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ABSTRACT

This is part two of a two part series that discusses High Altitude acclimatization and pathogenesis.  Military operations at high altitudes have existed for centuries and are currently being conducted now in parts of the world. This paper reviews a brief history, physiological changes leading to acclimatization, types of injuries and the use of adjunctive treatment modalities to better conserve the human component combat weapons system.

OBJECTIVES (FOR PARTS 1 AND 2)

1. Explain the compensatory mechanisms that take place in the physiologic adaptation and acclimatization process as it relates to high altitude.

2. Be able to recognize the signs and symptoms of high altitude illness and render the appropriate treatment modalities.

3. Discuss indications and contraindications along with side effects of the Gamow Bag.

Completion of this article and test offers 1.0 CME.

DISCLOSURE: The presenters have indicated that, within the past two years, they have had no significant financial relationship with a commercial entity whose products/services are related to the subject matter of the topic they will be addressing or a commercial supporter of this educational activity.

HIGH-ALTITUDE ILLNESS

Since extensive literature already exists on the signs and symptoms along with the respective prevention and treatment options of acute mountain sickness (AMS), high-altitude cerebral edema (HACE), and high-altitude pulmonary edema (HAPE), this section provides just a brief overview of the signs and symptoms. This writing will focus mainly on the etiology of the diathesis of high-altitude illness and its pathogenesis.

The term high-altitude illness is used to describe cerebral and pulmonary syndromes that can develop in unacclimatized individuals. High-altitude illness provides a useful model for studying the pathophysiologic process of hypoxia.

AMS AND HACE: DEFINITION AND CLINICAL PRESENTATION

Acute mountain sickness is a syndrome of non-specific symptoms. AMS is defined as the presence of a headache in an unacclimatized person who has recently arrived at an altitude above 7,000 feet plus the presence of one or more of the following: gastro-intestinal systems (e.g. anorexia, nausea, or vomiting), insomnia, dizziness, and lassitude.28  Symptoms normally develop within six to ten hours after ascent, sometimes as early as one hour. There are no pathopneumonic diagnostic physical findings for AMS.

On the other hand, high-altitude cerebral edema is a clinical diagnosis defined as the onset of ataxia, altered consciousness, or both in someone with acute mountain sickness. The pathophysiology of HACE is thought to involve a hypoxia-induced increase in permeability of the blood brain barrier (vasogenic edema), or the hypoxia-induced alteration of cellular fluid regulation with an intracellular fluid shift (cytotoxic edema) or some combination of the two mechanisms. The incidence of HACE is lower than that of AMS or HAPE, occurring in only about 1% of individuals making rapid ascent. While HACE can occur as low as 10,000 ft., the vast majority of HACE occur above 12,000 ft. High-altitude cerebral edema is the end stage of acute mountain sickness from a clinical and pathophysiological perspective.  Associated findings of high-altitude cerebral edema may include papilledema, retinal hemorrhage, and cranial nerve palsy as a result of elevated intracranial pressure. High-altitude cerebral edema is characterized by global encephalopathy rather than focal findings.28  Seizures are rare, and the cause of death is the result of brain herniation. The illness is progressive over a period of hours or days.


There exists a differential diagnosis of high altitude illnesses. A health care provider should suspect other mimicking conditions if the patient's symptoms fail to abate after treatment with fluids and rest. The absence of a response to descent, oxygen, diamox, or dexamethasone all suggest other diagnoses. The differential includes the following: 

· Arteriovenous malformation

· Brain tumor

· Dehydration

· Central nervous system infection

· Diabetic ketoacidosis

· Hypoglycemia

· Hypothermia

· Migraine headache

· Cluster headache

· Stroke

· Ingestion of toxins, drugs, or alcohol

· Transient ischemic attack (TIA)

· Seizures

PATHOPHYSIOLOGIC PROCESS OF AMS AND HACE

Hypoxia elicits neurohumoral and hemodynamic responses that result in the over-perfusion of the microvascular beds, elevated hydrostatic capillary pressure, capillary leakage, and consequent edema. The exact etiology of AMS is unknown. Two theories exist to possibly explain the symptoms complex found in patients with AMS. The first theory is a hypoxia-induced cerebral vasodilation due to nitric oxide production, which produces the headache found in AMS. The headache itself can cause other symptoms such as nausea and fatigue.  An alternative hypothesis is that early acute mountain sickness is due to mild cerebral edema and a person's inability to compensate for swelling in the brain.

The Monro-Kellie Doctrine depicts an understanding of intracranial compensation for an expanding mass in the cranium, which is essentially a non-expansible container. The volume of the intracranial contents should remain constant. The normal intracranial contents consist of venous volume, arterial volume, brain parenchyma, and cerebrospinal fluid. If the addition of a mass or swelling occurs in the brain, there is a resultant outpouring of an equal volume of cerebral spinal fluid (CSF) in venous blood in order to maintain a normal intracranial pressure (ICP).  However, when this compensatory mechanism is exhausted, there is an exponential increase in ICP for even a small increase in the volume of the mass or edema in the brain.29  Those with the greater ratio of cranial cerebrospinal fluid to brain volume are better able to compensate for swelling through the displacement of the CSF, and may, therefore, be less likely to have acute mountain sickness.

Magnetic resonance imaging techniques have demonstrated vasogenic edema as a culprit in high-altitude cerebral edema.30 High-altitude hypoxemia increases sympathetic activity, activates endothelial cells, and alters hemodynamic function in the brain to include sustained vasodilatation and impaired cerebral auto-regulation. The increased sympathetic activity decreases urinary sodium excretion by activating the renin-angiotensin-aldosterone cycle. This causes an increase in capillary hydrostatic pressure leading to vasogenic edema.  The endothelial activation is part of the inflammatory cascade and results in the synthesis of platelet activating factor (PAF) and eicosanoids derived from arachidonic acid. The eicosanoids are not stored in cells but are rapidly synthesized by cells in response to a variety of stimuli. They have potent effects on vascular and bronchial smooth muscle including vasodilatation, vasoconstriction, bronchodilation, and bronchoconstriction. In addition, they directly regulate vascular permeability. PAF exerts a variety of biological effects that are platelet independent.  PAF synthesis and eicosanoids production are coordinately regulated. PAF is a stimulatory agonist for many inflammatory cells, as well as for smooth muscle cells, vascular endothelium and others.31  The net result of the endothelial activitation is an increase in capillary permeability resulting in vasogenic cerebral edema.  

Hemodynamic alterations promote vasodilatation causing an increase in cerebral blood flow and blood volume. The increase in cerebral blood flow causes impaired autoregulation. The phenomenon of autoregulation tends to maintain a fairly constant cerebral blood flow between mean systolic blood pressures of 50 and 160 mm Hg. Below 50 mm  Hg, the cerebral blood flow declines steeply, and above 160 mm Hg, there is passive dilatation of the cerebral vessels and an increase in cerebral blood flow. The impaired autoregulation leads to over-perfusion causing an increase in capillary pressure leading to vasogenic edema. The increased cerebral blood volume overwhelms the buffering system by the cerebral spinal fluid. All this contributes to high- altitude cerebral edema.

HIGH-ALTITUDE PULMONARY EDEMA: DEFINITION AND CLINICAL PRESENTATION

HAPE is a non-cardiogenic pulmonary edema occurring in unacclimatized individuals following a rapid ascent to high altitude. HAPE accounts for most deaths from high- altitude illness.  The incidence of HAPE, just like AMS, is related to the rate of ascent, the altitude reached, individual susceptibility, and the degree of exertion. Accepted risk factors for HAPE include moderate to severe exertion, cold exposure, young age, and male gender.  Cold increases pulmonary artery pressure by activating the sympathetic nervous system. High-altitude pulmonary edema commonly strikes the second night at a new altitude and rarely occurs after more than four days at a given altitude owing to adaptive cellular and biochemical changes in pulmonary vessels.28  HAPE can occur as low as 8,000 ft.; however, HAPE most commonly occurs between an altitude 10,000 and 12,000 ft.  


Symptoms and signs of HAPE are related to progressive pulmonary edema and the resultant worsening hypoxemia. Early in the course, manifestations are often subtle, nonspecific, and are frequently accompanied by symptoms of AMS.

Early diagnosis is critical. Decreased performance and a dry cough should raise suspicion of HAPE. Only late in the illness does pink or blood tinged sputum respiratory distresses develop. Early hypoxemia may be manifested by dyspnea on exertion, fatigue, and an increased time needed for recovery after physical activity. Resting tachycardia and tachypnea become more pronounced as HAPE progresses.  Orthopnea is uncommon as is hemoptysis.  Fever (101o F) is common as well as a mild increase in white blood cell count. According to Hackett and Roach 50% of those afflicted with HAPE have AMS, and 14% have HACE. Of those whose condition deteriorates and who die, 50% have high-altitude cerebral edema at autopsy.

As the pulmonary edema progresses, rales become more numerous, bilateral, and wide spread.  Wheezing may develop as well. Upper respiratory track infection or bronchitis may be precipitating factors.

EKG demonstrates sinus tachycardia, right ventricular strain, right-axis deviation, right bundle branch block, and P-wave abnormalities. Chest X-ray typically reveals a normal-sized heart, full pulmonary arteries, and patchy infiltrates, which are generally confined to the right middle and lower lobes in mild cases and are found in both lungs in severe cases.  Arterial blood gas analysis reveals severe hypoxemia (a partial pressure arterial oxygen approximately 30-40 mm Hg) and a respiratory alkalosis. The alkalosis is due to the tachypnea, which decreases carbon dioxide levels. The differential diagnosis of HAPE includes:

· Asthma

· Bronchitis

· Pulmonary embolus

· Pneumonia

· Heart attack

· Heart failure

· Hyperventilation syndrome

PATHOPHYSIOLOGIC PROCESS OF HAPE

High-altitude pulmonary edema in unacclimatized individuals is a function of both the magnitude of the hypoxic stress and the pulmonary hypertension and elevated pulmonary capillary pressure that occurs on ascent to high altitude. Hypoxic stress is a function of speed of ascent and elevation gained.  It can also be worsened by Cheyne-Stokes breathing (periodic skip breathing characterized by alternating episodes of hyperventilation followed by brief apnea during sleep), which can lower the oxygen- hemoglobin saturation levels by 10%. The pulmonary hypertension occurs as a result of exaggerated hypoxic pulmonary vasoconstriction.32  The mechanisms for this response include sympathetic overactivity, endothelial dysfunction, and greater toxemia resulting from a poor ventilatory response to hypoxia.  In addition, the increased sympathetic activity probably raises capillary pressure as a result of pulmonary venous constriction.33 Recall briefly that the physiology unique to the pulmonary system illustrates that in order to cause a reduction in alveolar dead space, regions of the lung that are poorly oxygenated at the alveolar level undergo pulmonary vasoconstriction in order to minimize a ventilation-perfusion mismatch.  

Another possible explanation for elevated capillary pressure is the uneven hypoxic pulmonary vasoconstriction. Current research has proposed that within the pulmonary microcirculation in vasoconstricted areas protection occurs minimizing capillary pressures. This allows for over-perfusion to occur in regions that are less constricted causing elevated pulmonary capillary pressure and capillary leakage.34  This concept was supported by results from radioisotopes perfusion studies in patients with HAPE.  

The presumed final process leading to extravasation of plasma and cells from the intravascular space is the result of high microvascular pressure causing a stress failure of pulmonary capillaries.35  Recent research has indicated that the inflammatory process reported in high-altitude pulmonary edema is due to a stress-induced failure of capillaries and alveolar flooding. Bronchoalveolar fluid contains a high protein content and increased numbers of white blood cells, leukotrienes, and evidence of complement activation. Hackett and Roach illustrate that the dramatic response to oxygen therapy can be explained by the findings that the microcirculation rapidly returns to normal when capillary pressure drops.28 Finally, a new concept has been proposed in the pathophysiolgic process of HAPE, which includes the inability of the body to clear fluid from the alveolar air sacs.36
Epidemiology of HAPE

Current discoveries regarding susceptibility in individuals who may develop HAPE help to identify at-risk groups prior to ascent in order to minimize the risk of developing HAPE at altitude. In a recent article by Hackett and Roach entitled "Current Concepts in High-Altitude Illness," the authors point out several recent discoveries. Persons with a prior episode of HAPE may have a 60% recurrence rate if they abruptly ascend to an altitude of approximately 14,000 ft. Individuals in this group had a reduced ventilatory response to hypoxia coupled with an exaggerated pulmonary pressor response to hypoxia and exercise. In addition, endothelial function might be impaired with over-expression of constrictors or an under-expression of vasodilators (such as nitric oxide), or both, in response to hypoxia. Individuals with increased susceptibility to HAPE may have a genetic difference in the amiloride-sensitive sodium channel, which reduces the ability to transport sodium and water from the alveolar space. Susceptible persons also have a higher incidence of major histo-compatibility complexes including HLA-DR6 and HLA-DQ 4 antigens, suggesting that there may be an immunogenetic basis or susceptibility to HAPE. This work was supported by Hanaoka, Kubo, and Yamazaki, et al in 1998.28
THE GAMOW BAG

Until the advent of the Gamow Bag and like devices, the only treatment options for AMS, HAPE, and HACE were descent and/or oxygen therapy. In many instances, aeromedical evacuation times are prolonged due to operational considerations (air defense artillery [ADA] threat and altitude of landing zone), while ground evacuation can be restricted by the terrain (avalanche threat) and limited by the number of available personnel to transport the patient.  Additionally, a manual rescue poses the risk of inducing high-altitude injuries in the rescuers. It is not unusual for patients with high-altitude injuries to consume multiple resources (personnel/equipment) in their treatment and evacuation. Often times, immediate evacuation and descent are not a viable option. However, the Gamow Bag provides flexibility in the time window required for evacuation, which lessens the need for heroic rescue efforts. As previously stated, there is a curvilinear reduction in the ambient barometric pressure with increasing altitude.  In practical terms, the lower the altitude, the higher the partial pressure of oxygen. The Gamow Bag provides an extremely useful adjunct in the management of high-altitude injuries. It is designed as a portable device to increase the atmospheric pressure around a patient thereby supplying an increased partial pressure of oxygen. In effect, it lowers the patient in altitude without requiring any change in physical location. AMS treatment usually requires two hours in the Gamow Bag, HAPE takes around four hours to relieve symptoms, and HACE treatment usually requires approximately six hours. A significant point remains: HAPE and HACE casualties should descend to lower altitudes. 3/10 SFG(A) routinely operates in environments where the potential exists for high-altitude injuries. The Gamow Bag has proven extremely useful in conserving assets and maintaining soldiers as far forward as possible. The following table shows the altitude that is simulated when using a Gamow Bag that is pressurized to 2 psi (103 mm Hg). It can be seen that the maximum possible descent would be from the top of Everest at about 9000 m (29,529 ft) to about 6198 m (20,334 ft); a descent of about 2800 m (9195 ft):28
AMBIENT CONDITIONS INSIDE GAMOW BAG
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The Gamow Bag weighs 14.9 pounds (carrying pack/air pump included) and possesses a volume of 17 cubic feet. It is constructed out of non-permeable nylon and requires approximately two minutes to inflate and ten to twenty pumps per minute to maintain pressure and ventilate carbon dioxide. Four windows are integrated into the bag, which allows for patient monitoring, reduced claustrophobia, and entrance of light. It is effective in the treatment of AMS, HAPE, and HACE. It is lightweight and reusable. High-altitude injuries treated solely with oxygen require amounts that are prohibitive due to the weight and transportation requirements.  Disadvantages of the Gamow Bag include: propensity to tear on sharp objects, potential claustrophobia, and an inability to perform procedures while the patient is enclosed in the bag.  

The only absolute contraindication for utilizing the Gamow bag is patients who require emergent stabilization for associated injuries. A relative contraindication includes patients with upper respiratory infections. The potential exists for barotrauma resulting from unequal pressure equilibration across the tympanic membrane. Pulmonary Over Inflation Syndrome (POIS) is possible but quite rare. Similar to diving scenarios, a patient must be breath holding simultaneously with rapid decompression (Gamow Bag loses pressure suddenly).  

Carbon dioxide toxicity is a major safety consideration. Patients inside the Gamow Bag are enclosed inside a rigid barrier and are expiring carbon dioxide.  Carbon dioxide toxicity will develop with inadequate venting. Symptoms suggestive of carbon dioxide toxicity include: shortness of breath, headache, tachycardia, progressive mental status changes, and unconsciousness.  

Prevention is always preferred rather than treatment. However, many operational factors may dictate less than ideal mission parameters. It is not unlikely that high- altitude injuries will result from rapid introduction to high altitudes. The Gamow Bag provides a diagnostic and therapeutic intervention that quite literally can be life saving and limit consumption of critical resources.

SUMMARY

Rapid insertion of a military unit into a high altitude environment causes a cascade of physiologic events in unacclimatized personnel. This cascade is triggered by hypobaric hypoxia and can develop into pathologic conditions requiring medical intervention.  The manifestations of these high-altitude illnesses present in distinct syndromes such as AMS, HACE, and HAPE and are unique to a high-altitude environment.  The impact of these high-altitude illnesses ranges from mild self-limited discomfort to death.  In order to accomplish the primary medical mission of conserving the human component combat weapons system, medical personnel should have sufficient knowledge of altitude illnesses, a comprehensive understanding of physiologic acclimatization, and the use of adjunctive treatment modalities such as the Gamow Bag. 

Mountain medicine is seldom taught during formal medical training. This article provides medical officers and medical personnel with an understanding of the human physiologic response to a hypobaric hypoxic environment unique to high-altitude exposure. Hypoxia-related illnesses are explained in a brief overview of the signs and symptoms with emphasis on the pathophysiologic process of each of the three respective altitude illnesses, AMS, HACE, and HAPE. Finally, the article discusses the use of the Gamow Bag, its indications for treatment, and side effects from using the bag. It is the hope of the authors that readers will gain an appreciation for and a better understanding of mountaineering medicine after reading this article.
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Going Beyond Thin Air: Part 2

A Comprehensive Review for The Special Forces Dive Medical Technician

1. Theories in the etiology of headaches from AMS are believed to be caused by:

a) hypoxia-induced cerebral vasodilation due to nitric oxide production.

b) a person’s inability to compensate for swelling in the brain due to mild cerebral edema.

c) either a or b

d) neither a or b

2. The differential diagnosis for high-altitude illness includes:

a) dehydration

b) hypoglycemia

c) migraine headache

d) a &c

e) all the above

3. The pathognomonic diagnostic physical findings for AMS are headache and lassitude.  T or F

4. The onset of HAPE is related to the rate of ascent, altitude reached, individual susceptibility, and the degree of exertion. T or F

5. The following is true of HAPE:

a) onset of pink or blood tinged sputum develops early

b) Orthopnea and hemoptysis is uncommon.

c) HAPE accounts for most deaths from high-altitude Illness

d) a and c

e) b and c

6. Differential diagnosis of HAPE includes:

a) asthma, bronchitis

b) pericarditis, myocardial infarction

c) pneumonia, pulmonary embolus

d) a and c

e) all the above

7. The most recent research in HAPE has indicated that the inflammatory process is due to:

a) overwhelming response of prostaglandin’s.

b) alveolar flooding

c) stress-induced failure of capillaries

d) evidence of a breakdown of complement activation

e) a and d

f) b and c

8. Recent research and articles written in high-altitude illness point out that a prior episode in HAPE can have a 60% recurrence rate if an abrupt ascent is made to an altitude of approximately 14,000 ft.  T or F

9. Of the high-altitude illness types discussed in this paper the incidence of HACE is higher than AMS or HAPE.  T or F

10. HAPE most commonly occurs between an altitude of 10,000 ft and 12,000 ft but can occur as low as 8,000 ft.  T or F
