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Abstract:

Extreme environmental conditions such as cold exposure, hypoxia, and physical load
challenge human physiological homeostasis and may trigger a transition from adaptive
responses to pathological processes. Understanding these mechanisms is essential not
only for environmental and occupational physiology but also for clinical medicine,
where similar physiological constraints occur during surgery, critical illness, and reha-
bilitation. This review integrates findings from three complementary research projects
conducted at the JoZef Stefan Institute investigating field-based ergonomics, peripheral
vascular responses to cold and hypoxia, and metabolic adaptations during prolonged
normobaric hypoxic exposure. The studies demonstrate that environmental stressors in-
teract through systemic physiological mechanisms affecting thermoregulation, micro-
circulation, energy metabolism, and functional performance. Cold-induced vasodilation
(CIVD) emerges as a dynamic marker of physiological adaptability, while hypoxia in-
fluences both peripheral vascular regulation and whole-body metabolic balance. To-
gether, these findings provide translational insights into vascular dysfunction, tissue
perfusion, metabolic resilience, and perioperative physiology, highlighting the contin-
uum between environmental adaptation and clinically relevant pathology.
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1. Introduction

Human physiological systems continuously adapt to environmental challenges in order to
maintain homeostasis. Exposure to cold, hypoxia, and prolonged physical activity
represents a substantial stress that activates integrated cardiovascular, metabolic,
thermoregulatory, and neuroendocrine responses (Mazzeo, 2008; Cheung, 2010). While
these adaptive mechanisms are generally protective, excessive or prolonged exposure may
lead to maladaptation and contribute to pathological processes. Understanding the factors
that determine whether physiological stress results in successful adaptation or dysfunction
remains a central objective of integrative physiology (Tipton et al., 2017, 2021,;Keramidas
et al., 2010, 2014; Kounalakis, 2010, Mekjavic et al., 2012, 2016, 2022, 2023).

Research conducted in extreme environments offers a unique opportunity to investigate
mechanisms that are highly relevant to clinical medicine. Conditions such as impaired
tissue perfusion, hypothermia, metabolic stress, and reduced oxygen availability
frequently occur during major surgical procedures, critical illness, and recovery following
trauma (Sessler, 2016; Ince, 2005). Consequently, environmental physiology provides a
useful framework for studying the continuum from physiological adaptation to pathology.

2. Field Ergonomics and Physiological Performance Under Environmental Stress
The study demonstrated that physiological strain was determined primarily by individual
physical capacity rather than by absolute workload alone. Considerable inter-individual
variability was observed despite identical environmental conditions and equipment loads.
These findings emphasize the importance of personalized ergonomic assessment and
illustrate the complex interaction between environmental demands, physical workload,
and individual physiological reserve (Knapik et al., 2004; Amon, 2007).

3. Peripheral Vascular Responses to Cold and Hypoxia

The second project investigated cold-induced vasodilation (CIVD), a protective peripheral
vascular response that occurs during prolonged exposure to cold. CIVD is characterized
by periodic increases in blood flow and skin temperature following an initial phase of
vasoconstriction. This phenomenon is believed to reduce local cold injury while preserving
tissue oxygenation and viability (Lewis, 1930; Daanen, 2003; Amon, 2009).

The results revealed that normobaric hypoxia impaired peripheral temperature responses
in the toes, whereas finger CIVD responses remained largely unchanged. These findings
suggest regional differences in vascular adaptation and indicate that lower extremity
circulation may be more susceptible to reduced oxygen availability. Importantly, aerobic
training combined with altitude acclimatization improved CIVD responses,
demonstrating that peripheral vascular adaptation is modifiable and influenced by
physiological conditioning (Amon et al., 2012a; Felicijan et al., 2008).

Although CIVD has traditionally been investigated within the field of environmental
physiology, its broader clinical significance is increasingly recognized. Variability in CIVD
responses may reflect differences in vascular health, metabolic status, body composition,
and physiological reserve (Daanen, 2003; Tsoutsoubi et al., 2023). Consequently, CIVD
may represent a valuable integrative marker of microvascular function and individual
adaptability to physiological stress.

4. Metabolic Adaptation During Prolonged Hypoxia

Comprehensive metabolic assessments included body composition analysis, meal
tolerance testing, appetite regulation, hormonal responses, and measurements of resting
energy expenditure. The findings demonstrated that hypoxia consistently induced a
negative energy balance through a combination of increased energy expenditure and
reduced energy intake. This effect was accompanied by alterations in appetite-regulating
hormones and increased sympathetic nervous system activity (Mekjavic et al., 2016; Kayser,
1994; Westerterp et al., 1992).

In normal-weight participants, hypoxia prevented the increase in fat mass that occurred
during normoxic exposure despite relatively modest changes in total body weight. In
overweight individuals, similar reductions in appetite and increases in energy expenditure
were observed. However, evidence of early insulin resistance was also detected,
suggesting that metabolic responses to hypoxia may differ according to baseline metabolic
status (Mekjavic et al., 2016).
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5. Clinical and Translational Implications

The physiological challenges encountered in extreme environments closely parallel those
observed in perioperative medicine and critical care. Surgical patients frequently
experience controlled hypothermia, transient tissue hypoperfusion, metabolic stress, and
altered oxygen delivery. Consequently, understanding adaptive responses to
environmental stress may provide valuable insights into mechanisms underlying
postoperative complications and recovery (Sessler, 2016; Ince, 2005; Carli & Scheede-
Bergdahl, 2015).

Particularly relevant is the role of microvascular function in maintaining tissue viability.
The ability to preserve peripheral circulation during environmental stress may reflect
broader vascular resilience that influences wound healing, tissue regeneration, and
recovery from surgical interventions (Ince, 2005). Similarly, the metabolic adaptations
observed during hypoxic exposure provide insights into mechanisms regulating
performance and energy balance, insulin sensitivity, and physiological reserve (Mekjavic
et al., 2012, Mekjavic et al., 2016).

Cold-induced vasodilation emerges from these studies as a potential integrative biomarker
linking vascular responsiveness, thermoregulatory capacity, and overall physiological
adaptability (Amon et al., 2012b; Daanen, 2003; Tsoutsoubi et al., 2023).
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