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Abstract

Introduction: A major health issue in individuals living at high altitude regions is an increase in the
number of red blood cells (RBCs). This condition generates a series of physiological alterations,
including the nervous system, where damage can occur due to increased blood viscosity. This
increased viscosity, in turn, could compromise oxygen uptake, potentially leading to a degree of
cognitive impairment. Objective: To determine the association between exposure to chronic hypoxia
and sleep quality with the degree of cognitive impairment (IQ) in a young adult population residing
at different altitude levels. Methodology: Two hundred apparently healthy subjects of both sexes,
aged 21 to 26 years, permanently residing in four cities at different altitudes —Lima, Arequipa, Puno,
and La Rinconada (50 participants per location) —were evaluated. Physiological variables such as
oxygen saturation (SpO2), blood pressure (BP), heart rate (HR), and hemoglobin (Hb) and hematocrit
(Hct) levels were measured. Cognitive impairment was assessed using the Montreal Cognitive
Assessment (MoCA), and sleep quality was assessed using the Pittsburgh Sleep Quality Index (PSQI).
ANOVA, chi-square, and linear regression models were used to analyze correlations. Results:
Hemoglobin (Hb) levels increased gradually with altitude, reaching a maximum of 19.47 +3.01 g/dL
in La Rinconada, while SpO2 decreased to 81.64% at the same site. Moderate to severe cognitive
impairment was a finding exclusive to the La Rinconada population (5100 m), where only 10% of
subjects remained unaffected. Regression analysis showed that for each unit increase in Hb, the
MoCA score decreased by 0.59 points, indicating that elevated Hb levels were associated with
varying degrees of cognitive impairment. No association was found between sleep quality and the
degree of cognitive impairment. Conclusions: Chronic exposure to severe hypoxia (>5000 m) is
associated with a greater presence of cognitive impairment, while sleep quality is not associated with
any degree of cognitive impairment.
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1. Introduction

Ascent to and permanent residence in high-altitude regions expose the body to reduced
barometric pressure, compromising the partial pressure of inspired oxygen and generating a state of
persistent hypobaric hypoxia [1]. To counteract this deficit, the hematological system activates a
compensatory response mediated by erythropoietin to increase red blood cell (RBC) mass. However,
in a significant percentage of the Andean population, this response becomes maladaptive, leading to
excessive erythrocytosis (EE) that alters blood rheology and increases cerebral vascular resistance
[2,3].

The relationship between hyperviscosity and neurological function is complex. Although high
hemoglobin (Hb) levels aim to maximize arterial oxygen content, the increased hematocrit leads to a
decrease in overall cerebral blood flow. This reduction limits glucose delivery to the cortex, a crucial
aspect considering the unique glucose metabolism observed in high-altitude residents. [4-6] Recent
studies have shown that this microvascular hypoperfusion is directly associated with impaired
memory and processing speed [7].

A key, often underestimated factor is the disruption of sleep architecture in hypoxic
environments. Nocturnal hypoxia induces a pattern of frequent micro-arousals that fragment rest
and periodic breathing, the role of which in sleep is still debated [8]. According to research using the
Pittsburgh Sleep Quality Index (PSQI), high-altitude residents with scores indicative of poor sleep
quality (PSQI > 5) exhibit exacerbated cognitive impairment, particularly in processing speed and
memory consolidation. This phenomenon suggests that poor sleep quality acts as a synergistic
stressor to environmental hypoxia, potentiating neuroinflammation and oxidative stress [9,10].

Despite this evidence, it remains unclear whether cognitive impairment (CI) is a linear
consequence of altitude or the result of an interaction between critical hemoglobin (Hb) thresholds,
oxygen saturation (SpO2), and systematic sleep quality degradation. Most studies have not
simultaneously integrated these variables in native populations exposed to different barometric
pressure gradients.

Therefore, the present study aimed to evaluate the impact of a hypoxic environment on cognitive
ability in healthy individuals residing at different altitudes. It sought to determine the association
between hematological parameters, PSQI scores, and neuropsychological performance, in order to
identify which factors have the greatest impact on the manifestation of cognitive impairment in the
Andean population.

2. Materials and Methods

e STUDY POPULATION: Two hundred apparently healthy subjects of both sexes, aged 21 to 26
years, permanently residing in the cities of Lima (154 m), Arequipa (2335 m), Puno (3820 m), and
the town of La Rinconada (5100 m), 50 in each study location, were included. Exclusion criteria
were: a history of psychiatric illnesses (such as depression, anxiety, and traumatic brain injuries),
previously diagnosed sleep disorders, decompensated chronic diseases, and harmful habits
(frequent alcohol consumption, smoking, or illicit substance use). Participants with regular use
of psychotropic drugs or hypnotic medications that could alter sleep architecture or cognitive
performance were also excluded, as were those with any sensory or motor limitations that would
prevent the proper execution of the assessments (MOCA y PSQI).

e  PROCEDURE: Sociodemographic data, including age, sex, and length of residence in the study
cities (Lima, Arequipa, Puno, and La Rinconada), were collected through direct interviews and
the completion of a clinical data sheet. Anthropometric and vital sign assessments were
performed following standardized protocols. Systolic and diastolic blood pressure (SBP and
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DBP) and heart rate (HR) were recorded using a Riester ri-champion adult digital upper arm
sphygmomanometer (measurement range 30-280 mmHg and heart rate 40-200 bpm) after a
period of rest. Oxygen saturation (SpO2) was measured using a Nellcor® OxiMax® N-65
portable pulse oximeter (Digicare Biomedical brand, 1% saturation resolution, and heart rate
range 30-235 bpm). For anthropometric assessment, a Camry EB9068-59 digital scale and a fixed
stadiometer were used to determine weight and height, respectively. Body mass index (BMI)
was subsequently calculated from these data. For hemoglobin (Hb) level determination, a
capillary puncture was performed. The area (middle or ring finger) was disinfected beforehand
with an alcohol-moistened swab, and the puncture was made with a sterile lancet. The first two
drops were discarded to avoid dilution with interstitial fluid, ensuring that the third drop had
sufficient volume to fill the microcuvette by capillary action. The measurement was performed
immediately using a HemoCue HB 201+ portable hemoglobinometer, based on the azide-
methemoglobin method, with a measurement range of 0 to 25.6 g/dL. Hematocrit was measured
using a HemataStat I brand microcentifuge from EKF Diagnostics from a blood sample obtained
from the fingertip, which was filled into the capillary and then centrifuged.

Neuropsychological and sleep quality assessments were performed using validated instruments
administered by the patient. The MoCA was used to screen for cognitive impairment, evaluating
domains such as attention, concentration, executive functions, memory, language, visuospatial skills,
abstraction, calculation, and orientation. Sleep quality was assessed using the PSQI, considering its
seven components to obtain an overall score.

Finally, for the classification of the participants, the cut-off criteria for EE established in the
current International Consensus on Chronic Mountain Sickness [11] were considered, adjusting the
reference values according to the altitude level of each city of residence.

e STATISTICAL ANALYSIS: A database was created in Excel format to record the results,
following the established protocol. Measures of central tendency were calculated for each
variable. Normality was determined using the Shapiro-Wilk and Kolmogorov-Smirnov tests,
assuming a normal distribution for the parametric analysis. Analysis of variance (ANOVA) was
used to compare means between more than two groups, while the chi-square test was used to
establish the association between categorical variables. A linear regression model was also
applied to evaluate the relationship between dependent and independent variables. Statistical
processing was performed using IBM SPSS version 26.

e  ETHICAL ASPECTS: Prior to the start of the study, participants were fully informed about the
objectives and procedures, and informed consent was obtained from each of them. The research
protocol was approved on April 15, 2025, by the Ethics Committee of the University of San
Martin de Porres, and received Federal Guarantees for the Protection of Human Subjects (FWA
No. 00015320) and was registered with the Institutional Review Board of the U.S. Department of
Health and Human Services (IRB/HHS No. 00003251).

3. Results

Two hundred apparently healthy subjects of both sexes were studied: 25 women and 25 men in
Lima, 22 women and 28 men in Arequipa, 34 women and 16 men in Puno, and 18 women and 32 men
in La Rinconada.

Regarding anthropometric characteristics, it was observed that the age ranged between 21 and
26; subjects residing at higher altitudes exhibited a significantly higher BMI compared to residents at
lower altitudes (Table 1).

Table 1. Age and body mass index (BMI) by city of residence.

Lima Arequipa Puno Rinconada p value

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Age 2142+199 2352+232 2636+331  2494+251 0.000*
(years)
BMI

2427+272 24934279 2448+351  28.01 +5.64 0.000*
(kg/m?)

*, statistically significant (p < 0.05); kg, kilograms; m, meters; BMI, body-mass-index; p value, level of

statistical significance.

Regarding vital signs, respiratory rate (RH) increased with altitude, with the highest values
recorded in La Rinconada. Oxygen saturation (5pO2) decreased progressively, being highest in Lima
(154 m) and lowest in La Rinconada (5100 m). Simultaneously, hemoglobin (Hb) levels gradually
increased, reaching a maximum mean of 19.47 +£3.01 g/dL in the highest altitude population,
demonstrating a robust erythropoietic response (Table 2).

In the hemodynamic assessment, both SBP and MAP were significantly higher in the higher
altitude group, while DBP showed no significant differences between sites (p = 0.176). (Table 2).

Moderate to severe cognitive impairment was a finding exclusive to the population of La
Rinconada, where only 10% of subjects remained without impairment. Unlike La Rinconada, where
cases of moderate to severe cognitive impairment appear in both genders, in this locality mild
impairment is more frequent in men, while more advanced forms tend to occur more frequently in
women, making La Rinconada the area with the highest burden of cognitive impairment. (Table 3)

It was observed that scores in the Visuospatial/Executive, Identification, and Attention domains
were lower in La Rinconada and Lima, followed by Puno and Arequipa. In Abstraction, La Rinconada
and Puno showed the greatest deficits, followed by Arequipa and Lima, while in Referred Recall and
Orientation, the greatest deficits were also observed in La Rinconada and Lima, followed by Arequipa
and Puno. (Figure 5)

In the group without excessive erythrocytosis, mild cognitive impairment (MCI) predominated,
followed by individuals without impairment, while cases of moderate and severe impairment were
minimal. In the group with excessive erythrocytosis, values were low in all categories, with no
statistically significant difference. (Table 4)

The bar chart reflects this distribution, showing a high peak in mild cognitive impairment in the
Without EE group and very low frequencies in the With EE group. (Figure 5) Finally, the data suggest
that, although mild cognitive impairment is more frequent in those without excessive erythrocytosis,
the difference between the two groups does not reach statistical significance, indicating that excessive
erythrocytosis is not clearly associated with greater cognitive impairment. (Table 4)

Poor sleep quality was prevalent in all cities, being most common in Lima and Rinconada. Good
sleep quality was infrequent, with Arequipa and Puno being the most notable. Statistically significant
differences in sleep quality were found depending on the study location. (Table 5)

Poor sleep quality was prevalent in both the group without EE and the group with EE. Good
sleep quality was infrequent in both groups. No statistically significant differences were observed
between sleep quality and the presence of EE. (Table 6)

Regarding the relationship between cognitive impairment and sleep quality, mild cognitive
impairment was predominant in both groups, being more frequent in those with poor sleep quality
compared to those with good sleep quality. The absence of cognitive impairment was more common
in the group with good sleep quality compared to the group with poor sleep quality. Moderate and
severe impairment were infrequent in both groups. (Table 7)

Table 2. Physiological and hemodynamic parameters by city of residence.

Lima Arequipa Puno Rinconada  p value

Heart Rate

79.66+12.96 77.88+8.64 77.26+9.38  85.40+10.65  0.000*
(bpm)

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Oxygen
Saturation 98.50+0.86 94.80+3.05 90.20+2.62 81.64 +5.45 0.000*
(%)
Hemoglobin
(g/dl) 13.71+£1.78 14.84+1.08 14.82+1.63 19.47 +3.01 0.000*
SBP
110.24+10.24  108.04+11.76 107.44+9.27 117.98 £17.98  0.000*
(mmHg)
DBP
76.38+9.14 73.80+13.76 72.40+8.93 76.80 +13.35 0.176
(mmHg)
MAP
87.67+7.84 85.18+11.92 84.12+7.43 90.52 £13.95 0.015*
(mmHg)

*, statistically significant (p < 0.05); HR, heart rate; Hb, hemoglobin; SBP, systolic blood pressure; DBP,
diastolic blood pressure; MAP, mean arterial pressure; p value, level of statistical significance.

Table 3. Cognitive impairment classification by city, altitude, and sex.

City Without CI  Mild CI ModCeIrate Severe CI pavalue prvalue

LIMA (154m) 12 (24.0%) 38(76.0%) 0 (0.0%) 0 (0.0%)

Women (n=25) 9 (36.0%) 16 (64.0%) 0 (0.0%) 0 (0.0%)

0.098
Men (n=25) 3(12.0%) 22(88.0%)  0(0.0%)  0(0.0%)
AREQUIPA . ) . )
2335 m) 24 (48.0%) 26 (52.0%)  0(0.0%)  0(0.0%)
Women (n=22) 10 (45.5%) 12 (545%)  0(0.0%) 0 (0.0%)
0.973
Men (n=28) 14 (50.0%) 14 (50.0%)  0(0.0%)  0(0.0%)
fn[)JNO G821 6 (52.0%) 24(48.0%)  0(0.0%) 0 (0.0%) 0.000*
Women (n=34) 18 (52.9%) 16 (47.1%)  0(0.0%) 0 (0.0%)
1.000
Men (n=16) 8(50.0%)  8(50.0%)  0(0.0%)  0(0.0%)
LA
RINCONADA  5(10.0%) 32 (64.0%) 11 (22.0%) 2 (4.0%)
(5100 m)
Women (n=18) 2 (11.1%) 8 (44.4%)  7(389%) 1 (5.6%)
0.137

Men (n=32) 3(94%) 24 (75.0%) 4 (125%)  1(3.1%)

*, statistically significant (p <0.05); CI, cognitive impairment; pavalue, level of statistical significance between

men and women; ps value, level of statistical significance between cities.

Table 4. Cognitive impairment classification by presence of excessive erythrocytosis (EE).

Cognitive impairment Without EE With EE p value

Without CI 64 (35.36%) 3 (15.79%) 0.072*

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Mild CI 107 (59.12%) 13 (68.42%)
Moderate CI 9 (4.97%) 2 (10.53%)
Severe CI 1 (0.55%) 1 (5.26%)

*, statistically significant (p < 0.05); CI, cognitive impairment; EE, excessive erythrocytosis; p value, level of

statistical significance.

Table 5. Sleep quality classification by city of residence.

Lima Arequipa Puno Rinconada p value
:
Good quality ) ) 5oy 14 (28.0%)  12(24.0%) 6 (12.0%)
sleep
0.001%

Poor sl
OOTSIEEP  50(100.0%) 36 (72.0%) 38 (76.0%) 44 (88.0%)
quality

*, statistically significant (p < 0.05); p value, level of statistical significance.

Table 6. Sleep quality classification by presence of excessive erythrocytosis (EE).

Without EE With EE p value
Poor sleep quality 152 (83.98%) 16 (84.21%)
1,000
Good quality sleep 29 (16.02%) 4(14,81%)

EE, excessive erythrocytosis.

Table 7. Cognitive impairment classification by sleep quality (Pittsburgh Sleep Quality Index).

PSQI
Cognitive impairment P
Good quality sleep Poor sleep quality
Without CI 16 (50.0%) 51 (30.4%)
Mild CI 15 (46.9%) 105 (62.5%)
0.1746

Moderate CI 1(3.1%) 10 (6.0%)
Severe CI 0 (0.0%) 2 (1.2%)

CI, cognitive impairment.

4. Discussion

The participants were between 21 and 26 years old. There is a slight difference in the ages of the
subjects at the different study sites because matching was not possible due to the small number of
volunteers. However, according to previous studies, this difference in age does not significantly affect
the results of the tests performed [12]. (Table 1)

On the other hand, the BMI assessment revealed that subjects residing at 5100 m presented
higher values compared to the other groups studied (Table 1). It is important to clarify that, although
this population exhibits overweight conditions, this factor does not represent a variable that alters
the final results of the cognitive assessment (MoCA) [13]. The increased caloric consumption among
the residents of La Rinconada is explained by the combination of low temperatures, which require a
greater food intake as a compensatory mechanism, and the increase in income derived from mining
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activity [14]. Likewise, their vulnerable socioeconomic situation drives the adoption of less healthy
eating patterns, given the high price of foods with significant nutritional value [14,15].

Regarding relative humidity (RH), it increases with altitude of residence, registering the lowest
values in Lima (154 m) (Table 2). This phenomenon is attributed to hypoxemia-induced adrenergic
activation, a finding that persists in permanent residents and natives of high altitudes [16]. While it
has been described that RH increases during acute exposure to altitude and then decreases to baseline
values similar to those at sea level, although not completely, in the present study, where the subjects
are permanent residents and mostly natives, a sustained gradual increase is observed. This suggests
that adrenergic activation is not completely attenuated in native populations of high altitudes [17].

Regarding cardiovascular function, stable HR values were observed among Lima, Arequipa, and
Puno, but a significant increase was observed in residents of La Rinconada (Table 2). Although
previous studies suggest minimal variations in HR according to altitude of residence in all age
groups, our results at the highest altitude indicate a distinct response [18]. While it is described that
in chronic hypoxia, heart rate returns to baseline values at sea level due to increased parasympathetic
activity, which is associated with a reduced heart rate, the increase observed in La Rinconada
suggests that high-altitude hypoxia produces sustained stimulation of the sympathetic nervous
system. The severity of hypoxia at 5100 m could maintain predominant sympathetic over vagal
activity, also explaining an increase in SBP in this group [19-21]. At the molecular level, this
mechanism is associated with decreased Gs protein activity and increased Gi expression, which in
turn activates adenylate cyclase and HR regulatory ion channels [22].

On the other hand, our results demonstrate a gradual decrease in SpO2, falling from 98% to 82%,
a phenomenon attributable to the lower barometric pressure [23,24] (Figure 1). To determine the
behavior of SpO2 according to altitude, a Generalized Additive Model (GAM) was applied using
cubic splines (Figure 2). The model (R?=0.776, p <0.001) demonstrated that the relationship between
altitude and saturation is not strictly linear. It was observed that SpO2 decreases progressively, with
the decline accelerating at higher elevations. These results allow for the establishment of more precise
normative curves for different altitude populations, overcoming the limitations of previous linear
models [16,17]. This physiological phenomenon corresponds to the progressive decrease in inspired
oxygen pressure (PiO2) as altitude increases, with a strong linear relationship existing between
hypoxia and SpO2 [25]. Unlike in high respiratory rate (HR), in chronic hypoxia SpO2 remains
persistently below baseline sea level values, a finding consistent with previous studies [21]. It is
important to note that at altitudes above 3,000 m a.s.l., where values are significantly lower, the 90%
cutoff point may be less useful [25].
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Sp02 Distribution by Altitude and Sex

100 4 Sex

o Women
o Men

95 1

90

85 4

Sp02 (%)

80

754

154 2335 3827 5100
Altitude (m)

Figure 1. Changes in SpO2 in relation to altitude and sex. Numerical labels represent the median saturation for

each group. Regression lines show a strong negative correlation between altitude and oxygen saturation.

Generalized Additive Model (GAM): SpO2 vs Altitude
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Figure 2. Generalized additive model (GAM) of oxygen saturation (SpO2) as a function of altitude. The green
dots represent individual observations at the four assessed altitude levels. The solid red line indicates the trend

predicted by the model, while the light red shaded area represents the 95% confidence interval (CI).

Finally, regarding the red blood cell series, it was observed that Hb concentrations gradually
increase with increasing altitude from 300 meters above sea level, reaching a mean of 19.47 g/dL in
La Rinconada (Figure 3). This finding coincides with previous reports where Hb increased from an
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altitude of 375 meters, suggesting that there is no absolute "safety threshold," but rather a continuous
adaptive response [26,27]. This compensatory mechanism occurs because Hb concentrations are
primarily regulated by the cellular oxygen-sensing mechanism involving the prolyl-hydroxylase-2—
hypoxia-inducible factor-2 (HIF-2)—erythropoietin (EPO) axis [28]. It should be noted that, although
at moderate altitude the increase in Hb may be largely due to plasma volume contraction, in our
study a robust and sustained increase proportional to the severity of hypoxia was observed [29]. This
massive erythropoietic response is characteristic of permanent residents exposed to extreme hypoxia,
where red blood cell production exceeds fluid volume compensation. Furthermore, sex differences
in hemoglobin levels persist at high altitude, influenced by the hormonal profile that modulates the
sensitivity of the HIF-2/Epo axis [27,30].

Hemoglobin (HB) Distribution by City and Sex

Sex
Women
275 | = Men

25.0

225

o
=
=]

Hemoglobin (g/dL)
=
n

=
w
o

125

100

Lima Arequipa Puno Rinconada

City

Figure 3. Comparison of hemoglobin levels by sex at different altitudes. Numerical labels indicate the median
hemoglobin (g/dL) for each population. Trend lines connect the medians to show physiological changes

according to geographic location.

Hemodynamic analysis revealed significant differences in SBP and MAP, indicating adequate
tissue perfusion. These values were markedly elevated in the higher-altitude population, while DBP
remained stable (Table 2). The selective increase in SBP at extreme altitude is due to chronic
sympathetic hyperactivity triggered by chemoreceptor stimulation in response to severe hypoxia.
This is compounded by increased blood viscosity resulting from excessive erythrocytosis, which
increases peripheral vascular resistance and forces the ventricle to generate a higher ejection pressure
[31,32]. The elevated MAP indicates arterial stiffening and endothelial dysfunction due to reduced
nitric oxide bioavailability in hypoxic environments, which could predispose individuals to major
cardiovascular events in the long term [33]. Finally, the lack of variation in DBP differs from current
literature, which describes a predominance of isolated diastolic hypertension [34]. This discrepancy
could be explained by the young age range of our participants (21-26 years), who may retain sufficient
vascular distensibility to buffer the increase in diastolic pressure despite hypoxic stress.

Assessment using the MoCA test revealed statistically significant differences in overall cognitive
status among the cities studied. The city of Puno (3,800 m) showed the highest proportion of subjects
without cognitive impairment, suggesting successful functional preservation, likely because the
subjects are native to the area, while in La Rinconada, most are migrants from lower altitudes. In the
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population residing at 5,100 m, the proportion of healthy subjects dropped drastically to only 10%.
Moderate and severe cognitive impairment was a finding exclusive to this population. (Figure 4)

MoCA Cognitive Classification Distribution by City

MoCA Classification
3 Normal
B Mild
EE Moderate
[ Severe

1.0

0.8 1

0.6
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0.2 1

0.0

T T T
Lima Arequipa Puno Rinconada

City

Figure 4. Proportional distribution of cognitive function according to the MoCA classification in the four cities
with different altitude levels. The stacked bars represent the proportion (%) of subjects in the categories: Normal
(light blue), Mild (light blue), Moderate (dark blue), and Severe (light orange).

These results support the hypothesis that the relationship between altitude and cognitive
function is not linear, but rather that there is a functional threshold beyond which brain adaptation
mechanisms become insufficient, unlike the sensory system, which appears to maintain a degree of
homeostasis [35]. Evidence suggests that at moderate altitudes near 3,800 m, acclimatization
processes allow for selective cognitive adaptation that attenuates overall decline, while chronic
exposure to altitudes above 4,000-5,000 m appears to progressively exceed this adaptive capacity,
increasing the risk of neurocognitive impairment [36]. Consistent with this, it has been shown that
even moderate hypobaric hypoxia can induce early functional alterations in visual cognitive
processing, which are only partially compensated for, supporting the hypothesis of greater brain
vulnerability to more severe or prolonged exposures [37].

The unique pattern of moderate to severe impairment in La Rinconada can be
pathophysiologically explained by the high prevalence of excessive erythrocytosis (Chronic
Mountain Sickness) in this group (Table 3). The marked elevation of hemoglobin levels, characteristic
of this condition, increases blood viscosity and can paradoxically reduce cerebral perfusion and
glucose delivery to neurons, a mechanism that has been directly correlated with deficits in executive
function and psychomotor speed in Andean populations [38,39]. Furthermore, neuroimaging studies
have shown that severe chronic hypoxia causes selective atrophy of gray matter in critical cortical
areas, which could explain the greater clinical severity observed in residents of extreme altitudes
compared to lower-altitude populations [40].

When the results were stratified by sex according to altitude of residence and degree of cognitive
impairment, distinct patterns were identified; however, statistical analysis did not reveal significant
differences in the overall distribution between men and women within each city. In the sea level and
Puno (3,800 m) groups, the proportion of subjects without cognitive impairment was higher in
women, suggesting better cognitive preservation in women at these altitudes. However, this trend

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://www.zotero.org/google-docs/?oyngIm
https://www.zotero.org/google-docs/?7AO4kx
https://doi.org/10.20944/preprints202605.0037.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 May 2026 d0i:10.20944/preprints202605.0037.v1

11 of 21

was reversed at intermediate and extreme altitudes, where the proportion of cognitively healthy
subjects was slightly higher in men. At 5,100 m, mild cognitive impairment was markedly more
prevalent in men, while moderate impairment showed the opposite trend, affecting a greater
proportion of the female population. Severe cognitive impairment, although infrequent, was
similarly distributed between both sexes. (Table 3).

The observed variability between sexes in response to hypoxia can be explained by biological
differences in acclimatization mechanisms (Table 3). The trend toward better performance in women
at moderate altitudes is consistent with studies describing greater female cognitive resilience
associated with cerebral metabolic reserve, possibly modulated by female sex hormones, allowing
them to compensate for the response to early brain damage or stress [41]. Specifically, progesterone
acts as a potent respiratory stimulant, increasing the hypoxic ventilatory response, which could
improve arterial oxygen saturation and, consequently, increase cerebral oxygenation [42].

Conversely, the high prevalence of mild cognitive impairment observed in men at 5,100 m could
be related to their greater susceptibility to developing excessive erythrocytosis (Table 3). In this
regard, androgens, particularly testosterone, have been described as stimulating erythropoiesis,
which, combined with severe hypoxia, increases blood viscosity and reduces cerebral blood flow,
contributing to the greater cognitive vulnerability observed in men living at high altitude [43].

Although classic literature maintains that young women of childbearing age have some
protection against cognitive decline and excessive erythrocytosis, attributed mainly to progesterone-
mediated ventilatory stimulation, our results at the extreme altitude of La Rinconada (5,100 m)
revealed a different pattern [44,45]. In this context, young women showed a higher proportion of
moderate cognitive impairment, associated with elevated Hb levels (18.80 g/dL) (Figure 6). Given
that the study population was between 20 and 30 years old, excluding the effect of menopause, these
findings suggest a phenomenon of relative hemodynamic intolerance, in which an Hb concentration
that might represent moderate adaptation in men constitutes, for young women, an extreme
physiological deviation from their baseline (~12-14 g/dL) (Table 1). Under conditions of severe
hypoxia, the possible failure of protective hormonal mechanisms could expose the female cerebral
microvasculature to disproportionate hyperviscosity stress, favoring greater cognitive vulnerability,
a hypothesis consistent with recent observations in extreme altitude populations [3].

Analysis of cognitive domains revealed a non-linear relationship with altitude: residents of
intermediate altitudes (Arequipa and Puno) showed superior performance in visuospatial skills,
attention, and language compared to sea level and extreme altitude (Figure 5). However, the
significant decline in executive function and attention observed at La Rinconada (5100 m) suggests
the existence of a physiological "decompensation threshold" beyond which severe chronic hypoxia
overcomes acclimatization mechanisms. While field studies typically report functional preservation
due to acclimatization, our findings indicate that this adaptation is not maintained under conditions
of sustained extreme hypoxia [46].
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Cognitive Profile by MoCA Domain and City

Cognitive Domain
-8~ Visuospatial/Executive

e 2 B

— \@._ ~®~ Identification
. -®- Attention
-8~ Language

~@~ Abstraction
~@~ Referred Memories
54 -~ Orientation
L)
%l / \
®
[

Average Score

T T T T
Lima Arequipa Puno Rinconada

City

Figure 5. Detailed cognitive profile by MoCA domains according to city of residence. The average score obtained
in seven cognitive domains is shown. The lines connect the averages across Lima, Arequipa, Puno, and La

Rinconada, while the shaded areas represent the confidence interval or variability of the group.

Hemoglobin (HB) Distribution by Classification and Sex
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Figure 6. Distribution of hemoglobin levels (g/dL) according to cognitive function classification and sex (women:
light green and men: blue). Numerical labels indicate the median hemoglobin for each MoCA category. Trend
lines connect the medians to illustrate the relationship between the severity of cognitive impairment and
hemoglobin levels.
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This selective impairment observed in the highest city could be explained by at least two critical
pathophysiological mechanisms described in recent literature (Figure 4). First, the excessive
erythrocytosis identified in our La Rinconada group (Hb > 19 g/dL) drastically increases blood
viscosity; paradoxically, this reduces cerebral blood flow (CBF) and oxygen delivery to neuronal
tissue, exacerbating cognitive deficits rather than compensating for them [47,48]. Second, chronic
exposure to severe hypoxia has been linked to structural changes, specifically a reduction in gray
matter volume in areas such as the prefrontal cortex and hippocampus, regions essential for executive
control and memory that were affected in our high-altitude population [40,49].

The findings of this study are consistent with those of previous studies, as in inhabitants of high
altitudes, decreased oxygen pressure reduces SpO2 and oxygen supply to the brain, a highly sensitive
organ that consumes one-fifth of the total oxygen [50]. This hypoxic stress affects advanced
neurobehavioral functions, potentially leading to cognitive impairment, primarily impacting the
hippocampus (the center of learning and memory) [51,52]. Key mechanisms include apoptosis and
neuronal dysfunction, especially in the anoxia-sensitive CA1 region, exacerbated by oxidative stress
and cellular damage [53-55]. Alterations in energy metabolism and neurotransmitters exceed
biological adaptation and could result in persistent cognitive deficits [56].

The evaluation of the relationship between the MOCA score and EE revealed a significant
clinical trend, despite marginal statistical significance (p=0.072). The EE group showed a markedly
higher prevalence of mild and moderate cognitive impairment compared to the group without this
condition (Table 4). This finding is consistent with the pathophysiology of CMS, which is not defined
solely by elevated Hb levels, but rather constitutes a multisystem syndrome that includes
neurocognitive manifestations such as mental confusion, memory impairment, and slowed reaction
times, resulting from chronic inefficient adaptation to hypobaric hypoxia [3,57,58]. Furthermore,
prolonged exposure to high altitude without adequate acclimatization has been described as
inducing specific deficits in attention and executive function, which are exacerbated by low arterial
oxygen saturation [59].

Analysis of mean Hb values demonstrated a statistically significant linear association in which
higher Hb levels were related to greater severity of cognitive impairment in both sexes (Figure 6).
While studies in the general population describe a U-shaped association where both anemia and high
Hb are associated with a greater risk of cognitive decline and dementia at high altitude, the upper
end of the curve appears to be the critical factor [60,61]. In permanent residents, excessive
erythrocytosis is related to a prothrombotic state, characterized by blood hyperviscosity and
accelerated coagulation [62]. This phenomenon, according to our study conducted in La Rinconada,
could explain why Hb is a powerful and linear predictor of cognitive impairment, thus diverging
from the pattern documented in lowland areas.

Excessive Hb levels cause blood hyperviscosity, which paradoxically reduces cerebral blood
flow and oxygen delivery to neuronal tissue, accelerating cognitive decline [47,63]. This mechanism
is consistent with our linear regression analysis, where for each unit increase in Hb, the total MoCA
score decreases by 0.59 points (Figure 7), suggesting that the exaggerated erythropoietic response
ceases to be adaptive and acquires a potential neurotoxic effect [3,64]. Furthermore, the pattern of
cognitive decline varies by sex; the results show that women with moderate impairment reached Hb
levels of 18.80 g/dL, representing a proportionally more drastic increase from their baseline compared
to men (Figure 6). Although there is evidence of estrogen's protective effect against chronic mountain
sickness, recent neuroimaging studies in high-altitude populations indicate that women may be more
susceptible to structural brain changes and cognitive deficits under conditions of chronic hypoxia
compared to men, suggesting sex-differentiated brain adaptation mechanisms [65,66]. This reinforces
the need to analyze risk thresholds in a stratified manner, as hormonal and vascular mechanisms
differ significantly [45].
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MoCA Score vs Hemoglobin Levels by Gender

Gender / Regression
301 8 Global Rz = 0.153 ] = = Global Regression
0 @ me Global p = < 0.001 | ® Men Data
@ 0O . o@»00 e @ = Men Regression
Women Rz = 0,211 | OO@ @ ° Women Data
| Womenp=<0.001 0 @@ (@] [m] @ [m] Women Regression
254 0O
=]
o 204
1™
o
[¥]
["4]
<
(%}
o
2 15+
@
()
10 4
‘Men R? = 0,135 B
5 .Menp=<(}.001‘ ®
10 12 14 16 18 20 22 24

Hemoglobin (HB)

Figure 7. Linear regression analysis between MoCA score and hemoglobin levels, broken down by sex. Three
regression models are presented: a black dashed line for the overall trend (R? = 0.153) and solid lines for men
(blue, R? = 0.135) and women (red, R?2=0.211). Shaded areas represent 95% confidence intervals.

Linear regression analysis demonstrated a highly significant positive association between SatO2
saturation and MoCA score. The coefficient of determination indicates that oxygenation influences
the variability of cognitive performance, confirming that higher SatO2 levels are associated with
better mental function (Figure 8). Pathophysiologically, chronic hypoxia compromises
neurotransmitter synthesis and affects the structural integrity of key areas such as the hippocampus
and prefrontal cortex [40,49]. Consequently, oxygen desaturation acts as an independent predictor of
impairment in memory and executive functions, suggesting that chronic hypoxia at high altitude
serves as a pathophysiological model for structural and functional brain alterations similar to those
observed in brain aging and neurodegenerative diseases [67].

Additionally, a comparative analysis of sleep quality across cities revealed a clear gradient: sleep
quality worsens with increasing altitude, reaching 88.0% poor quality in La Rinconada, the highest
altitude evaluated (Table 5). At high altitudes, low oxygen pressure induces instability in ventilatory
control, generating what is known as "periodic breathing" or Cheyne-Stokes respiration during the
night, characterized by cycles of hyperventilation followed by central apneas [68]. These apneas cause
constant micro-arousals that fragment sleep and drastically reduce the deep sleep phase, resulting in
a subjective perception of insufficient rest [69].
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Linear Regression: MoCA Score vs Oxygen Saturation (Sp02)
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Figure 8. Linear regression analysis between MoCA score and SpO2. The scatter plot shows the positive
relationship between oxygen saturation levels and global cognitive performance. The red regression line
indicates that lower saturation is significantly associated with lower MoCA scores (p < 0.001), with a coefficient

of determination R? = 0.144. The shaded area represents the 95% confidence interval for the regression line.

Comparative studies have shown that native highland residents have a significantly higher
prevalence of central sleep apnea (77% vs 54%) compared to lowland inhabitants, which explains the
significant difference found between our lower and higher altitude sites [70].

The finding that there is no significant difference in sleep quality between subjects with and
without EE (Table 6) is consistent with the specialized literature. Previous research on CMS has
reported that the severity of clinical symptoms (including sleep disturbances) does not always
correlate with Hb levels, but is more closely linked to oxygen desaturation and overall health status
[71]. Specifically in La Rinconada, recent studies from Expedition 5300 confirm that nocturnal
hypoxemia is severe and widespread, affecting both subjects with and without erythrocytosis [72].

Statistical analysis did not demonstrate a significant association between subjective sleep quality
and the degree of cognitive impairment (Table 7). A widespread prevalence of "poor sleep quality"
was observed across all groups, affecting even 76% of subjects without cognitive impairment (Table
5). This suggests a strong influence of altitude; chronic hypobaric hypoxia universally alters sleep
architecture in high-altitude populations (prolonged sleep latency and micro-arousals), making poor
sleep quality a constant of the environment rather than a specific predictor of dementia [69].
Consequently, cognitive impairment in this population appears to be driven by direct tissue
hypoxemia and neuronal oxidative stress, rather than by the subjective perception of insufficient rest
[59].

5. Conclusions
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This research demonstrates that hemoglobin concentration and extreme altitude are critical
determinants of cognitive performance in young adults. While functional preservation is observed at
moderate altitudes, residents at 5,100 m showed a significant prevalence of moderate to severe
cognitive impairment. A crucial finding is that hemoglobin acted as a negative predictor of the MoCA
score (a decrease of 0.59 points for each unit of hemoglobin), demonstrating that excessive
erythrocytosis ceases to be adaptive and becomes neurotoxic.

Interestingly, sleep quality did not show a significant association with the degree of impairment
in this population. These results expand current knowledge by identifying a threshold of
physiological decompensation at extreme altitudes, underscoring the need to monitor hematological
profiles to prevent permanent neurological damage.
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