Institutional Review Board (Committee on
Research Ethics in Human Beings, CEISH) of the Universidad
San Francisco de Quito approved this research with the code
P2019-173TPG, expedient IR-EXP144-2019. All procedures per-
formed in studies involving human participants were following
the ethical standards of the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards.

Results

Table 1 shows the distribution of hematological parameters compar-
ing high-altitude and low-altitude settings. We found differences in
RBC, leucocytes, hematocrit, and hemoglobin. There was a difference
of 27% more in RBC, 3% at hematocrit, 0.4 g at hemoglobin in high-
altitude cohort. The leucocyte difference was 1270 cells/μl, which
means a difference of 6%. Considering that the normal range for
hemoglobin is, for men, 13.5−17.5 g/dl, and for women, 12.0−15.5
g/dl, it exists an increase of at least 0.3 g in those samples.
Similarly, the normal hematocrit for men is 40%−54%; for women,
it is 36%−48%, being the highest value 56% in this study, showing
a mean difference of 2%. The mean of RBC was 5,357,843 cells/μl
for high altitude compared to 3,913,725 cells/μl for low altitude set-
ting. ThemeanRBC countwas 20,685 cells/mm3 for high altitude ver-
sus 19,415 for low altitude setting. Hematocrit values were 56.04% for
high altitude versus 52.97% for low altitude setting. Finally, the mean
hemoglobin was 17.81 g/dl for high altitude compared to 17.40 g/dl
for low altitude setting.

Table 1 also shows the distribution of ABG parameters comparing
high-altitude and low-altitude settings. Typical values of ABG at sea
level are pH of 7.38−7.42; partial pressure of oxygen (PaO2) from 75
to 100mmHg; partial pressure of carbon dioxide (PaCO2) from 38 to
42mmHg and; bicarbonate (HCO3) from 22 to 28 mEq/l. The mean
pH was lower than typical values, similarly in pO2, pCO2, and HCO3.
There was a statistical difference in pH, pO2, and pCO2. The pH
showed a mean of 7.28 for high altitude vs. 7.31 for low altitude set-
ting. pO2 a means of 69.66mmHg for high altitude vs. 77.31mmHg
for low altitude. The pCO2 showed a mean of 39.31mmHg for high-
altitude vs. 38.04mm Hg for low-altitude setting.

Table 2 shows a comparison of cut-off points of hematological
and ABG parameters comparing high altitude and low altitude set-
tings. The cut-off points based on the mean value were determined
to characterize the zones; we observed an inversely proportional
relationship between individuals born at high altitudes and indi-
viduals born at low altitudes. In individuals born at high altitude,
RBC of > 4,500,000 cells/μl was present in 76.47% of all individ-
uals, leucocytes of > 19,000 in 58.82%, hematocrit of > 54% in
55.88%; hemoglobin of > 17.50 g/dl in 56.86%; pH of ≤ 7.32 in
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64.71%; pO2 of ≤ 72 mm Hg in 73.53%; pCO2 of > 38 mm Hg in
53.92%. We found opposite values in individuals born at low
altitudes.

Figure 1 shows the multivariate relationship between high-alti-
tude and low-altitude settings concerning hematological and ABG
parameters, based on categorical principal componentmultivariate
analysis. Dimension 1 discriminates between high-altitude and
low-altitude settings and the cutoff points for the hematological
and ABG parameters. We observed the following associations:
in quadrants I and IV, it associates newborns born in high altitude
setting with RBC > 4,500,000 cells/μl; leukocytes > 19,000; pO2 ≤
72 mmHg; hemoglobin> 17.50 g/dl; and hematocrit> 54%. There
was also a relationship between pH≤ 7.32 and pCO2> 38 mmHg.
In quadrants II and III, low-altitude newborns showed RBC ≤
4,500,000 cells/μl, leukocytes ≤ 19,000, pO2 > 72 mm Hg, hemo-
globin ≤ 17.50 g/dl, and Hct ≤ 54%. There was also a relationship
with pH > 7.32 and pCO2 ≤ 38 mm Hg.

Discussion

Chronic adaptation to high altitude is an evolutionary process that has
takenmany years, at least 9000−7000 years, with the arrival of the first
inhabitants to Ecuador. We use the adaptation concept to refer to a
structure feature, function, or behavior that enables an organism to
live and reproduce in a given environment.19 One of the best-docu-
mented effects of high altitude is a progressive reduction in birth
weight about intrauterine growth and pregnancy duration. Birth
weights decline an average of 100 g per 1000m altitude gain in studies
conducted over several years. The reduction in birth weight is due to
direct effects of high altitude and not interactive effects with other risk
factors such as maternal age, parity, body size, or prenatal care
access.20 The primary cause of reducing birth weight is the retardation
of intrauterine growth rather than shortened gestation.21 Nutritional,
behavioral, and other pregnancy-specific characteristics are likely
important in each location. Maternal hypoxemia is also a risk factor
for low birth weight in offspring.

Table 1. Distribution of hematologic and ABG parameters comparing high-altitude and low-altitude settings

Value (mean (SD))

Group

P-value (<0.05)High altitude Low altitude

Hematologic parameters

RBC cells/μl 4,635,784 (998,147) 5,357,843 (780,382) 3,913,725 (583,441) 0.000

Leucocytes cells/μl 20,049 (2019) 20,685 (1919) 19,415 (1923) 0.000

Hct % 54.5 (2.96) 56.04 (3.03) 52.97 (1.39) 0.000

Hemoglobin g/dl 17.61 (0.68) 17.81 (0.72) 17.40 (0.57) 0.000

Blood gases parameters

pH 7.29 (0.05) 7.28 (0.05) 7.31 (0.04) 0.001

pO2 mm Hg 73.49 (6.70) 69.66 (4.32) 77.31 (6.48) 0.000

pCO2 mm Hg 38.68 (2.93) 39.31 (2.50) 38.04 (3.18) 0.006

HCO3 mmol/l 21.23 (1.84) 21.26 (1.86) 21.20 (1.84) 0.757

ABG, arterial blood gases; Hct, hematocrit; mm Hg, millimeters of mercury; mmol/l, millimols per liter; RBC, red blood cells; SD, standard deviation.
Source: Research data. Elaboration: authors.

Table 2. Comparison of cut-off points of hematologic and ABG parameters
comparing high altitude and low altitude settings

Cut-off points*

Group

P-value (<0.05)
High altitude

(n = %)
Low altitude

(n = %)

RBC

≤4,500,000 cells/μl 24 (23.53) 100 (98.04) 0.000

>4,500,000 cells/μl 78 (76.47) 2 (1.96)

Leucocytes

≤19,000 42 (41.18) 68 (66.67) 0.000

>19,000 60 (58.82) 34 (33.33)

Hct

≤54% 45 (44.12) 91 (89.22) 0.000

>54% 57 (55.88) 11 (10.78)

Hemoglobin

≤17.5 g/dl 44 (43.14) 67 (65.69) 0.001

>17.5 g/dl 58 (56.86) 35 (34.31)

pH

≤7.32 66 (64.71) 44 (43.14) 0.002

>7.32 36 (35.29) 58 (56.86)

pO2

≤72 mm Hg 75 (73.53) 29 (28.43) 0.000

>72 mm Hg 27 (26.47) 73 (71.57)

pCO2

≤38 mm Hg 47 (46.08) 62 (60.78) 0.035

>38 mm Hg 55 (53.92) 40 (39.22)

μl, microliter; ABG, arterial blood gases; Hct, hematocrit; mmHg,millimeters ofmercury; RBC,
red blood cells.
*Based on the test of homogeneity of the Chi-square statistic.
Source: Research data. Elaboration: authors.
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However, lifelong residents of the Andes, compared with
acclimatized new residents, mainly due to their chronic adaptation,
have less intrauterine growth retardation, better neonatal oxygena-
tion, a better neonatal cardiopulmonary transition, enlarged lung
volumes, decreased alveolar-arterial oxygen diffusion gradients,
and higher maximal exercise capacity.1

Newborns born at high altitude have polycythemia and leuko-
cytosis and lower levels of oxygenation and blood pH, in general.
This factor is explained by the effect of altitude-associated chronic
hypoxemia on the production and regulation of fetal erythropoi-
etin as an adaptive response to the low levels of oxygenation
detected at high altitude.22 During intrauterine life, erythropoietin
levels in umbilical fluid and amniotic fluid are inversely correlated
with umbilical artery levels, pH, excess base, and pO2. Similarly, it
is directly related to the level of pCO2 and lactate in cases of chronic
fetal hypoxia. Plasma erythropoietin levels begin to increase expo-
nentially when the arterial oxygen content falls below 60% of nor-
mal. This approach is reinforced by determining that the cutoff
point for the number of RBC was higher among newborns born
at high altitudes than those born at sea level.

Geographical altitude is also related to a decrease in the diam-
eter of the umbilical cord artery and the flow through it, which con-
ditions fetal growth in conditions of chronic hypoxemia, with low
levels also of nitric oxide and endothelin 1, which reflects the
chronic stress in which the product of conception is developing.23

The measure of cord blood hemoglobin levels, rather than mater-
nal hemoglobin levels, may provide important diagnostic informa-
tion about utero fetal adaptation to suboptimal placental function
and neonatal health.

Neonatal hemoglobin and hematocrit were other parameters,
which turned out to have statistically significant differences in both
cohorts. Both were significantly superior among high-altitude-born

infants. This factor indicates that high-altitude infants had a higher
concentration of RBC and hemoglobin. This variable is considering
normal in all full-term newborns who are born with a tendency to
polycythemia. This issue also presupposes a certain degree of hypoxia.
However, hypoxia is also produced by an active mechanism among
those born at high altitude, which increases erythropoiesis.24

On the other hand, it also observed statistically significant
differences concerning the value of total leukocytes, which turned
out to be greater among newborns at high altitude, which could be
related to spinal stimulation of chronic hypoxemia. In effect, when
establishing the cutoff point for the total number of leukocytes in
both cohorts of newborns, among those born at high altitude,
leukocytosis predominated, while in those born at sea level, they
were below the cut. At this point, it is valid to point out that for
both cohorts, the values obtained are within the normal range
for newborns.

When analyzing the behavior of ABG parameters, it observed
that the high-altitude infant cohort had lower pH levels more fre-
quently, indicating that it was acidemia. The reduction of the pH of
the blood is other of the adaptation mechanisms of the fetus to the
low concentrations of oxygen available at high altitudes; therefore,
respiratory acidosis, through its inhibitory effects on global enzyme
activity, central thermoregulatory mechanisms, and the respon-
siveness of brown fat to noradrenergic stimulation, plays a sup-
porting role in the metabolic reduction.

Indeed, it found that in high altitude newborns, a significantly
lower pO2 was more frequent than in those born at sea level.
However, it remained within the accepted range of normality,
although with a tendency to hypoxemia, since the cases that were
below the established cutoff point (pO2 ≤ 72 mm Hg) predomi-
nated in this group. This variablemeans that, among these patients,
the physiological mechanisms of adaptation to extrauterine life

III

III IV

Fig. 1. Multivariate relationship between high-altitude and low-altitude settings concerning hematic and arterial blood gases parameters in newborns. Based on categorical
principal components multivariate analysis. Source: Research data. Elaboration: authors.
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have not yet been established, with low availability of oxygen in the
extrauterine environment. Therefore, these are high concentra-
tions of circulating hemoglobin with a high affinity for oxygen,
which results in the low partial pressure of oxygen in the peripheral
blood or hypoxemia.

On the other hand pCO2 levels were also higher in high-altitude
infants, although, in both study cohorts, they remained within the
accepted range of normality; however, it means that in those born
in the area with the highest geographical altitude, there was a
greater tendency to hypercapnia. This variable, together with the
reduction in pH and pO2 concentrations, indicates adaptation
mechanisms to extrauterine life at altitude, with a lower barometric
pressure of oxygen and, therefore, a lower saturation level. The
findings obtained in this investigation infer that the geographic
altitude had a statistically significant impact on blood count
parameters. However, the observed physiological changes are
within the normal range for newborns; there were substantial
differences in both study groups. This factor indicates that to sur-
vive and develop properly in conditions of high geographic alti-
tude, the fetus and newborn use mechanisms that include
optimized gas exchange across a large respiratory surface area,
such as the placenta, and improve oxygen transport by hematologi-
cal adaptations and metabolic adjustments at the tissue level. The
differences in the Hct and Hb values are smaller between low and
high altitudes, so they might seem of the same magnitude, which is
not valid.

Rightward shifts of the O2-hemoglobin association curve occur
when there is a decrease in the affinity of hemoglobin for O2. An
affinity decreasing shows an increase in P50, which means that sat-
uration of 50% is achieved at a higher-than-normal value of PO2.
Hypoxemia caused by high altitude stimulates the production of
2,3-DPG in RBCs, which facilitates the release of oxygen to the tis-
sues as an adaptation mechanism.

There is a difference of 27%more in RBC, 3% at hematocrit, 0.4
g at hemoglobin in high altitude cohort. These changes do not start
at birth but begin from embryonic development, during intrauter-
ine hematopoiesis, in fetuses of high geographic altitude, which is
due to a rise in RBC concentration and a subtle increase in the size
of RBC. The decrease in the partial pressure of oxygen, associated
with a reduction in the barometric pressure, stimulates erythropoi-
esis, which causes physiological polycythemia and increases
hemoglobin.

We compared our results, carried out in newborns, with
another published research,25 carried out in adults, and it observed
a 3% deviation in hematocrit at high altitude. In contrast, in hemo-
globin values, the results are similar. It could say that when growing
an individual, there is an adaptation to altitude, which could be due
in part to the adaptation of hemoglobin within the erythrocyte.

There may be some possible limitations in this study. We found
some methodological limitations in the sample and selection of
patients because we use only two hospital data. The patients were
limited to some geographic areas of the country. We analyzed 204
patients, and we think it was a sufficient sample size for statistical
measurement. Probably, in future studies, it will be necessary to get
a vast number of participants. However, another limitation is there
a lack of previous research studies, specifically in Ecuadorian pop-
ulations. Another significant limitation was the limited access to
data because medical records did not always have enough data,
mainly due to the archiving system. Despite this, our findings
are still reliable and valid. We can extrapolate our results to other
similar populations, especially in countries with similar conditions.
Further studies are needed.

Conclusion

Both cohorts of healthy full-term newborns showed physiological
changes of transition to extrauterine life. We observed higher poly-
cythemia, respiratory acidosis, and hypoxemia among newborns
born at high altitudes, indicating that geographic altitude intensi-
fies the physiological changes seen in hematological biometry and
ABG in full-term infants. There was a difference of 3% more at
hematocrit, 0.4 g at hemoglobin, and 6% in leukocytes in the high
altitude cohort. Newborns born in high altitude areas associates
with RBC > 4,500,000 cells/μl; leukocytes > 19,000; pO2 ≤
72 mm Hg; hemoglobin > 17.50 g/dl; and hematocrit > 54%.

Acknowledgements. The authors thank Sandra Duque Cevallos, MD,
Neonatology Coordinator, and Ximena Garzón, MD, Head of Teaching, for
her openness to carry out this research. They also thank Luis Eguiguren,
MD, Director of the Medical Specialties School at San Francisco University
of Quito, and Veronica Delgado MD, Coordinator of the Postgraduate
Course in Neonatology.

Contribution of the Authors. The authors carried out the research protocol
and its design, data collection, statistical analysis, evaluation, interpretation of
the data, critical analysis, discussion, writing, and final manuscript approval.

Availability of Data and Materials. The data supporting this manuscript are
available upon request to the corresponding author.

Consent for Publication. The institutions cited in this document gave their
consent to use this information.

Financial Support. The authors declare that the financial resources for the
preparation of this research come from their self-management.

Conflict of Interest. The authors report no conflict of interest.

References

1. Moore LG, Niermeyer S, Zamudio S. Human adaptation to high altitude:
regional and life-cycle perspectives. Am J Phys Anthropol. 1998; 27, 25–64.
DOI 10.1002/(sici)1096-8644(1998)107:27þ<25::aid-ajpa3>3.0.co;2-l.

2. González-Andrade F. High altitude as a cause of congenital heart defects: a
medical hypothesis rediscovered in Ecuador. High Alt Med Biol. 2020;
21(2), 126–134. DOI 10.1089/ham.2019.0110.

3. Pinotti T, BergströmA, GeppertM, et al. Y chromosome sequences reveal a
short Beringian standstill, rapid expansion, and early population structure
of native American founders. Curr Biol. 2019; 29(1), 149–157.e3. DOI 10.
1016/j.cub.2018.11.029.

4. Azad P, Stobdan T, Zhou D, et al. High-altitude adaptation in humans:
from genomics to integrative physiology. J Mol Med (Berl). 2017; 95(12),
1269–1282. DOI 10.1007/s00109-017-1584-7.

5. Hillman NH, Kallapur SG, Jobe AH. Physiology of transition from intra-
uterine to extrauterine life. Clin Perinatol. 2012; 39(4), 769–783. DOI 10.
1016/j.clp.2012.09.009.

6. Franzese A, SalernoM, Argenziano A, Buongiovanni C, Limauro R, Tenore
A. Anemia in infants with congenital hypothyroidism diagnosed by neo-
natal screening. J Endocrinol Invest. 1996; 19(9), 613–619. DOI 10.1007/
BF03349027.

7. Niermeyer S, Shaffer EM, Thilo E, Corbin C, Moore LG. Arterial oxygena-
tion and pulmonary arterial pressure in healthy newborns and infants at
high altitude. J Pediatr. 1993; 123(5), 767–772. DOI 10.1016/s0022-
3476(05)80857-1.

8. Niermeyer S. Cardiopulmonary transition in the high altitude infant. High
Alt Med Biol. 2003; 4(2), 225–239. DOI 10.1089/152702903322022820.

9. Vargas M, Vargas E, Julian CG, et al. Determinants of blood oxygenation
during pregnancy in Andean and European residents of high altitude. Am J
Physiol Regul Integr Comp Physiol. 2007; 293(3), R1303–R1312. DOI 10.
1152/ajpregu.00805.2006.

498 M. Asas-Jinde et al.

https://doi.org/10.1017/S2040174421000532 Published online by Cambridge University Press

https://doi.org/10.1002/(sici)1096-8644(1998)107:27&plus;%3C25::aid-ajpa3%3E3.0.co;2-l
https://doi.org/10.1002/(sici)1096-8644(1998)107:27&plus;%3C25::aid-ajpa3%3E3.0.co;2-l
https://doi.org/10.1089/ham.2019.0110
https://doi.org/10.1016/j.cub.2018.11.029
https://doi.org/10.1016/j.cub.2018.11.029
https://doi.org/10.1007/s00109-017-1584-7
https://doi.org/10.1016/j.clp.2012.09.009
https://doi.org/10.1016/j.clp.2012.09.009
https://doi.org/10.1007/BF03349027
https://doi.org/10.1007/BF03349027
https://doi.org/10.1016/s0022-3476(05)80857-1
https://doi.org/10.1016/s0022-3476(05)80857-1
https://doi.org/10.1089/152702903322022820
https://doi.org/10.1152/ajpregu.00805.2006
https://doi.org/10.1152/ajpregu.00805.2006
https://doi.org/10.1017/S2040174421000532


10. Swanson JR, Sinkin RA. Transition from fetus to newborn. Pediatr Clin
North Am. 2015; 62(2), 329–343. DOI 10.1016/j.pcl.2014.11.002.

11. Finnemore A, Groves A. Physiology of the fetal and transitional circulation.
Semin Fetal Neonatal Med. 2015; 20(4), 210–216. DOI 10.1016/j.siny.2015.
04.003.

12. Tan C, Lewandowski AJ. The transitional heart: from early embryonic and
fetal development to neonatal life. Fetal Diagn Ther. 2020; 47(5), 373–386.
DOI 10.1159/000501906.

13. Morton SU, Brodsky D. Fetal physiology and the transition to extrauterine
life. Clin Perinatol. 2016; 43(3), 395–407. DOI 10.1016/j.clp.2016.04.001.

14. MorganMC,Maina B,WaiyegoM, et al.Oxygen saturation ranges for healthy
newborns within 24 hours at 1800 m. Arch Dis Child Fetal Neonatal Ed. 2017;
102(3), F266–F268. DOI 10.1136/archdischild-2016-311813.

15. Fajersztajn L, Veras MM. Hypoxia: from placental development to fetal
programming. Birth Defects Res. 2017; 109(17), 1377–1385. DOI 10.
1002/bdr2.1142.

16. Martínez JI, Román EM, Alfaro EL, Grandi C, Dipierri JE. Geographic alti-
tude and prevalence of underweight, stunting, and wasting in newborns
with the INTERGROWTH-21st standard. J Pediatr. 2019; 95(3), 366–
373. DOI 10.1016/j.jped.2018.03.007.

17. Li C, Li X, Liu J, et al. Investigation of the differences between the Tibetan
and Han populations in the hemoglobin-oxygen affinity of red blood cells
and the adaptation to high-altitude environments. Hematology. 2018;
23(5), 309–313. DOI 10.1080/10245332.2017.1396046.

18. Gassmann M, Mairbäurl H, Livshits L, et al. The increase in hemoglobin
concentration with altitude varies among human populations. Ann NY
Acad Sci. 2019; 1450(1), 204–220. DOI 10.1111/nyas.14136.

19. Moore LG, Niermeyer S, Zamudio S. Human adaptation to high altitude:
regional and life-cycle perspectives. Am J Phys Anthropol. 1998; (Suppl 27),
25–64. DOI 10.1002/(sici)1096-8644(1998)107:27þ<25::aid-ajpa3>3.0.
co;2-l.

20. Mouradian GC Jr, Lakshminrusimha S, Konduri GG. Perinatal hypoxemia,
and oxygen sensing. Compr Physiol. 2021; 11(2), 1653–1677. DOI 10.1002/
cphy.c190046.

21. StembridgeM, Ainslie PN, Donnelly J, et al.Cardiac structure and function
in adolescent Sherpa; effect of habitual altitude and developmental stage.
Am J Physiol Heart Circ Physiol. 2016; 310(6), H740–H746. DOI 10.
1152/ajpheart.00938.2015.

22. Haase VH.Hypoxic regulation of erythropoiesis and ironmetabolism.Am J
Physiol Renal Physiol. 2010; 299(1), F1–F13. DOI 10.1152/ajprenal.00174.
2010.

23. Postigo L, Heredia G, Illsley NP, et al.Where the O2 goes to preservation of
human fetal oxygen delivery and consumption at high altitude. J Physiol.
2009; 587(3), 693–708. DOI 10.1113/jphysiol.2008.163634.

24. Gragasin FS, OspinaMB, Serrano-Lomelin J, et al.Maternal and cord blood
hemoglobin as determinants of placental weight: a cross-sectional study. J
Clin Med. 2021; 10(5), 997. DOI 10.3390/jcm10050997.

25. Sáenz K, Narváez L, Cruz M. Hematological reference values in
Ecuadorian highlands population established using the Sysmex XE-
2100 analyzer. [Valores de referencia hematológicos en población de
tierras altas ecuatorianas establecidas con el uso del analizador
Sysmex XE-2100]. Rev Fac Cien Med (Quito). 2009; 34, 31–40,
https://revistadigital.uce.edu.ec/index.php/CIENCIAS_MEDICAS/
article/view/1051.

Journal of Developmental Origins of Health and Disease 499

https://doi.org/10.1017/S2040174421000532 Published online by Cambridge University Press

https://doi.org/10.1016/j.pcl.2014.11.002
https://doi.org/10.1016/j.siny.2015.04.003
https://doi.org/10.1016/j.siny.2015.04.003
https://doi.org/10.1159/000501906
https://doi.org/10.1016/j.clp.2016.04.001
https://doi.org/10.1136/archdischild-2016-311813
https://doi.org/10.1002/bdr2.1142
https://doi.org/10.1002/bdr2.1142
https://doi.org/10.1016/j.jped.2018.03.007
https://doi.org/10.1080/10245332.2017.1396046
https://doi.org/10.1111/nyas.14136
https://doi.org/10.1002/(sici)1096-8644(1998)107:27&plus;%3C25::aid-ajpa3%3E3.0.co;2-l
https://doi.org/10.1002/(sici)1096-8644(1998)107:27&plus;%3C25::aid-ajpa3%3E3.0.co;2-l
https://doi.org/10.1002/(sici)1096-8644(1998)107:27&plus;%3C25::aid-ajpa3%3E3.0.co;2-l
https://doi.org/10.1002/cphy.c190046
https://doi.org/10.1002/cphy.c190046
https://doi.org/10.1152/ajpheart.00938.2015
https://doi.org/10.1152/ajpheart.00938.2015
https://doi.org/10.1152/ajprenal.00174.2010
https://doi.org/10.1152/ajprenal.00174.2010
https://doi.org/10.1113/jphysiol.2008.163634
https://doi.org/10.3390/jcm10050997
https://revistadigital.uce.edu.ec/index.php/CIENCIAS_MEDICAS/article/view/1051
https://revistadigital.uce.edu.ec/index.php/CIENCIAS_MEDICAS/article/view/1051
https://doi.org/10.1017/S2040174421000532

	Newborns physiological differences in low- and high-altitude settings of Ecuador
	Introduction
	Subjects and methods
	Results
	Discussion
	Conclusion
	References


