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Abstract: High-altitude climbing presents serious physiological challenges for climbers originating
from low-altitude or near-sea-level environments. The progressive reduction in atmospheric
pressure and oxygen availability at elevation can induce hypobaric hypoxia, acute mountain
sickness, and potentially life-threatening conditions such as high-altitude cerebral edema and high-
altitude pulmonary edema. Traditional acclimatization protocols require climbers to spend several
days or weeks ascending gradually on the mountain; however, prolonged on-site exposure
increases the risk of illness, imposes significant logistical burdens, and extends total expedition
duration. This review proposes a systematic, multi-phase strategy designed to accelerate high-
altitude adaptation, prevent altitude-related illnesses, and reduce overall climbing time. The
proposed framework integrates historical perspectives on acclimatization physiology, key
physiological indicators, simulated altitude training methodologies, on-mountain safety protocols,
individualized risk assessment, and sleep recovery management. Critical trainable parameters
include oxygen saturation maintenance, resting heart rate, hypoxic ventilatory response, aerobic
endurance, maximal oxygen uptake, and standardized symptom scores. During the pre-departure
phase, climbers may employ hypoxic tents, low-oxygen exercise sessions, structured aerobic
conditioning, lower-limb strengthening programs, and systematic self-monitoring to enhance
physiological readiness. During the ascent phase, the strategy incorporates supplemental oxygen
administration, medically guided pharmacological interventions, climb-high-sleep-low practices,
controlled ascent rates, rigorous hydration management, continuous symptom monitoring, and
timely descent protocols when necessary. This review concludes that by shifting a substantial
portion of the acclimatization process into a controlled pre-climb preparation stage, climbers can
significantly reduce their risk of altitude sickness and shorten total expedition time.

Keywords: high-altitude adaptation; altitude sickness; pre-acclimatization; simulated altitude
training; hypoxic training; mountaineering physiology

1. Introduction

High-altitude climbing presents significant physiological challenges for individuals
originating from low-altitude or near-sea-level environments. At sea level, atmospheric
pressure supports adequate oxygen delivery to sustain normal respiratory, circulatory,
and physical functions [1]. In contrast, high-altitude environments feature reduced
atmospheric pressure and diminished oxygen availability —a condition termed hypobaric
hypoxia. This physiological stress can rapidly affect unacclimatized climbers, potentially
leading to altitude illness characterized by headache, fatigue, nausea, dizziness, and, in
severe instances, life-threatening conditions such as high-altitude cerebral edema or high-
altitude pulmonary edema.
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Conventional acclimatization approaches typically involve extended stays at high
altitude —often spanning several days or weeks. While such protocols facilitate gradual
physiological adaptation to hypoxia, they introduce substantial practical constraints.
Prolonged exposure increases risks associated with cold stress, chronic hypoxia, intense
ultraviolet radiation, limited caloric intake, infectious disease, and trauma. Furthermore,
extended on-mountain duration escalates logistical demands—including time, financial
resources, food supplies, supplemental oxygen, and support infrastructure. For
contemporary climbers operating under temporal and resource limitations, reliance solely
on slow, in-situ acclimatization is often impractical [2]. A structured, evidence-informed
strategy is therefore required to accelerate safe physiological adaptation.

Multiple preventive and management strategies have been established for altitude-
related illness. Supplemental oxygen remains a primary intervention, directly mitigating
hypobaric hypoxia when arterial oxygen saturation falls below functional thresholds. The
principle of 'climb high, sleep low' is widely endorsed: daytime ascents to higher
elevations provide controlled hypoxic stimulus, while nocturnal descent to lower
altitudes enables physiological recovery during sleep. This cyclical exposure promotes
incremental adaptation while minimizing the risk of overnight deterioration at extreme
elevations [3].

Pharmacological interventions constitute another key component of altitude illness
prevention and management. Acetazolamide is frequently employed due to its capacity
to enhance ventilatory drive and accelerate acclimatization. Corticosteroid-based
therapies may be considered in advanced clinical presentations; however, their
administration requires careful clinical evaluation. Medication use must be guided by
professional medical assessment, individual health status, elevation profile, and symptom
progression—not self-prescribed or used empirically [4].

Supportive behavioral measures also play a critical role. Climbers are advised to
avoid alcohol and opioid analgesics, both of which may depress respiratory drive—
particularly during sleep—and exacerbate hypoxemia [5]. Hydration should be regulated
according to physiological thirst cues rather than rigid volume targets, as excessive fluid
intake carries independent risks including hyponatremia. In cases involving elevated
intracranial pressure, head elevation and paced breathing techniques may offer transient
symptomatic relief pending definitive intervention or descent.

Collectively, current understanding indicates that no single modality provides
comprehensive protection against altitude illness. Effective risk mitigation integrates
oxygen supplementation, graded acclimatization, judicious pharmacotherapy,
physiologically appropriate hydration, avoidance of respiratory depressants, optimized
sleep altitude selection, and vigilant symptom surveillance. Yet these elements are often
treated in isolation within existing guidance. This paper proposes an integrated
framework that synthesizes pre-ascent preparation, physiological conditioning, clinical
support, real-time behavioral adjustments, and personalized risk monitoring —enabling
safer, more efficient high-altitude ascent with reduced incidence of altitude illness and
minimized total expedition duration [6].

2. Historical Adaptation to High-Altitude Climbing Before Scientific Training
2.1. Early Human Adaptation to High Altitude

Before modern scientific training and medical support, human adaptation to high
altitude primarily relied on long-term experience, sustained environmental exposure, and
intergenerational biological adjustments. Populations residing permanently in high-
altitude regions gradually developed physiological strategies for survival in low-oxygen
conditions. Some groups exhibited elevated hemoglobin levels, increased lung capacity,
or distinct oxygen utilization patterns [5]. These observations demonstrate the human
body’s capacity to adjust to mountainous environments, though such adaptation typically
unfolds over many years—or even across multiple generations.
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For individuals originating from lowland or near-sea-level areas, this form of
adaptation is not feasible [7]. A climber preparing for a single expedition cannot rely on
genetic evolution or lifelong acclimatization. Consequently, while historical patterns
among high-altitude residents illuminate the biological potential for adaptation, they do
not offer actionable methods for contemporary climbers requiring rapid physiological
adjustment.

2.2. Traditional Expedition-Based Acclimatization

Early non-indigenous climbers primarily employed slow, staged ascent: gradually
ascending, establishing intermediate camps, and adhering to the principle of "climb high
and sleep low." This approach enabled daytime exposure to higher altitudes while
facilitating nocturnal recovery at lower elevations. It was often informed by knowledge
shared by local high-altitude guides and continues to serve as a foundational principle in
high-altitude mountaineering [8].

However, these early practitioners lacked systematic understanding of physiological
responses to hypoxia, such as the hypoxic ventilatory response, structured pre-
acclimatization protocols, or pharmacological aids like acetazolamide. Consequently,
nearly all acclimatization occurred directly on the mountain, resulting in prolonged
expeditions characterized by significant physical strain and elevated risk. Climbers
typically endured extended periods—often days or weeks—in hypoxic conditions prior
to summit attempts [9].

2.3. Limitations of Traditional Acclimatization

Traditional acclimatization was useful, yet it entailed significant risks. Climbers
required time at altitude to adapt physiologically, but this prolonged exposure
simultaneously increased vulnerability to hypoxia, extreme cold, intense ultraviolet
radiation, energy deficits, illness, fatigue, and injury [7].

Historical records indicate that many fatalities in early mountaineering occurred
during extended approach routes and adaptation phases rather than on summit attempts.
This demonstrates that hazards were distributed across the entire expedition timeline, not
confined to the final ascent. The extended period spent on the mountain for physiological
adjustment thus constituted a substantial risk factor [10].

As shown in Figure 1, traditional acclimatization and modern pre-acclimatization
follow distinct patterns. Traditional methods rely on weeks of on-mountain residence,
sustained hypoxic exposure, elevated illness incidence, longer overall expedition duration,
and predominantly passive adaptation. In contrast, modern pre-acclimatization shifts part
of the adaptation process prior to departure through structured training, controlled
hypoxic simulation, reduced on-mountain exposure time, and proactive physiological
preparation [11].

l Traditional Acclimatization [ Modern Pre-Acclimatization

¥ !

[ Weeks on the mountain l I Training before departure l
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I Long hypoxic exposure I I Controlled simulated exposure |
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| Higher illness risk I Different I Shorter on-mountain exposure '
A acclimatization 1

[ Longer expedition time ] bty I Lower illness risk l
¥ ¥

Mostly passive adaptation Planned adaptation

I |
I

Modern pre-acclimatization shifts part of adaptation to a
safer pre-departure stage, helping reduce risk and
shorten total climbing time.

Figure 1. Traditional Acclimatization Vs. Modern Pre-Acclimatization
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2.4. The Need for Modern Pre-Acclimatization

Historical constraints of traditional high-altitude adaptation underscore the need for
a more systematic approach among contemporary climbers. Gradual physiological
exposure remains essential; however, a portion of this adaptation can now be initiated
prior to arrival at high altitude. Advances such as simulated altitude training, hypoxic
tents, normobaric chambers, and structured physical conditioning enable physiological
adjustments to begin in controlled, low-risk environments [12].

This strategic shift reduces time spent in hazardous high-altitude zones [13]. When
baseline adaptation commences before departure, the on-mountain phase becomes
shorter and more efficient. It also mitigates severe hypoxic stress, alleviates logistical
demands, and lowers the incidence of serious altitude-related illness.

In summary, historical practices confirm the necessity of gradual exposure, yet they
also reveal that dependence solely on the mountain environment is inefficient and unduly
risky for today’s climbers. Indigenous populations achieve adaptation through lifelong or
intergenerational physiological adjustment, whereas early expeditions required
prolonged, perilous exposure. For lowland-based climbers operating under time
constraints, modern pre-acclimatization provides a safer, more practical alternative. This
historical perspective reinforces the paper’s central claim: systematic preparation prior to
ascent enhances adaptation efficiency, reduces susceptibility to altitude illness, and
shortens overall expedition duration [3].

3. Physiological Indicators and Differences
3.1. Physiological Stress in Lowland Residents

When individuals from lowland or near-sea-level regions ascend rapidly to high
altitude, their bodies undergo immediate hypoxic stress. The most direct physiological
response is a decline in blood oxygen saturation (SpO2), resulting from reduced
atmospheric pressure and lower oxygen availability. Consequently, oxygen delivery to
tissues diminishes compared with sea-level conditions. To compensate, respiratory rate
and heart rate increase, enhancing oxygen transport in the short term—though this
reflects an elevated physiological demand rather than stable homeostasis.

Unacclimatized lowland residents often exhibit pronounced physiological responses
during rapid ascent: SpO: decreases, heart rate rises markedly, and hyperventilation
emerges as a compensatory mechanism. Failure to achieve adequate acclimatization may
progress to acute mountain sickness; in severe instances, life-threatening conditions such
as high-altitude pulmonary edema or high-altitude cerebral edema may develop. Thus,
successful high-altitude exposure depends not solely on physical endurance but critically
on the body’s capacity to sustain oxygen homeostasis under chronic hypoxia [14].

3.2. Adaptive Indicators in Trained or High-Altitude Populations

In contrast, individuals with prior altitude exposure—such as trained climbers or
lifelong high-altitude residents—exhibit enhanced physiological responses. Their bodies
maintain oxygen saturation more effectively, regulate heart rate with greater stability, and
demonstrate stronger ventilatory adjustments to hypoxia. Long-term adaptations in some
high-altitude populations include elevated hemoglobin concentration, increased lung
capacity, and altered patterns of oxygen utilization. These physiological changes
collectively contribute to superior tolerance of low-oxygen environments compared with
untrained lowland individuals [15].

Key physiological indicators used to assess altitude adaptation include the hypoxic
ventilatory response, oxygen saturation maintenance, aerobic endurance, resting heart
rate, maximal oxygen uptake (VO, max), and the Lake Louise Score [16]. These metrics
serve as objective measures linking physical preparation to functional altitude tolerance.
Improving such indicators prior to ascent enhances physiological readiness for initial
high-altitude exposure.

Table 1 summarizes major physiological differences among unadapted lowland
residents, pre-acclimatized climbers, and chronically adapted high-altitude residents.
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These parameters clarify how structured pre-ascent training supports improved altitude
tolerance and shortens the duration required for on-site acclimatization [17].

Table 1. Key Physiological Indicators of Altitude Adaptation

High-Alti
Unadapted Lowland Pre-Adapted igh-Altitude

Indicator Residents / Well-
Resident Climb
estdents tmbers Adapted Climbers
SpO2 maintenance Drops quickly after Improve('i éfter pre- More .stable at
rapid ascent training altitude
Lower resting heart More stable
Increases sharply .
Heart rate . rate and better cardiovascular
under hypoxia
control response
Hypoxic ventilatory Weak or unstable ImproYed through More feffif:ient
response hypoxic exposure ventilation
Aerobic endurance Easily limited by low Improyed th.ro.ugh Bette1; oxygen use
oxygen exercise training during activity
VO2 max May d.ecrease under Can improve after  Higher functional
altitude stress training tolerance

Higher risk of
headache, fatigue,
nausea, and dizziness
AMS/HAPE/HACE Higher during rapid  Reduced but still ~ Lower under normal

risk ascent requires monitoring exposure

3.3. Effects of Pre-Adaptation Training

Pre-adaptation training can enhance several physiological indicators prior to high-
altitude exposure. Simulated altitude exposure, hypoxic tents, and intermittent hypoxic
exercise enable controlled physiological adaptation to low-oxygen conditions. This
process strengthens the hypoxic ventilatory response, improving the body’s ability to
increase ventilation under hypoxia. Concurrently, oxygen saturation tends to stabilize,
resting heart rate often decreases, and aerobic endurance typically improves.

Such training may also elevate VO2 max and mitigate moderate to severe headache
following subsequent high-altitude exposure. These benefits are clinically relevant, as
headache, fatigue, dizziness, and nausea constitute core symptoms of acute mountain
sickness. Reducing symptom burden may support more efficient and safer movement
during high-altitude expeditions.

Reduced symptom  Lower symptom
burden severity

Lake Louise Score /
symptoms

3.4. Connection to Faster Climbing

These physiological differences indicate that aspects of high-altitude adaptation can
be developed prior to departure. Faster climbing does not imply disregarding altitude-
related risks; rather, it reflects deliberate physiological preparation to enhance tolerance
to hypoxia. When pre-climb training improves oxygen saturation maintenance, heart rate
regulation, ventilatory responsiveness, and aerobic capacity, climbers may require less
time for in-situ acclimatization.

Evidence suggests that structured preparation can reduce the duration of on-
mountain adaptation. Whereas traditional acclimatization typically requires seven to
fourteen days at altitude, pre-adaptation strategies may enable effective adaptation within
three to five days. Thus, trainable physiological parameters underpin the feasibility of a
systematic pre-climbing preparation plan [18].

4. A Pre-Climbing Training Plan Using Simulated High Altitude
4.1. What Is Simulated Altitude Training

Simulated altitude training enables climbers to prepare for high-altitude
environments prior to arrival at the mountain. Rather than initiating acclimatization only
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upon ascent, individuals undergo controlled exposure to reduced oxygen availability.
This is achieved using hypoxic tents, low-oxygen chambers, or specialized exercise
equipment that lowers the oxygen partial pressure in the breathing air, thereby replicating
key physiological conditions encountered at elevation [7].

The primary objective of simulated altitude training is not to substitute on-site
acclimatization, but to initiate physiological adaptation in advance. Pre-departure
exposure to hypoxia supports early improvements in ventilatory responsiveness, oxygen
utilization efficiency, and cardiovascular regulation. Consequently, climbers reach the
mountain with a degree of pre-adaptation, rather than beginning acclimatization from an
entirely unacclimated baseline.

4.2. How to Set up a Pre-Climb Plan

A pre-climb training plan should commence several weeks prior to the expedition.
Training may begin three weeks before travel, while practical preparation can start three
to six weeks in advance [13]. The duration depends on the individual’s baseline physical
fitness, prior experience with high-altitude environments, target elevation, and access to
appropriate training equipment.

The plan should integrate multiple training modalities [1]. First, nocturnal hypoxic
tent exposure provides passive, repeated simulation of reduced oxygen levels while
preserving normal daytime activity. Second, intermittent hypoxic training delivers brief,
controlled low-oxygen exposures. Third, low-oxygen exercise—such as walking or
cycling in a hypoxic chamber—combines altitude stimulus with physical conditioning.
Fourth, regular mountain walking, hiking, aerobic running, lower-body strength training,
and core stabilization exercises collectively enhance endurance and muscular capacity
essential for climbing.

Table 2 presents a recommended pre-climb training plan structured in progressive
stages, guiding climbers from foundational fitness development to phased introduction
of simulated altitude exposure, followed by tapering of training volume and intensity
before departure.

Table 2. Suggested Pre-Climb Training Plan

Time Before Climb Training Focus Example Activity Monitoring
6—4 weeks before General fitness {%e.:roblc running, - Resting }'1eart rate,
hiking, leg strength fatigue
Simulated altitude H ic tent or low-
4-2 weeks before rmiriated attittide - Hypoxic feht of fow SpO,, sleep quality
exposure oxygen room
91 weeks before Intermlttent. hypoxic Low—oxygen‘walkmg SpOy, heart rate
exercise or cycling
Final week Rec9very and Light exercise, avoid Symptoms, sleep,
adjustment overtraining energy
Weight, HR, SpO
Departure week Final self-check CIEY R OP L Risk level

illness symptoms

4.3. Training Goals and Monitoring

This training plan aims to enhance physiological adaptation to hypoxia. Key
objectives include strengthening the hypoxic ventilatory response, sustaining higher
arterial oxygen saturation levels, mitigating excessive cardiac stress, and improving
aerobic endurance. Collectively, these adaptations support more effective high-altitude
tolerance following ascent [6].

Continuous physiological monitoring is essential throughout training. Climbers
should regularly measure peripheral capillary oxygen saturation (SpO.) using a pulse
oximeter, track resting and exertional heart rate, assess sleep quality, and monitor for
symptoms including headache, nausea, fatigue, and dizziness. The Lake Louise Score may
be employed to systematically evaluate acute mountain sickness indicators. Should
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symptoms intensify or persist, training load must be scaled back. Pre-ascent training
emphasizes gradual, controlled physiological adaptation —not exhaustive physical strain.

4.4. How Pre-Climb Training Shortens Mountain Time

The primary benefit of simulated altitude training lies in shifting part of the
physiological adaptation process from the high-altitude environment to a safer, controlled
pre-departure setting. In conventional climbing practice, individuals typically require
several days on the mountain before initiating meaningful acclimatization. During this
period, they remain vulnerable to cold exposure, hypoxia, rapidly changing weather
conditions, and the risk of altitude-related illness [1, 3]. Pre-climb training mitigates these
risks by enhancing physiological readiness prior to ascent.

Improvements in oxygen saturation stability, ventilatory responsiveness, heart rate
regulation, and aerobic endurance prior to departure can significantly shorten the
required on-mountain acclimatization period. Pre-adaptation may reduce the typical
adaptation window —from approximately seven to fourteen days—to roughly three to
five days. This acceleration does not exempt climbers from adhering to established safety
protocols, including gradual ascent profiles, continuous physiological monitoring,
scheduled rest intervals, and evidence-informed decision-making. Nevertheless, a
physiologically prepared individual exhibits more efficient responses to altitude stress.

In summary, simulated high-altitude training offers a practical strategy for
accelerating physiological adaptation while lowering associated risks. Techniques such as
hypoxic tent exposure, low-oxygen exercise regimens, intermittent hypoxic training, and
comprehensive physical conditioning collectively enhance respiratory, cardiovascular,
and muscular system function [5, 15]. By advancing adaptation prior to departure,
climbers decrease cumulative exposure time in hazardous high-altitude environments
and increase the likelihood of safe, successful summit attainment.

5. On-Mountain Actions to Keep You Safe and Help You Climb Faster
5.1. Behavior during the Climb

Pre-climb training is beneficial, yet it cannot substitute for vigilant on-mountain
conduct. Even well-prepared climbers may experience altitude-related illness if ascent
rate is excessive, sleep quality is inadequate, hydration is insufficient, or early warning
signs are overlooked. Consequently, climbers must integrate preparatory training with
sound real-time decision-making. The primary objective is not accelerated progress, but
prevention of illness that could result in extended delays or necessitate descent.

5.2. Oxygen and Medication

Supplemental oxygen alleviates hypoxic stress and supports physiological function
when blood oxygen saturation declines at high altitude. Its administration should be
guided by altitude, measured peripheral capillary oxygen saturation (S5pO,), clinical
symptoms, and the phase of ascent [15].

Acetazolamide enhances ventilatory acclimatization and mitigates acute mountain
sickness, while corticosteroids may be considered for severe altitude-related illnesses.
These pharmacological interventions require professional medical supervision,
particularly in individuals with preexisting cardiovascular, respiratory, renal, or other
systemic conditions.

5.3. Climb High, Sleep Low

The "climb high, sleep low" principle remains essential during ascent. Climbers may
ascend to higher elevations during daytime and descend to lower altitudes for sleep. This
strategy provides controlled hypoxic exposure while supporting more effective nocturnal
recovery. Given frequent sleep disruption at high altitude, sleeping at reduced elevation
helps mitigate physiological stress and sustain energy levels for subsequent activity.

5.4. Ascent Speed and Rest

Daily ascent speed requires strict control, particularly above 3,000 meters. Rapid
elevation gain may still trigger acute mountain sickness despite prior acclimatization
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training [9]. Sleeping altitude should be increased incrementally, with scheduled rest days
incorporated as needed. While this approach appears less efficient initially, it frequently
reduces total expedition time by avoiding severe illness and prolonged recovery.

5.5. Hydration, Substances, and Sleep

Climbers should maintain appropriate fluid intake guided by thirst, balancing the
risks of dehydration and overhydration; urine color serves as a practical indicator. Alcohol
and opiate-based analgesics should be avoided due to their potential to impair respiratory
function, particularly during sleep. Individuals accustomed to habitual stimulant use
should manage intake gradually to prevent symptoms such as headache or fatigue that
may mimic altitude-related illness.

Adequate sleep and rest are critical for physiological recovery. When possible,
sleeping at a lower elevation, maintaining a slightly elevated head position, and avoiding
substances that depress respiratory drive support optimal physical resilience [12].

5.6. Monitoring and Descent

Climbers should conduct daily self-assessments of physical condition. A pulse
oximeter can be used to monitor peripheral capillary oxygen saturation (SpO;) and heart
rate, while standardized symptom scoring tools—such as the Lake Louise Score—can
assist in evaluating headache, nausea, fatigue, dizziness, and coordination impairment. If
symptoms deteriorate despite adequate rest, further ascent must be halted. Persistent or
worsening symptoms warrant immediate descent, which remains the most effective
intervention [3].

In conclusion, safe and efficient high-altitude climbing relies on supplemental
oxygen administration, evidence-informed pharmacological support under medical
supervision, adherence to the climb-high-sleep-low principle, controlled ascent rates,
optimal hydration, sufficient sleep, systematic symptom monitoring, and prompt descent
when indicated. These measures help sustain the physiological adaptations gained
through pre-acclimatization training, mitigate the risk of altitude-related illness, and
optimize overall expedition efficiency.

6. Predict Your Risk of Altitude Sickness Before You Climb
6.1. Individual Differences in Altitude Sickness Risk

Individual susceptibility to altitude sickness varies significantly. Some individuals
may experience only mild discomfort at 4,000 meters, whereas others may develop
headache, nausea, fatigue, or dizziness at lower elevations. This variability indicates that
altitude sickness is determined not solely by elevation, but also by physical fitness, prior
exposure to high altitude, and ascent patterns [9, 15].

Pre-climb factors influencing risk include body weight, which may elevate
physiological strain during ascent—particularly when coupled with limited
cardiovascular endurance. Cardiac function is critical, as the heart must compensate for
reduced oxygen availability. Prior episodes of altitude sickness increase the likelihood of
recurrence. Additional determinants include resting heart rate, baseline arterial oxygen
saturation, rate of ascent, and current health status, all of which modulate physiological
adaptation to hypoxia.

6.2. Basic Self-Check Before Departure

A simple self-check can help climbers estimate their risk. First, body weight or BMI
should be measured. While weight alone cannot fully predict altitude sickness, it may
indicate whether the body is likely to experience additional physiological stress. Second,
resting heart rate should be assessed. An elevated resting heart rate may reflect fatigue,
psychological stress, inadequate recovery, or reduced cardiovascular resilience.

Third, resting peripheral capillary oxygen saturation (SpO.) should be measured
using a calibrated pulse oximeter. Pre-existing hypoxemia warrants heightened caution
and formal medical evaluation prior to ascent [16]. Fourth, prior altitude exposure should
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be reviewed. A history of severe headache, nausea, dizziness, dyspnea, or involuntary
descent constitutes a significant risk indicator.

Fifth, current health status must be evaluated. Climbing should be deferred during
acute febrile illness, upper respiratory infection, profound fatigue, or recent sleep
disruption [13]. Sixth, individuals with known cardiovascular or pulmonary conditions
require pre-ascent clinical consultation and individualized risk stratification.

As shown in Figure 2, pre-climb risk assessment should directly inform training
design and route planning. Lower-risk individuals may follow conventional
acclimatization protocols, whereas higher-risk individuals require extended preparation,
slower ascent profiles, additional rest intervals, and intensified symptom surveillance.

Pre-climb self-check

A 2
( Body weight / BMI ]
[ Resting heart rate ]
[ Resting SpO, ]
[ Previous altitude sickness ]
| Current illness or fatigue ]
[ Heart and lung condition ]
( Risk level ]
a
¥ L 2
[ Lower risk ] [ Higher risk ]
* I
[ Standard training plan ] [ Longer PECRArIGon Bine ]
¥ p
[ Normal ascent schedule ] [ Sletoet i o ]
More rest days and closer
symptom monitoring
: ;

Risk assessment should guide training time, ascent speed, rest planning,
and symptom monitoring before departure.

Figure 2. Pre-Climb Risk Assessment and Training Adjustment

6.3. Adjusting Training According to Risk

Risk assessment is meaningful only when it informs adjustments to the climbing plan.
Climbers with elevated risk profiles should follow a modified schedule distinct from those
with greater altitude tolerance. The presence of multiple risk factors warrants extended
preparation time and a more gradual ascent profile. Cardiopulmonary conditioning is
particularly critical: aerobic activities such as running, hiking, cycling, and long-distance
walking enhance oxygen utilization during exertion. Lower-limb strength development is
essential due to the repetitive uphill motion and load-bearing demands of climbing. Core
stability training contributes to postural control, balance, and movement efficiency. These
physical preparations align with simulated-altitude protocols, as successful high-altitude
performance depends on both physiological acclimatization and foundational fitness.
Higher-risk individuals should adopt a conservative ascent rate, especially above 3,000
meters, incorporating incremental elevation gains, scheduled rest days, and daily
monitoring of physiological responses. While this approach may extend the timeline, it
significantly reduces the likelihood of serious altitude-related illness or expedition
disruption.

6.4. Risk Prediction and Faster Climbing

Personal risk prediction facilitates faster climbing by mitigating avoidable delays. In
the absence of systematic risk assessment, climbers may select training regimens or routes
that exceed their current physiological capacity, potentially resulting in acute mountain
sickness, mandatory rest periods, forced descent, or expedition cancellation. Systematic
self-assessment enables more appropriate selection of preparation timelines and ascent
profiles.
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In conclusion, prevention of altitude-related illness requires individualized
evaluation [11]. Factors including body mass index, cardiovascular status, prior high-
altitude exposure, resting heart rate, baseline peripheral capillary oxygen saturation
(SpOy), ascent rate, and current physical readiness collectively determine individual risk.
A concise pre-departure self-assessment supports evidence-informed decisions regarding
training duration and optimal ascent pace, thereby enhancing both safety and efficiency
during high-altitude acclimatization.

7. Sleep and Recovery at High Altitude
7.1. Effects of High Altitude on Sleep

High altitude significantly impairs sleep quality. Hypoxia induces irregular
breathing patterns, leading to frequent nocturnal awakenings. Common symptoms
include dyspnea, headache, fatigue, and restlessness—manifestations of incomplete
physiological adaptation to reduced oxygen availability.

Compromised sleep directly undermines climbing performance. During sleep, the
body restores energy reserves and consolidates neuromuscular readiness for subsequent
exertion. Prolonged sleep disruption reduces locomotor efficiency, degrades cognitive
function, and elevates the likelihood of hazardous decision-making—thereby
compromising both operational efficacy and safety.

7.2. Brain and Heart Stress during Poor Recovery

Hypoxia imposes physiological stress on the brain and heart. The brain is highly
sensitive to reduced oxygen availability, leading to symptoms such as headache, dizziness,
slowed cognitive processing, and impaired motor coordination as altitude-related stress
increases. These manifestations may intensify with disrupted or insufficient sleep, which
limits physiological recovery.

Cardiovascular demand also rises at altitude: declining arterial oxygen saturation
triggers compensatory tachycardia to maintain oxygen delivery. Persistent sleep
fragmentation can prolong cardiovascular strain into subsequent waking hours, thereby
impairing physical performance and exacerbating fatigue. Continuous monitoring of
SpO:, heart rate, and subjective symptoms is therefore recommended throughout the
expedition.

7.3. Practical Recovery Strategies

The most effective recovery strategy is sleeping at a lower altitude whenever feasible,
aligning with the "climb high, sleep low" principle. Daytime ascent provides controlled
altitude exposure, while nocturnal descent reduces physiological stress and enhances
restorative processes.

Climbers should prioritize uninterrupted rest, limit alcohol intake, avoid opioid
analgesics, and maintain adequate hydration. Elevating the head slightly during sleep
may improve respiratory comfort and subjective sleep quality. In the presence of severe
headache, mental confusion, frequent nocturnal awakenings, or symptom progression,
immediate intervention—including rest, supplemental oxygen if available, cessation of
ascent, or descent—is warranted.

7.4. Role of Sleep in Faster and Safer Climbing

Adequate sleep supports faster climbing by conserving energy and minimizing
illness-related delays. Well-rested climbers demonstrate greater movement steadiness,
enhanced recovery, and improved decision-making under demanding conditions.
Conversely, poor sleep is associated with reduced climbing speed, heightened symptom
severity, and increased need for rest days.

In conclusion, high-altitude climbing success depends not only on daytime training
and ascent management but also on effective nighttime recovery. Hypoxia can disrupt
sleep architecture, elevate physiological stress on the brain and cardiovascular system,
and impair next-day performance. Strategic descent for sleep, vigilant symptom
monitoring, prioritization of rest, and prompt response to early warning signs collectively
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support sustained energy levels, lower altitude sickness incidence, and reduced overall
expedition duration.
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