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Abstract

Background: Tibetan highlanders have adapted to hypoxic environments through the development of unique
mechanisms that suppress an increase in hemoglobin (Hb) concentration even in high-altitude areas. Hb
concentrations generally decrease with increasing age. However, in the highlands, chronic altitude sickness is
known to occur in the elderly population. To investigate how aging in a hypoxic environment affects Hb levels in
Tibetan highlanders, we focused on the Mustang people, who live above 3500 m. We tried to clarify the pure
relationship between aging and Hb levels in a hypoxic environment.

Results: We found that the Hb concentration increased with increasing age in females but not in males.
Multivariate analysis showed that age, pulse pressure, the poverty index, and vascular diameter were strongly
correlated with the Hb concentration.

Conclusions: We found unique Hb dynamics among female Tibetan highlanders. As seen in these Hb dynamics,
there may be sex-based differences in the adaptive mechanism in Tibetan highlanders.

Background
There are more than 140 million people living at alti-
tudes above 2500 m worldwide [1]. Exposure to a unique
environmental stress, e.g., high altitude, provides us with
a natural situation that elicits cultural and/or biological
responses. Natural human colonization of high-altitude
plateaus on two continents, the Andean plateau (South
America) and the Tibetan plateau (Asia), has resulted in
two different arterial oxygen content phenotypes in indi-
genous Andeans and Tibetans [2]. In particular, Andeans
appear to have adapted to high altitudes by developing
distinctive characteristics to offset hypoxic stress at high
altitude, e.g., by increasing hemoglobin (Hb) concentra-
tions in an altitude-dependent manner; however, this
leads to an increased risk of developing cardiovascular

disease [3, 4]. In contrast, in Tibetan highlanders, Hb
concentrations are not elevated at altitudes below 4000
m, and even at very high altitudes (over 4500 m), Hb
concentrations in the Tibetan population remain the
same or are only slightly elevated above the sea-level
mean. These observations suggest that high-altitude ery-
throcytosis (i.e., an increase in red cell mass, indicated
by increased Hb concentrations) is not an adaptive re-
sponse among Tibetan highlanders [2, 5]. Accordingly,
Moore et al. [6] argued that Tibetans are better adapted
to high altitudes than Andeans because adaptation is a
time-dependent process, and Tibetans have inhabited
high altitudes for 25,000 years or possibly even 50,000
years, while Andeans have inhabited high altitudes for
only 10,000 years [7–10].
On the genetic side, mutation rates of EGLN1 involved

in the degradation of hypoxia-inducible factor (HIF) and
EPAS1 involved in the expression of HIF itself have been
reported to be particularly high among highlanders in
Tibet [11, 12]. For example, the allele frequency of the
EPAS1 gene rs13419896 is derived allele (A): ancestral

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

* Correspondence: taro.daichi.yamamoto@gmail.com
1Department of International Health and Medical Anthropology, Institute of
Tropical Medicine, Nagasaki University, 1-12-4 Sakamoto, Nagasaki 852-8523,
Japan
2Graduate School of Biomedical Sciences, Nagasaki University, Nagasaki,
Japan
Full list of author information is available at the end of the article

Tropical Medicine
and Health

Arima et al. Tropical Medicine and Health            (2021) 49:2 
https://doi.org/10.1186/s41182-020-00289-6

http://crossmark.crossref.org/dialog/?doi=10.1186/s41182-020-00289-6&domain=pdf
http://orcid.org/0000-0001-8294-8716
http://creativecommons.org/licenses/by/4.0/
mailto:taro.daichi.yamamoto@gmail.com


allele (G) = 0.30: 0.70 in East Asia, A: G = 0.20: 0.80 in
South Asia, A: G = 0.24: 0.76 in Nepalese. However, it
was A: G = 0.77: 0.23 for the Sherpa people who are Ti-
betan highlanders. A variant of the hypoxic adaptation
gene, which is inferior in lowland people, is predominant
in Tibetan highlanders, and this genotype is involved in
the mechanism that suppresses the increase in
hemoglobin concentration even in a hypoxic environ-
ment [13, 14]. In addition, GWAS genetic analysis of
Mustang people has reported that EPAS1 variants are
associated with low hemoglobin concentrations [15].
Even among Tibetan highlanders who have acquired

such a hypoxic adaptation, a slight increase in Hb is seen
as the altitude increases, and some people are classified
as having polycythemia [16]. In the case of Tibetan high-
landers, it has been reported that Hb concentrations
may also increase due to an imbalance of the hypoxic
adaptation mechanism resulting from aging and changes
in eating habits [17]. However, Hb levels generally tend
to decrease with increasing age [18]. Similarly, it is as-
sumed that the ability of Tibetan highlanders to
synthesize Hb decreases with increasing age.
Tsarang village is located at an altitude of approxi-

mately 3560 m and contains a total of 452 people (132
households), accounting for 6.4% of the total population
of the Mustang district [19, 20]. Tsarang village, Mus-
tang district, Nepal, which is located adjacent to

southern Tibet, used to be in the Mustang Kingdom
(Fig. 1). It was founded in 1440 and continued to exist
as an autonomous kingdom until 2008 [21, 22]. The
Loba people living in Mustang share common ancestors
with other Tibetans [22]. Moreover, the Mustang King-
dom restricted interactions with outside populations for
a long period of time [5]. Therefore, by conducting a
survey in Tsarang, where the population retains the gen-
etic characteristics acquired by the Tibetan highlanders
and has not yet been strongly influenced by
modernization and changes in eating habits, we sought
to clarify the pure relationship between aging and Hb
levels in a hypoxic environment among Tibetan
highlanders.

Results
Anthropometric and biochemical characteristics of
participants by sex
In this study, we focused on Hb; the data from 76 males
and 103 females as final objects were used. Hemoglobin
was measured by near-infrared rays by inserting a finger
into the measuring instrument, so that a person whose
knuckle did not stretch could not insert the finger into
the measuring instrument. In addition, people with
strong discoloration of the finger skin could not be mea-
sured accurately by near infrared rays. As a result, these

Fig. 1 Location of Tsarang village. Tsarang is located in Mustang district in northern Nepal and is at an altitude of 3560 m
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people were excluded because they could not measure
hemoglobin concentration.
A summary of the medical examination results, which

comprises the values of 10 items including age, body
mass index (BMI), oxygen saturation (SpO2), systolic
blood pressure (SBP), diastolic blood pressure (DBP),
pulse pressure (PP), vascular diameter (VD), hemoglobin
(Hb), glycated hemoglobin (HbA1c), and deprivation
score (D score), is shown in Table 1. The age of the male
participants was 44.66 ± 1.55 years, and the age of the fe-
male participants was 46.47 ± 1.66 years; thus, there was
no age difference between the sexes (p = 0.4238). Add-
itionally, BMI (23.00 (21.05–26.20) vs 23.10 (20.45–
25.40), p = 0.5872), SpO2 (91.50 (90.00–93.00) vs 91.00
(89.50–93.00), p = 0.6062), HbA1c (5.80 (5.60–6.00) vs
5.85 (5.70–6.10), p = 0.0516), and D scores (0.22 (0.17–
0.28) vs 0.22 (0.22–0.33), p = 0.2251) did not differ sig-
nificantly between males and females.
There were significant sex-based differences in SBP

(126.0 (116.4–139.5) vs 113.0 (106.8–126.2), p < 0.0001),
DBP (78.50 (72.38–85.75) vs 74.50 (66.75–80.50), p =
0.0031), PP (47.50 (42.00–53.00) vs 42.00 (35.50-47.00),
p = 0.0001), VD (1.08 (0.83–1.26) vs 0.98 (0.74–1.13), p
= 0.0148), and Hb (14.50 (13.70–15.70) vs 13.10 (12.30–
14.10), p < 0.0001), and these values were higher in
males than in females.
Variations in each variable were compared among the

three age groups (18 to 40, 41 to 60, 61, or older) and
are shown in Tables 2 and 3. In males, there were no
significant differences in SpO2 (92.00 (91.00–93.00) vs

91.00 (88.75–92.25) vs 89.00 (87.50–90.50), p = 0.3695),
SBP (123.5 (115.0–130.0) vs 133.0 (119.8–145.1) vs 117.5
(108.8–146.0), p = 0.5290), PP (47.50 (42.00–52.00) vs
48.75 (43.88–53.25) vs 45.50 (40.50–65.50), p = 0.3866),
VD (1.00 ± 0.06 vs 1.09 ± 0.06 vs 1.03 ± 0.07, p =
0.4946), Hb (14.72 ± 0.25 vs 14.51 ± 0.24 vs 13.65 ±
0.39, p = 0.0960), HbA1c (5.60 (5.50–5.70) vs 5.90
(5.70–6.13) vs 6.00 (5.80–6.00), p = 0.4508) or D scores
(0.28 ± 0.03 vs 0.23 ± 0.03 vs 0.22 ± 0.03, p = 0.2918)
among the age groups. However, the values of BMI
(22.67 ± 0.55 vs 24.60 ± 0.51 vs 21.74 ± 1.09, p =
0.0106) and DBP (68.68 ± 1.70 vs 83.30 ± 1.77 vs 76.27
± 3.65, p = 0.0359) were significantly different among
the age groups. Both were highest in the middle-aged
group and relatively lower in the elderly group.
In females, only Hb was significantly different among

the three age groups and increased with increasing age
(12.61 ± 0.29 vs 13.59 ± 0.25 vs 14.05 ± 0.40, p = 0.0034).
BMI (22.6 ± 0.56 vs 24.18 ± 0.54 vs 22.64 ± 0.68, p =
0.0862), SpO2 (93.00 (91.00–93.50) vs 91.00 (89.00–93.00)
vs 88.00 (86.00–91.00), p = 0.1946), SBP (111.0 (105.8–
117.0) vs 116.5 (107.5–133.0) vs 114.5 (107.8–131.5), p =
0.4754), DBP (74.21 ± 1.62 vs 76.65 ± 2.11 vs 72.87 ± 2.41,
p = 0.4342), PP (39.00 (34.00–43.25) vs 42.50 (36.50–
48.00) vs 47.00 (38.75–53.00), p = 0.7192), VD (0.93 ±
0.05 vs 0.93 ± 0.04 vs 0.96 ± 0.07, p = 0.8640), HbA1c
(5.70 (5.58–5.80) vs 5.90 (5.80–6.10) vs 6.20 (6.00–6.30), p
= 0.7647), and D scores (0.26 ± 0.02 vs 0.24 ± 0.02 vs 0.27
± 0.02, p = 0.5547) were not significantly different among
the three age groups.

Hb dynamics and related variables
The correlations between Hb and other variables were
examined by linear regression analysis. The results for
males are shown in Fig. 2, and the results for females are
shown in Fig. 3. Only VD was associated with the Hb
level in males (p = 0.0004). Age (p = 0.2490), BMI (p =
0.1660), SpO2 (p = 0.4652), PP (p = 0.2970), and grip
strength: grip (p = 0.3980), HbA1c (p = 0.9570), and D
score (p = 0.4170) were not associated with Hb.
In females, age (p = 0.0001), PP (p = 0.0183), and the

D score (p = 0.0016) were positively correlated with Hb,
and SpO2 (p = 0.0007) and VD (p < 0.0001) were nega-
tively correlated. The remaining factors of BMI (p =
0.3830), grip (p = 0.1660), and HbA1c (p = 0.2170) were
not correlated with the Hb value.
Based on these results, a multivariate analysis was per-

formed to detect the variables correlated with the Hb
value that were not influenced by confounding factors
(Table 4). SBP and DBP were excluded as explanatory
variables, and only PP maintained an association with
blood pressure. In males, only VD was correlated with
the Hb value (p = 0.0025), but in females, age (p =

Table 1 Anthropometric variables, biochemical data, and poverty
index by sex. Values are presented as the mean ± SE or median
(1st quartile–3rd quartile). Data were analyzed by Student’s t test
or the Wilcoxon rank-sum test. The D score was considered poor
at ≥ 33.3%

Sex Male Female p value

n = 179 n = 76 n = 103

Age 44.66 ± 1.55 46.47 ± 1.66 0.4238

BMI 23.00 (21.05–26.20) 23.10 (20.45–25.40) 0.5872

SpO2 91.50 (90.00–93.00) 91.00 (89.50–93.00) 0.6062

SBP 126.0 (116.4–139.5) 113.0 (106.8–126.2) < 0.0001

DBP 78.50 (72.38–85.75) 74.50 (66.75–80.50) 0.0031

PP 47.50 (42.00–53.00) 42.00 (35.50–47.00) 0.0001

VDa 1.08 (0.83–1.26) 0.98 (0.74–1.13) 0.0148

Hb 14.50 (13.70–15.70) 13.10 (12.30–14.10) < 0.0001

HbA1cb 5.80 (5.60–6.00) 5.85 (5.70–6.10) 0.0516

D scorec 0.22 (0.17–0.28) 0.22 (0.22–0.33) 0.2251
a2 participants could not be measured due to severe deformation of finger
joint or machine troubles
b14 participants could not be measured due to blood viscosity or
machine troubles
c2 participants did not answer the question with questionnare
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0.0465), PP (p = 0.0438), D score (p = 0.0032), and VD
(p < 0.0001) were strongly correlated with the Hb value.
In addition to Hb, SpO2 is also an indicator of blood

oxygen dynamics. The relationship between SpO2 and
aging by sex is shown in a scatter diagram (Fig. 3). SpO2

in both males and females showed a negative correlation
with age (p = 0.0003, p < 0.0001).

Discussion
Physiological characteristics of highland residents
Table 1 shows the summaries of each variable and the sex-
based differences in the health checkup results. Regarding

the differences between sexes, the blood pressure, VD, and
Hb values were higher in males than in females. Androgen, a
male sex hormone, increases blood pressure through the
renin-angiotensin system. On the other hand, estrogen,
which is generally secreted in premenopausal females, has a
dilating effect on blood vessels and decreases blood pressure.
For these reasons, males generally have higher blood pres-
sure than females in most age groups [23]. Furthermore,
males have higher oxygen demands in tissues than females
due to their greater muscle mass, so the blood vessel diam-
eter in males is larger than that in females [24, 25]. It is
known that these estrogen-induced vasodilatory effects and
the difference in tissue oxygen demand between males and

Table 2 Anthropometric variables, biochemical data, and poverty index by the age group in males. Values are presented as the
mean ± SE or median (1st quartile–3rd quartile). Data were analyzed by ANOVA or the Kruskal-Wallis test to compare variables
among the three age groups. The D score was considered poor at ≥ 33.3%

n = 76 Age group p
value18 to 40 41 to 60 61 or order

n = 33 (43.4%) n = 32 (42.1%) n = 11 (14.5%)

BMI 22.67 ± 0.55 24.60 ± 0.51 21.74 ± 1.09 0.0106

SpO2 92.00 (91.00–93.00) 91.00 (88.75–92.25) 89.00 (87.50–90.50) 0.3695

SBP 123.5 (115.0–130.0) 133.0 (119.8–145.1) 117.5 (108.8–146.0) 0.529

DBP 68.68 ± 1.70 83.30 ± 1.77 76.27 ± 3.65 0.0359

PP 47.50 (42.00–52.00) 48.75 (43.88–53.25) 45.50 (40.50–65.50) 0.3866

VDa 1.00 ± 0.06 1.09 ± 0.06 1.03 ± 0.07 0.4946

Hb 14.72 ± 0.25 14.51 ± 0.24 13.65 ± 0.39 0.096

HbA1cb 5.60 (5.50–5.70) 5.90 (5.70–6.13) 6.00 (5.80–6.00) 0.4508

D score 0.28 ± 0.03 0.23 ± 0.03 0.22 ± 0.03 0.2918
a1 participant could not be measured due to severe deformation of finger joint or machine troubles
b7 participants could not be measured due to blood viscosity or machine troubles

Table 3 Anthropometric variables, biochemical data, and poverty index by the age group in females. Values are presented as the
mean ± SE or median (1st quartile–3rd quartile). Data were analyzed by ANOVA or the Kruskal-Wallis test to compare variables
among the three age groups. The D score was considered poor at ≥ 33.3%

n = 103 Age group p
value18 to 40 41 to 60 61 or order

n = 20 (19.4%) n = 72 (69.9%) n = 11 (10.7%)

BMI 22.6 ± 0.56 24.18 ± 0.54 22.64 ± 0.68 0.0862

SpO2 93.00 (91.00–93.50) 91.00 (89.00–93.00) 88.00 (86.00–91.00) 0.1946

SBP 111.0 (105.8–117.0) 116.5.0 (107.5–133.0) 114.5 (107.8–131.5) 0.4754

DBP 74.21 ± 1.62 76.65 ± 2.11 72.87 ± 2.41 0.4342

PP 39.00 (34.00–43.25) 42.50 (36.50–48.00) 47.00 (38.75–53.00) 0.7192

VDa 0.93 ± 0.05 0.93 ± 0.04 0.96 ± 0.07 0.8640

Hb 12.61 ± 0.29 13.59 ± 0.25 14.05 ± 0.40 0.0034

HbA1cb 5.70 (5.58–5.80) 5.90 (5.80–6.10) 6.20 (6.00–6.30) 0.7647

D scorec 0.26 ± 0.02 0.24 ± 0.02 0.27 ± 0.02 0.5547
a1 participant could not be measured due to severe deformation of the finger joint or machine troubles
b7 participants could not be measured due to blood viscosity or machine troubles
c2 participants did not answer the question with questionnare
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females cause sex-based differences in Hb production [26].
Therefore, it is believed that the sex-based differences in
blood pressure, VD, and Hb values observed in this popula-
tion were simply general sex-based differences that also
occur in people living in lowlands [27, 28].
The BMI of middle-aged males was higher than that

of younger and elderly people (Table 2); however, this
tendency has also been reported in males living in low-
lands [29]. Reduced metabolism is more likely to occur
in middle-aged groups than in younger groups, and it
can cause obesity. Moreover, dietary nutrient intake
decreases with increasing age. It is suspected that these
causes led to this result. DBP, like BMI, increases with
increasing age but is known to decline after peaking
between the ages of 50 and 60 years [30]. Previous stud-
ies have shown that elevated SBP, DBP, and PP values in
young to middle-aged individuals indicate increased
peripheral vascular resistance, but reduced DBP and ele-
vated SBP and PP in middle-aged and elderly individuals
indicate reduced aortic extensibility [31]. Aortic extensi-
bility is a basic mechanical property associated with the
elasticity of the vessel wall and is defined as a slight
change in vessel cross-sectional area with respect to the
pressure at which the vessel expands. This aortic exten-
sibility is also a fundamental mechanical property that
affects many vascular parameters such as systolic blood

pressure and pulse pressure. In addition, it is well known
that the aortic extensibility is reduced by factor such as
aging, atherosclerosis, and hypertension [32].. Results
similar to those associated with normal aging were
obtained. Therefore, obesity and hypertension were
identified as health risks in middle-aged males in this
study.
Table 3 shows the differences in each variable among

the female age groups, and only Hb was significantly dif-
ferent among the three groups. Regarding Hb dynamics,
we made two unique observations. First, Hb increased
with increasing age. This shows an opposite trend from
that observed in people living in lowlands [18]. Second,
Tibetan highlanders adapted to hypoxia by suppressing
Hb elevation, but 10.7% (n = 11) of the females in this
study were classified as polycythemic. A survey of Ti-
betan highlanders who are suspected to be of mixed an-
cestry, with Han Chinese and Tibetan highlander
ancestors, showed that the proportion of individuals
with polycythemia was approximately 15.7 ~ 25.5% in
both males and females [12, 33]. Although the preva-
lence of polycythemia in our study was lower than that,
it is interesting that an increase in Hb with increasing
age and the onset of polycythemia were observed in only
females. This is the first report of such sex-based
differences.

Fig. 2 Linear regression analysis of Hb and each variable in males. Each variable was plotted against the Hb concentration in male participants. The p
value indicates the result of linear regression analysis of Hb and each variable. Only vascular diameter was found to be significantly correlated with Hb
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Elevation of Hb due to the loss of adaptive traits
Suppression of hemoglobin elevation in Tibetan high-
landers involves a high-frequency missense mutation in
the EGLN1 gene, which encodes prolyl hydroxylase 2
(PHD2). PHD2 essentially causes the degradation of
hypoxia-inducible factor (HIF) that is triggers a hypoxic
response. EGLN1 mutations in Tibetan highlanders en-
hance this mechanism and suppress the increase in

hemoglobin concentration even in a hypoxic environ-
ment [11]. In addition, Tibetan highlanders have higher
levels of nitric oxide (NO) in their blood than people liv-
ing in lowlands [5, 6]. This enhances vasodilation and
contributes to the maintenance of the oxygen cycle in
the body in a hypoxic environment. This vasodilatory
ability involves a mutation in the EPAS1 gene, which is
said to have been inherited from Denisovans. In

Table 4 Results of the multiple regression analysis with Hb as the objective variable. Only vascular diameter was found to be
significantly correlated with the Hb value in males. In females, age, pulse pressure, vascular diameter, and deprivation score were
strongly correlated with the Hb value

Variables Male Female

Estimate Std. error t value Pr(>|t|) Estimate Std. error t value Pr(>|t|)

Intercept − 0.022119 0.120431 − 0.184 0.8549 0.013247 0.073509 0.18 0.8574

Age − 0.176713 0.147861 − 1.195 0.2368 0.239542 0.118526 2.021 0.0465

BMI − 0.030468 0.147861 − 0.22 0.8270 − 0.068577 0.079534 − 0.862 0.3910

SpO2 0.005151 0.143904 0.036 0.9716 − 0.109567 0.095932 − 1.142 0.2567

PP − 0.035679 0.131199 − 0.272 0.7866 0.164115 0.080165 2.047 0.0438

HbA1c 0.067793 0.128064 0.529 0.5985 0.025044 0.08176 0.306 0.7601

Grip 0.055435 0.124306 0.446 0.6573 − 0.008568 0.083129 − 0.103 0.9182

D score 0.015942 0.123832 0.129 0.8980 0.229531 0.07571 3.032 0.0032

VD − 0.401727 0.127334 − 3.155 0.0025 − 0.551756 0.074537 − 7.402 < 0.0001

Fig. 3 Linear regression analysis of Hb and each variable in females. Each variable is plotted against the Hb concentrations of female participants.
The p values indicate the results of the linear regression analysis of Hb and each variable. Age, SpO2, pulse pressure, vascular diameter, and
deprivation score were significantly correlated with Hb
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addition, the mutation of the EPAS1 gene is said to have
also an suppressive effect on Hb elevation, and in this
way, this population adapted to hypoxia while avoiding
polycythemia [34]. However, to date, the mechanism
underlying sex-based differences in Hb dynamics due to
aging has not been reported. Therefore, the factors that
correlated with the Hb value were analyzed stratified by
sex. Only VD was significantly correlated with the Hb
value in males (Table 4). This result indicates an en-
hanced adaptive ability in Tibetan highlanders. More-
over, it is considered that the high vasodilatory ability to
maintain Hb within the normal range and sustain suffi-
cient oxygen circulation has been maintained as an
adaptive trait among male Tsarang residents.
On the other hand, the Hb value in females was found

to be correlated with age, VD, PP, and the D score, ac-
cording to the results of the multivariate analysis. In
postmenopausal females, the amount of estrogen, which
is associated with vasodilatory ability, is reduced, and
VD decreases with increasing age [26]. The smaller the
VD is, the greater the load on the blood vessels. It is
thought that this also increases the PP. According to the
result of PP by age, as shown in Tables 2 and 3, the me-
dian value in females at age 61 years and older was
higher than that in males. It has been reported that the
renin-angiotensin system may promote oxidative stress
and cause the production of vasoconstrictors and a re-
duction in vasodilatory ability due to NO [23]. This is
related to the mechanism underlying the relatively
higher blood pressure in males than in females, but it is
thought that elderly females with reduced estrogen se-
cretion are also affected by this mechanism, which im-
pairs vasodilatory ability. In this way, females may lose
the vasodilatory characteristics of Tibetan highlanders.
To supply sufficient oxygen to tissues despite a narrow
VD, it may be necessary to increase the Hb concentra-
tion, which is contrary to adaptation. Furthermore, links
between the poverty level and the risks of hypertension
and cardiovascular disease have been reported [35, 36].
In other words, poverty may promote arteriosclerosis.
Hb and SpO2 are both indexes of blood oxygen circu-

lation. SpO2, like Hb, usually decreases with increasing
age [37]. Figure 3 shows the relationship between SpO2

and age in Tsarang residents stratified by sex. Among
the residents of Tsarang, SpO2 which is greatly involved
in the oxygen cycle of the living body, was also de-
creased with age in both men and women. From this re-
sult, it is possible that the biological stress that only
women have to raise Hb is not the attenuation of oxygen
binding ability but the vascular load.
For these reasons, age, PP, the D score, and VD

may be involved in Hb elevation. In females who are
vulnerable to vasodilation, the mechanism by which
Hb elevation is suppressed, as observed in Tibetan

highlanders, may not be necessary. In females who
lose this adaptive trait, the Hb level increases when
blood vessels narrow with increasing age, and some
females may develop polycythemia. Additional studies
with cross-altitude and cross-population analyses are
necessary in the future.
The first limitation of this study is that we did not as-

sess the plasma volume of Tibetan highlanders. The Ti-
betan highlanders are said to have acquired hypoxic
adaptations that do not increase hemoglobin concentra-
tion. However, new findings was reported that Sherpa
people increase both hemoglobin mass and plasma
volume. In other words, it was suggested that the
hemoglobin concentration of Tibetan highlanders is
similar to that of lowlanders, but the mass of
hemoglobin may actually increase [38]. Plasma has not
received much attention in previous studies of hypoxic
adaptation in Tibetan highlanders, and this study also
focused on hemoglobin concentration and analyzed it.
In the future, it is necessary to clarify more detailed bio-
logical reactions by investigating and analyzing the
plasma volume, blood volume, and dehydration state.
Furthermore, although this study did not investigate the
association with sex hormone kinetics, we believe that
women’s childbirth and regular menstruation in a hyp-
oxic environment may be a significant burden on their
bodies. In the future, it is necessary to clarify the rela-
tionship between sex hormones and the sex difference in
hemoglobin dynamics in Tibetan highlanders.

Conclusions
We identified new hemoglobin dynamics. The Hb level
in female inhabitants of Tsarang did not decrease but ra-
ther increased with increasing age. As seen in these Hb
dynamics, there may be sex-based differences in the op-
timal adaptive mechanism in Tibetan highlanders with
regard to their hypoxic environment.

Methods
Subjects
We established a health camp at the health post in
Tsarang village and conducted health checkups for high-
land residents in 2017. We asked the village mayor to
disseminate information about the survey and posted a
poster in the village to encourage them to participate in
the survey. Of the participants, those who were under
18 years old, were pregnant, had a serious illness such as
cancer, did not agree to participate, and were not born
in the highlands were excluded from the final analysis.

Setting variables
Regarding anthropometric measurements, Hb (ASTRIM
FIT health monitoring analyzer: Sysmex, Kobe, Japan)
and SpO2 (pulse oximeter: Masimo Radical V 5.0,
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Masimo Corp, CA, USA) were measured percutaneously.
We classified participants as non-polycythemia (Hb <
18 g/dl for males and Hb < 16 g/dl for females) and poly-
cythemia (Hb ≧ 18 g/dl for males and ≧ 16 g/dl for fe-
males) [17]. The Hb measuring instrument ASTRIM is
equipped with a multi-wavelength light source from red
to near infrared and a camera. Luminance information
proportional to the amount of hemoglobin absorbed was
obtained from the spectroscopic image of the peripheral
blood vessel, and the blood vessel diameter was directly
measured by the image. Height, weight, blood pressure
(OMRON Model, HEM-7210, Kyoto, Japan), and grip
strength were also measured. Glycated hemoglobin
(HbA1c) in collected blood was measured by a Siemens
DCA Vantage analyzer (Siemens Healthcare Diagnostics,
Munich, Germany). Age, body mass index (BMI), SpO2

(%), systolic blood pressure (SBP, mmHg), diastolic
blood pressure (DBP, mmHg), grip strength (grip, kg),
Hb (g/dL), HbA1c (%), and vascular diameter (VD, mm)
were the variables used for analysis. Pulse pressure (PP,
mmHg) was calculated as the difference between the
SBP and the DBP. Increased pulse pressure, which is sys-
tolic blood pressure minus diastolic blood pressure, is
recognized as a risk of arteriosclerosis and cardiovascu-
lar disease [39]. The multidimensional poverty index
(MPI) developed by the United Nations Development
Program was adopted to evaluate the poverty level of
residents. The deprivation score (D score), representing
the poverty level of individuals, was calculated using the
three dimensions of education, health, and standard of

living. We used D score as poverty index of individuals
in this study. Poverty was defined as a D score of 0.33 or
higher [2]. Education includes data related to years of
schooling and school attendance. Health includes data
related to nutrition and child mortality. Standards of liv-
ing include data related to cooking fuel, sanitation,
drinking water, electricity, housing, and assets. These at-
tribute data were obtained by questionnaire.

Statistical analysis
Medical examination data are presented as the means ±
SEs or the medians (1st quartile–3rd quartile) (Table 1).
We examined whether there were sex-based differences
in each variable by performing Spearman’s t test or Wil-
coxon’s rank-sum test on medical examination data.
Next, to observe the effect of aging on each variable, the
participants were divided into three age groups: younger
(18 to 40), middle-aged (41 to 60), and older (61 or
older). Significant differences in each variable among
these three groups were tested by ANOVA or the
Kruskal-Wallis test (Tables 2 and 3). Additionally, a uni-
variate analysis with linear regression was performed
(Figs. 2 and 3), followed by a multivariate analysis with
multiple regression (Table 4) to identify factors corre-
lated with the Hb value. For SpO2, which together with
Hb reflects the state of oxygen circulation, the relation-
ship with aging was plotted by sex, and Pearson correl-
ation analysis was performed (Fig. 4). A p value < 0.05
was considered statistically significant. The software
used for each analysis was R (ver. 3.5.3) and R studio.

Fig. 4 Relationship between SpO2 and age in each sex. Age plotted against SpO2 in participants. Males and females are indicated by blue and red
circles, respectively. There was a negative correlation between age and SpO2 in each sex, and the approximate expressions for males and females were
derived as y = − 0.0872x + 94.868 (r = − 0.4034193, p = 0.0003021, blue line) and y = − 0.1147x + 96.136 (r = − 0.6118297, p = 6.615e−12, red line),
respectively, using Pearson correlation analysis
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