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The trekking on Mount Kilimanjaro isn’t difficult until the altitude affects you.
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Introduction

This book had its genesis at 7,900 m (26,000 ft) on Broad Peak, Pakistan, in 2004. I was only about three hours from the summit but moving very slowly due to dehydration. I was stopping to eat snow every 20 to 30 feet—not very thirst-quenching—but finally I had to decide whether to turn around or continue. Was it dehydration? Or cold? Or altitude sickness? Should I take a caffeine pill? Or acetazolamide or dexamethasone (altitude illness medications)? Or should I go down and try again? I chose the latter and never got another chance at the summit due to bad weather.

At Base Camp I realized that the dehydration had started several days prior to the summit attempt when storms had slowed our summit push. I also realized how little I actually knew about the interactions among altitude, cold, fatigue, and dehydration. The more I thought, the more questions I had; hence this book.

The person who understands life at altitude will have a better chance of having a successful and enjoyable trip. The best way to gain this understanding is through experience, but most folks don’t have the freedom to spend years cultivating their comprehension of life in thin air. Another way is to learn from others by reading about their experiences in accounts of expeditions and exploration. Unfortunately, the nuggets of wisdom about life at altitude are often scattered throughout hundreds of pages of text. You can also read the medical and biological research literature and attempt to apply it to your own real-life situations.

This book does all of this for you. I’ve identified the major physical and mental issues you may confront at altitude—not just those related to altitude illness—and discussed the medical and scientific explanations/solutions for these issues. I’ve tried to “dejargonize” and “undorkulate” the science so that anyone who took high school biology should be able to understand the important issues. At the same time I’ve sifted through the written accounts of more than one hundred high-altitude climbers and explorers to extract the useful, practical information related to life at altitude. You’ll find their contributions liberally sprinkled throughout this book. Finally, I’ve applied my 30 years of altitude experience to make recommendations and provide advice. I’ve tried to indicate what is accepted fact, what is possibly correct, and what is speculation or personal opinion.

This isn’t a medical text, it’s an educational text (Fig. 1). My goal is not to solve problems, but to prevent them from happening through education. In a few instances I have provided some diagnosis and treatment recommendations, but everyone traveling high should have a true medical resource available, such as a doctor or at least another book on medical Issues at altitude. (See the list at the end of this chapter and Appendix E: Recommended Reading.)
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Fig. 1. Science leads to an understanding of the biological mechanisms through a process of observation and experimentation. Physicians use these mechanisms to fix malfunctions of the body and mind. The goal of this book is to help you prevent problems where possible and to help you maximize your performance at altitude. I’ll use both the results of scientific research and the wisdom of visitors to altitude in this book.



As you read through this book, you’ll see many explanations of the ways in which the body responds to altitude. Beware! There’s a reason why doctors go to school for years and years—reality is very complicated. Far more complicated than I’m letting on, but that’s an inevitable tradeoff with accessibility. I’ve simplified, omitted, and generally squashed complexity in the hope that the more general biological issues can be understood.

The easiest approach to this complexity is to eliminate it by dividing all bodily responses into two categories: “altitude illness” and “not altitude illness.” This is a reasonable approach from a medical perspective, but it limits our ability to improve performance at altitude by understanding the “not altitude illness” category. A primary goal of this book is to take a broader approach and deal more with performance at altitude than with altitude illness.

It’s said that “a little knowledge is a dangerous thing.” I can’t condense years of medical and scientific training into a few pages, so keep in mind that there are many topics left completely uncovered. I’m trying to open a couple of doors in a skyscraper, knowledge-wise.

HOW TO USE THIS BOOK

The text is organized into four sections: Chapters 2 and 3 cover the scientific background of altitude biology, Chapters 4 through 8 cover the body’s responses to altitude, Chapters 9 through 11 cover social/psychological issues and extreme altitude, and Chapters 12 and 13 cover practical issues related to preparing for altitude and visiting altitude.

As you read, you’ll sometimes notice a gray number in superscript (like this1). This tells you the source of the information just before or after it. All of the references are included in Appendix D: Literature Cited, allowing you to explore further if a particular topic catches your attention.

The quotations scattered throughout the book come from the mountaineering literature. Scientists draw conclusions after conducting formal experiments, while high-altitude travelers draw conclusions by observing their responses and the responses of those around them, that is, through experience. Although this anecdotal information isn’t adequate for scientific purposes, it’s quite frankly the best information we have for some important questions about altitude.360 I have used mostly scientific evidence to discuss the why and how of the body’s response to altitude, along with the knowledge of past travelers, when I discuss what to do while at altitude.

Writing a book for an American audience leads to an inevitable problem with the metric system: We don’t know it. So for altitudes up to about 14,000 ft, I’ll use the familiar units. For higher altitudes I’ll use meters, primarily because you’ll never hear these altitudes expressed in feet (except in Alaska). But never fear, I’ve included a handy conversion table in the back of the book that will get you back to feet if you need it.

For each chapter, I have recommended some additional resources in case you want to pursue a topic in more detail. (See Appendix E: Recommended Reading). I’ve tried to pick sources that are accessible and readable, but some topics are by nature very technical.

Throughout this book I sometimes used he to indicate she, he, or it, as English doesn’t have a gender-neutral third-person singular pronoun.

Lastly, no book is perfect. If you find errors or want to make suggestions, write to me c/o The Globe Pequot Press, Box 480, Guilford, CT 06437 or send an e-mail to editorial@GlobePequot.com.

FOR THE NON-SCIENTIST

I’ve spent a good chunk of my career teaching science to people who thought they were too dumb to understand science. Anybody who’s smart enough to want to travel to altitude is smart enough to understand almost all of the scientific topics in this book. Some topics are quite complex, but if you follow the suggestions below, you should be able to get what you need from this book.


	Visit www.TheAltitudeExperience.com and download any corrections.

	It’s not necessary to read everything in this book. If you’re not interested in the science, skip it until you need it. If you’re reading the science and it gets too tricky, skip to the next section and come back later. Chapters 2 and 3 contain the bulk of the science discussion.

	Maximizing your performance at altitude requires a working knowledge of the major topics in this book. The serious altitude traveler will need to spend more time on the science sections.

	There is a list of key concepts at the end of each chapter to help you understand the major issues. Read those if nothing else.

	Appendix A contains biological and chemical concepts that may help you better understand some of the concepts discussed in the text.

	Many topics are dealt with in more than one chapter. Sometimes you may want to go back and visit an earlier chapter to gain the background needed to understand a particular topic.

	The graphs and other figures are there to help you understand the science. Some people may find them easy to understand, others may find them more challenging. Use the text, figures, photos, or whatever combination works best for you.



FOR THE SCIENTIST

Please keep in mind that I’ve cited only a few examples of the literature available on any topic. I’ve used a mixture of primary literature and secondary sources such as review articles and books. My goal is to provide an entry into the literature, with an emphasis on the newer publications. Practical considerations prevented me from including all of the information that might be of interest to scientists. Consult the cited sources (Appendix D) to obtain more in-depth explanations for the phenomena discussed in this book.

RECOMMENDED READING

Below are books that I feel are invaluable for the serious high-altitude traveler. They are listed in order of importance. The first three should be considered required reading.

Bezruchka, S. 2005. Altitude Illness: Prevention and Treatment. 2nd edition. The Mountaineers, Seattle. This is the best reference to altitude illness that I’ve seen, and it fits in your pocket. I never travel without it.

Twight, M., and J. Martin. 1999. Extreme Alpinism: Climbing Light, Fast, and High. The Mountaineers, Seattle. Excellent advice on physical and mental training that applies to anyone, and a wealth of additional information for the technical climber. Worthwhile for all high-altitude travelers.

Coffey, M. 2003. Where the Mountain Casts its Shadow. St. Martin’s Press, New York. The best coverage of tragedy, family, and motivations of climbers. A must-read for anyone interested in high-altitude climbing.

Boukreev, A. 2001. Above the Clouds. St. Martin’s Press, New York. A collection of writings by one of the top high-altitude climbers of this generation which contains much useful advice for the climber striving for extreme altitude.

Noakes, T. D. 2003. Lore of Running. 4th edition. Human Kinetics, Champaign, IL. A veritable cornucopia of information on training and exercise physiology, though it sometimes disagrees with the establishment viewpoint.

For the scientist, add the following:

Ward, M. P., J. Milledge, and J. B. West. 2000. High Altitude Medicine and Physiology. 3rd edition. Arnold, London. An expensive but thorough scientific summary of the area, written at the advanced undergraduate to graduate level.

Hornbein, T. and R. B. Schoene (eds). 2001. High Altitude: An Exploration of Human Adaptation. Marcel Dekker, New York. An even more expensive summary and technical treatise, written at the advanced graduate level.

www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=PubMed. This free public database known as PubMed contains abstracts of most of the papers cited here and often contains links to free full-text copies of the journal articles.






ABBREVIATIONS USED IN THE BOOK





	cm	
	centimeter


	dL
	deciliter


	ft
	foot/feet


	g
	gram


	kg
	kilogram


	km
	kilometer


	L
	liter


	lb
	pound


	m
	meter


	m2	
	square meter


	mg
	milligram


	mL
	milliliter


	mm
	millimeter


	mm Hg
	millimeters of mercury


	nm
	nanometer


	oz
	ounce


	qt
	quart


	bpm
	beats per minute


	cal
	calories


	hr
	hour


	kph
	kilometers per hour


	min
	minute


	mph
	miles per hour


	psi
	pounds per square inch


	C3H6O3
	lactate


	C6H12O6
	glucose


	CO
	carbon monoxide


	CO2
	carbon dioxide


	Fe2+	
	iron


	H+
	hydrogen ion


	Hb
	hemoglobin


	H2CO3
	carbonic acid


	HCO3−
	bicarbonate


	H20	
	water


	Na+
	sodium


	N2
	nitrogen


	O2
	oxygen


	PaCO2
	arterial partial pressure of carbon dioxide


	PaO2
	arterial partial pressure of oxygen


	PCO2
	partial pressure of carbon dioxide


	PO2	
	partial pressure of oxygen


	SaO2
	arterial oxygen saturation (%)


	V̇O2max
	maximal oxygen uptake
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CHAPTER ONE

The Altitude Challenge





Humans visit high altitudes for many reasons. Sometimes altitude is just an obstacle— Hannibal didn’t cross the Alps because he wanted to go sightseeing. Sometimes it’s just a job—miners in the Andes, astronomers in Hawaii, high-altitude porters in Nepal. But the most common reason that most of us travel to high altitude in this day and age is recreation.

Hikers, trekkers, and climbers are visiting high places in numbers never before seen. In 1957 there were only four climbers in the area around the world’s second-highest peak (K2) in northern Pakistan, but in 2004 more than 700 Italian trekkers visited K2 Base Camp, and there were hundreds of other trekkers, climbers, porters, and workers on these glaciers at 5,000 m (16,400 ft) above sea level. In 1930 only about 20 people had climbed Mount Kilimanjaro; now that peak is attempted by about 20,000 climbers each year. From 2000 to 2004 more than 6,000 climbers registered to climb Denali (aka Mount McKinley), and from 1999 to 2003 more than 56,000 registered to climb Mount Rainier. Clearly, the number of people traveling to altitude is increasing.

Motivations aside, travelers to altitude all share the same goal: keeping mind and body healthy in an environment that is increasingly more hostile the higher one ascends. Today’s travelers have the advantage of knowing how the body changes in response to altitude (the process of acclimatization) and how to recognize and treat the various forms of altitude illness. You could fill a backpack with the books that have been written about altitude illness and high-altitude medicine, and you should have one or two of these.

Fortunately, most of us traveling high don’t succumb to serious altitude illness. The success of our endeavor depends instead on a combination of preparation, attention to detail, and overall decision making, as well as luck with the weather. Your trip can be ruined by failing to put on sunscreen or by attempting to summit before you’re acclimatized. Little decision, big decision, same result. Even if you’re on a guided trek or climb, your leader can’t make all of the little decisions for you, so a personal understanding of life at altitude is still crucial. And there’s this sobering fact: The highest fatality rates among trekkers are found in guided groups trying to stick to a predetermined schedule. So trekkers need to take direct ownership of their well-being.

HUMAN RESPONSES TO ALTITUDE

The effects of altitude are far better understood today than they were even 10 years ago, but we still have a long way to go. There are several reasons for this. First, doing research on altitude issues is difficult. To determine what causes a particular response, it’s necessary to hold everything constant except for one possible cause. For example, exposure to altitude leads to an increase in the rate of breathing. But what actually causes the rate to increase? It could be a decrease in oxygen availability, but it could also be a decrease in carbon dioxide availability. It could even be a simple response to lowered atmospheric pressure and have nothing to do with oxygen or carbon dioxide. So the scientist needs to do several experiments in which two of these factors don’t change and one does change. This means that many experiments can only be done under artificial conditions in the laboratory. Gathering data at altitude is difficult—there’s no lab on the summit of Everest to allow scientists to accurately collect data.

Second, exposure to high altitude generally includes exposure to cold, heat, exercise, and dehydration in various combinations. All of these have an affect on your body’s response to altitude. It’s possible to get around these confounding factors by measuring lots of people (say, hundreds or thousands). This is logistically impossible in all but a few circumstances.

Third, the money just isn’t available to support all aspects of altitude research. The military and space agencies have supported some altitude research, and some altitude research is used to help understand other diseases. But for the large part, altitude research has been conducted by a cadre of dedicated scientists who have managed to finagle funding to do the work summarized in this book.
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A trekker lounges beneath Wedge Peak in eastern Nepal.


TERMINOLOGY

A couple of semantic issues. First, what’s the difference between altitude and elevation? Webster’s Unabridged Third New International Dictionary defines altitude as “the vertical elevation of an object above a given level (as a foundation, the ground, or sea level),” and elevation is “the height above sea level.” In this book, I use the two terms interchangeably to indicate the height above sea level, whether on the ground or in the air.

The terms acclimation, acclimatization, and adaptation are all used and defined in various ways in scientific and daily use. Here are the ways I have used these terms in this book:

■ Acclimatization: The various temporary, reversible changes in an individual that help compensate for higher altitude.

■ Adaptation: The genetically based changes that occur in populations that result in increased reproductive success in particular environments.

■ Acclimation: I did not use this term.[eul]

As individuals, we can acclimatize to, but not adapt to, high altitude. However, your ability to acclimatize may be influenced by your genetic makeup.



YOU ARE A UNIQUE INDIVIDUAL

Even if we understood every aspect of human responses to altitude, there would still be a wild card: you. You are a unique set of genes that have experienced a unique environment. As endurance athlete Kevin Setnes says, you are “an experiment of one.” Why did one person on your trek get altitude illness but not anyone else? Why did you get altitude illness on this trip even though you’ve gone higher many times in the past? Why does your partner take two weeks to acclimatize, while you take three weeks?

My golden rule of altitude is this: You may respond to altitude differently than your companions respond, and you may respond differently than you did in the past.

Throughout this book, remember your uniqueness. The basic concepts in each chapter will apply to you, but maybe not exactly as stated. I have tried to present a range of experiences, but, again, you may not fit some of these alternatives.

HOW HIGH IS “HIGH ALTITUDE”?

This book covers all altitudes that you can reach on foot, with 2,500 m (~8,000 ft) as a lower cutoff point (though the effects of altitude can sometimes be felt as low as 1,500 m) and 8,848 m (29,029 ft—the summit of Mount Everest) as the highest elevation. This altitude range has been broken into a number of functional categories:

•  Less than 2,500 m (8,000 ft). Relatively few altitude issues arise below this level.

•  2,500 to 4,500 m (8,200 to 14,800 ft). This covers the mountains of the United States and Canada (except for the giant peaks in northwestern Canada and Alaska), most of the mountains of Europe, and most of the high habitations of South America and Asia.

•  4,500 to 5,500 m (14,800 to 18,000 ft). This includes the base camps of high peaks in Asia and the very highest human habitations.

•  5,500 to 7,800 m (18,000 to 25,600 ft). The highest peaks on most continents and the altitude of many “trekking peaks” in Asia.

•  7,800 to 8,848 m (25,600 to 29,029 ft). The world’s highest peaks. This is referred to as the “Death Zone,” a reference to the short period of time humans can survive there without supplemental O2. There are 14 official peaks that are over 8,000 m tall; all are in Pakistan, Nepal, or China.

•  8,500 to 8,848 m (27,900 to 29,029 ft). This encompasses only the summits of Lhotse, Kangchenjunga, K2, and Everest. Many people may be physiologically incapable of sum-miting these peaks without supplemental oxygen.


PEAKS AND ELEVATIONS MENTIONED IN THIS BOOK






	Peak	
	Elevation
	Location

	Aconcagua
	(6,962 m/22,841 ft),	
	Argentina


	Annapurna
	(8,091 m/26,545 ft),
	Nepal


	Broad Peak
	(8,047 m/26,400 ft), 
	Gilgit Baltistan, Pakistan/China


	Cho Oyo (Oyu)
	(8,201 m/26,906 ft),	
	Nepal/Tibet


	Denali (aka McKinley)
	(6,193.6 m/20,320 ft),
	Alaska


	Dhaulagiri
	(8,167 m/26,794 ft),	
	Nepal


	Droites, Les
	(4,000 m/13,123 ft),	
	France


	Elbert
	(4,401 m/14,440 ft),
	Colorado


	Elbrus
	(5,642 m/15,554 ft),	
	Russia


	Everest (aka Chomolungma/Qomolangma and Sagamartha)
	(8,848 m/29,029 ft),
	Nepal/Tibet


	Fuji
	(3,776 m/12,388 ft),
	Japan


	Gasherbrum I aka Hidden Peak or K5)
	(8,080 m/26,509 ft),
	Pakistan/China


	Gasherbrum II
	(8,035 m/26,362 ft),
	Pakistan/China


	Gasherbrum IV
	(7,925 m/26,001 ft), 
	Baltistan and Northern Areas, Pakistan/China


	Grand Teton
	(4,197 m/13,770 ft),	
	Wyoming


	Haramosh (aka Peak 58)	
	(7,397 m/24,270 ft),	
	Pakistan


	Hunter (aka Begguya)	
	(4,442 m/14,573 ft),
	Alaska


	Ixtacihuatl
	(5,286 m, 17,338 ft),
	Mexico


	Jannu (aka Limbu Phoktanglungma) 
	(1,035 m/3,396 ft),	
	Nepal


	K2 (aka Qogir)
	(8,611 m/28,251 ft),
	Gilgit Baltistan, Pakistan/China


	Kangchenjunga (aka Sewalungma)	
	(8,586 m/28,169 ft),
	India/Nepal


	Karakoram
	(8,612 m/28,255 ft),
	Pakistan/India/China


	Kilimanjaro
	(5,895 m/19,341 ft),	
	Tanzania


	Lenin
	(7,134 m/23,406 ft),	
	Tajikistan/Kyrgyzstan


	Lhotse (aka Lhoze)
	(8,516 m/27,940 ft),	
	Nepal/Tibet


	Makalu (aka Makaru)
	(8,462 m/27,762 ft),
	Nepal/Tibet


	Moran
	(3,842 m/12,605 ft),
	Wyoming


	Nanda Devi
	(7,816 m/25,643 ft),	
	India


	Nanga Parbat
	(8,125 m/26,657 ft),
	Kashmir


	Popocatepetl (aka El Popo, Don Goyo)	
	(4,200/13,776 ft),
	Mexico


	Pamir Mountains, highest point Ismail Simani
	(7,495 m/24,590 ft),
	Tajikistan/Kyrgyzstan/Afghanistan/Pakistan


	Rainier
	(4,392 m/14,410 ft),
	Washington


	Sneffels
	(4,312 m/14,150 ft),
	Colorado


	Troll Wall (Trollveggen)	
	(1,100 m/3,609 ft),
	part of massif Trolltindene (Troll Peaks), Norway


	Uli Biaho
	(6,109 m/20,043 ft),	
	Pakistan
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A climber ascends fixed ropes at 16,000 ft on the West Buttress of Denali.
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CHAPTER TWO

The Air, the Body,and Oxygen


Your body is a fickle beast. It doesn’t work as well when you give it too little or too much water, if its core temperature is too high or too low, or if you have too much or too little sodium in your blood. Luckily, the body has the ability to sense these imbalances and to return to its preferred state. This phenomenon is known as homeostasis. Most systems are interconnected, so changing one characteristic often affects others. For example, a lack of oxygen leads to faster and deeper breathing. This in turn lowers carbon dioxide levels in the blood, changing its acidity. This puts the system back in balance for oxygen yet out of balance for carbon dioxide concentration and blood acidity.

In the broadest sense, this entire book is about maintaining homeostasis in the face of the stresses imposed by altitude, or, more correctly, trying to maintain homeostasis. The further an organism slips from its optimal condition, the more its performance will suffer. At some point, stresses can lead to imbalances so severe that recovery is simply not possible—just ask anybody who has frozen to death.

Why is it important to understand the science behind homeostasis? Simple: To optimize your performance at altitude. If you want to follow the old-school recommendations for altitude travel that have been around for decades, you’ll find they get you only so far. But if you want to perform your best at altitude, you’re going to need to have a clear understanding of the difficulties your body experiences and the ways in which your body might respond. Since you’re not likely to be traveling alone, you need to figure out ways to match your teammates’ performance to your performance. Actually, the body is pretty interesting; it sometimes responds properly, sometimes improperly, and occasionally when it acts poorly it still succeeds.

I’ll start with some basics of atmospheric science, then discuss the Importance of Individual differences, and finally dive into the main question: How does the body improve its ability to harvest oxygen when oxygen is scarce?

ALTITUDE AND ATMOSPHERIC PRESSURE

Altitude is an indirect measure of the atmospheric pressure, the factor that actually has a direct effect on your body. The atmospheric pressure at any particular place is influenced by several factors that can have a noticeable effect on the amount of oxygen in the air where you happen to be trekking or climbing. This means that your brain may be thinking, “I’m at 16,000 feet,” while your body is experiencing the equivalent of 18,000 feet. And it’s what your body experiences that counts. Throughout this book, I’ll use the words altitude and atmospheric/barometric pressure interchangeably.

Standard atmospheric pressure at sea level is 760 mm Hg (millimeters of mercury),* and it decreases to somewhere around 253 mm Hg at the summit of Everest (8,848 m).368 Why does pressure decrease as altitude increases? Less gas is piled up above. Atmospheric pressure is measured with a barometer; in weather reports, this value is referred to as the barometric pressure (in the United States, it’s reported in inches, not millimeters, of mercury).

The following rules apply to altitudes of interest to trekkers and climbers (up to about 9,000 m):

•  The barometric pressure is higher at the equator than at the poles. At the same altitude, equatorial peaks (e.g., Kilimanjaro) will have higher partial pressures of oxygen than polar peaks (e.g., Denali), all else being equal.


FUNDAMENTAL CONCEPTS OF GAS BEHAVIOR

■  The atmosphere is composed of a mixture of gases and is 78% nitrogen and 21% oxygen regardless of barometric pressure.

■  Gases in a mixture behave independently of each other. The pressure exerted by any particular gas in a mixture is the partial pressure of that gas.

■  The amount of a gas dissolved in a liquid is determined by the partial pressure of the gas and the solubility of the gas in the liquid.

■  Gases will diffuse from a region of higher partial pressure to a region of lower partial pressure.

If you need to brush up on these topics, go to Appendix A for a more detailed course in gas behavior.



•  Barometric pressure is higher in the summer than in the winter at all latitudes. West et al.367 predict that summer pressures on the summit of Everest will average 254 mm Hg, while winter pressures will average 243 mm Hg.

•  The effects of season on barometric pressure are stronger at high latitudes than at low latitudes.

•  Weather (specifically, areas of higher or lower pressure) will affect barometric pressure. Climbers will usually attempt a summit during a period of high pressure (good weather), but low pressure could raise the apparent altitude by 300 m/1,000 feet. Intense low-pressure systems spin in from the Gulf of Alaska and hit the high peaks, changing a 14,000-ft camp to an equivalent elevation of 17,000 ft.

BIOLOGICAL DIFFERENCES

Remember my golden rule of altitude: Your response to altitude will be different than your companions’ responses to altitude. Understanding why you are unique and how this uniqueness affects your ability to perform is crucial if you are to develop reasonable goals for travel at altitude and to prepare your mind and body to meet those goals. Some aspects of this discussion are straightforward, while others are quite tricky.


FUNDAMENTAL CONCEPTS OF BIOLOGY

While biology lacks the simple, fundamental theories we see in other sciences, such as Newton’s laws in physics, there are some concepts that are general enough, and useful enough, to keep in mind throughout this book:

■ Organisms are composed of a series of compartments, separated by membranes that limit the movement of substances, such as oxygen and glucose, between compartments.

■ These compartments are often arranged as a series of boxes within boxes within boxes. The cell is the fundamental compartment or “box.” Cells can be of different types (muscle cells, nerve cells).

■ The business of life (obtaining energy, responding to a stimulus, reproduction, etc.) is all done by moving substances from one compartment to another.

■ The business of life does not violate any chemical or physical laws.

■ Chemical reactions in the cells are regulated by special proteins called enzymes, which speed up reaction rates thousands to millions of times faster than they would occur naturally.

■ Every characteristic of an organism is a result of the interaction between the genetic makeup of that organism and the environment that it has experienced.

■ Evolution is a change in the genetic makeup of a population (of a species) that occurs over time. Individuals cannot change their genetic makeup in response to, say, altitude stress.

■  Not all characteristics we see are adaptive; in other words, not all characteristics improve the ability of an organism to survive and reproduce.



The observed or measured value for any characteristic for any individual is called the phenotype. Your height, weight, 100 m dash time, body fat percentage, and IQ are all examples of phenotypes. If it can be described, it’s a phenotype. Just like the word color is a generic term that can represent any specific hue, the term phenotype serves as a shorthand for any characteristic that we can measure. Throughout this discussion I’ll use height as an example of a phenotype.

Look around at a group of people. There are some short folks, some tall folks, and a lot of people of intermediate height (phenotype). Don’t you look twice at the person who’s 6 ft 6 inches or 4 ft 5 inches? Those individuals are relatively rare, while a person who’s 5 ft 8 inches tall wouldn’t attract attention due to the commonness of that phenotype. Let’s take a random group of 100 people and measure their heights. If we count the number of individuals of a given height (say, 5 ft 1 inch), we can plot that information on a graph (an example using fat burning capacity is shown in Fig. 2) and also calculate the average phenotype (average height). This bell-shaped distribution is common for complex characteristics like height.

For this discussion, we’re not interested in the height (or the fat burning capacity) of any particular individual. Instead, we’re interested in the differences among individuals— the phenotypic variation. Why aren’t we all the same height? Why can’t we all run the same speed? Why are some people patient and others impatient? Any phenotype is the consequence of an individual’s genetic makeup (genotype) and the environment that the individual has experienced. The environment is all the nongenetic influences that the individual has experienced from the moment of conception onward. Just as a cake can’t be separated into its original ingredients (sugar, flour, etc.), it’s technically not possible to determine how much genotype and environment each contribute to the phenotype of any particular person; we can’t say, for example, that your 6 ft height comes from 5 ft of genes and another 1 ft of environment. Scientists are identifying more and more individual genes that affect specific characteristics,273 so someday it may be possible to identify all of the genes that contribute to a particular genotype.


[image: image]

Fig. 2. An example of phenotypic variation. Individuals differ greatly in the amount of fat they burn while at rest. While the average person obtains about 60% of his energy from fat, some individuals obtain virtually all of their energy from fat (left side) or almost none of their energy from fat (right side). Data from Goedecke et al. (2000).



However, we can calculate the percentage of the phenotypic variation we see that is caused by genetic differences among individuals. This is known as the heritability and ranges from 0% (the phenotypic differences are all caused by the environment) to 100% (the phenotypic differences are all caused by genetic differences). Here are some examples of traits in which phenotypic differences are under more or less genetic control.*






	•  Strong 
	Genetic 
	Control




Traits that vary primarily due to genetic differences among individuals include neuro-muscular coordination,234 response to training,145 reaction time,194 some addictive behaviors,204 and a number of size/shape characteristics, such as height. Your parents’ genetic contributions decided these for you, and there’s not much you can do about it. As the saying goes, “If you want to be a superstar, choose the right parents.”






	•  Moderate 
	Genetic 
	Control





Traits that are affected equally by genetic and environmental differences include predisposition toward recreational exercise,75 muscle strength and endurance,54, 8 lean body mass,8 body fat distribution,54 and female orgasmic ability.104






	•  Weak 
	Genetic 
	Control




Differences in body mass index, body fat percentage, submaximal exercise capacity, and maximal aerobic power are much more strongly influenced by environmental factors than by genetic differences.55 The take-home message is that for traits that vary among individuals, some are under weak genetic control and some are under strong genetic control.

A final topic that deserves consideration is genotype-environment interaction. I’ll use a rather silly example concerning plants. Take a cactus and a water lily and put them both in the desert. Which will grow better? Now take an identical cactus and water lily and put them in a swamp. Which will grow better? Overall, which plant shows superior growth? The answer is, it depends on the environment. The particular genetic makeup of an individual will determine how it responds in a particular environment. This happens in humans, and the variation among individuals in their hypoxic ventilatory response (HVR) is a great example (see upcoming Fig. 5).
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Hiking at 12,000 ft requires altitude know-how.

You and your teammates may respond quite differently to the same environmental stress— cold, heat, or altitude, for example.

This also means that when we talk of reaching our “genetic potential” for a performance trait such as running speed, we mean the maximum (running speed) capable of being produced by that genotype in the best environment for that genotype. At altitude, we know that our maximum physical performance will be limited by hypoxia. In that case, we could talk about reaching our personal genetic potential at 6,000 or 8,000 m. I’ll explore this more thoroughly in Chapter 3.

As you examine your own abilities and compare yourself with others, remember that genetic differences and nonreversible environmental effects may limit your abilities, and your performance in one environment may not be possible in another environment. The key is to understand your own abilities and limitations, then scale your ambitions to match; failure to do so can be deadly at altitude.

THE QUEST FOR OXYGEN

Obtaining oxygen is not the only issue for the body at altitude, but it’s certainly the main one. The process of acclimatization (Chapter 4) leads to changes that allow for more efficient transport of oxygen to the tissues. These changes often affect other systems, which then must be readjusted to allow for normal body function. The rest of this chapter provides the scientific background needed to understand the changes in the body that occur at altitude, the causes of altitude illnesses, and the ways in which the body can’t cope with altitude.

Delivery of oxygen to tissues, such as muscles, consists of two phases: delivery of oxygen to the blood (respiration) and transport of oxygen to the tissues (circulation).I’ll first review the basic biology of these two systems, then consider the transportation of oxygen while at rest, during exercise, and at altitude.


BIOLOGY BASICS

In this discussion, I’ll assume that you have a clear understanding of these processes:

■  The movement of substances from one compartment to another by diffusion, active transport, facilitated diffusion, and convection

■  The assembly and disassembly of molecules by enzymes arranged in biochemical pathways

If you don’t, see Appendix A. It’s especially critical to have a clear understanding of diffusion, so brush up now.



Respiratory System

The lungs serve as our most intimate connection with the atmosphere. The first animals colonized land, in part to take advantage of the higher oxygen levels found in the atmosphere. The lungs not only serve to take in oxygen when we inhale but also to eliminate carbon dioxide when we exhale. An unintended consequence of exhalation is the loss of water vapor from the lungs; as we shall see, this is an important consideration at altitude.

The simplest lung would be a bag, like a balloon, with blood vessels covering its surface. Some amphibians have lungs like this. It turns out that this is very inefficient because there is a limited amount of membrane through which gases can diffuse (see Fig. A5 in Appendix A). Let’s be labor this important point. Suppose we envision this bag as a cube, with each side being 10 inches  long (or 10 cm, or 10 cubits). Each side is 10 × 10  inches, and there are six sides to our cube, so the total surface area is 6 × 10 × 10 = 600 square inches. The volume of gas in this cube is 10 × 10 × 10 = 1,000 cubic inches of gas. For each cubic inch of gas, there is 600/1,000 = 0.6 square inch of surface area for diffusion.

The center of an object will be closer to the surface if the object has a relatively high surface area for its volume.

[image: image]

Just as water naturally flows downhill, oxygen must diffuse from the air to the tissues. Phole, Nepal.

Now let’s take this same 1,000 cubic inch box and slice it into eight smaller cubes. Each cube will have sides that are 5 inches square, a volume of 125 cubic inches, and a surface area of 150 square inches. But we have eight cubes, so the total volume is still 1,000 cubic inches, and the total surface area is 1,200 square inches. Now we have 1.2 square inches of surface for every cubic inch of gas. Carry this even further and subdivide our original cube into 1,000 cubes, each 1 inch square. Now we will have 6,000 square inches of surface area for our volume of 1,000 cubic inches of gas, or 6 square inches of membrane per cubic inch of gas. This will increase the rate of diffusion dramatically. The exact same principle means that sliced bread will dry out more quickly than an unsliced loaf (Fig. 3).

Our lungs are not one big inefficient bag but are subdivided into about 300 million small bags, greatly increasing the surface area available for the diffusion of oxygen and carbon dioxide. These small bags are called alveoli and are a single layer of thin cells covered in capillaries (blood vessels). While visualizing alveoli as a bunch of grapes isn’t quite accurate, it’s close enough for our purposes. The alveoli are connected to tubes called bronchioles, which are connected to the larger bronchi, which are connected to the trachea and the throat.
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Fig. 3. An unsliced loaf of bread has a small surface area. Slicing the bread doesn’t increase the volume of bread, but it does dramatically increase the surface area. The cut loaf will dry out much more quickly because water will rapidly diffuse from the increased surface area. This same principle accounts for the subdivision of the lung into many tiny bags.




DON’T TRY THIS AT HOME

If we skinned a typical person and measured the surface area of skin, it would be about 2 m2. The surface area of the lungs of a person will be somewhere between 50 m2 and 100 m2. That high surface area will allow diffusion to occur very rapidly.



Mechanics of Ventilation

The lungs themselves lack muscles, so they can’t inflate or deflate on their own. Instead, the lungs are inflated by the same process you use to drink through a straw (Fig. 4). Before you start sucking on the straw, the level of the liquid in the straw is the same as the level of liquid in the cup. That’s because the atmosphere is pressing down equally on all parts of the liquid’s surface, including the inside of the straw. When you suck on the straw, you’re not “pulling” the liquid up, but lowering the air pressure in the straw; the air pressure on the liquid in the cup is strong enough to push the liquid up the straw.
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Fig. 4. Sucking on the straw (A) lowers the air pressure in the straw. The higher pressure on the surface of the liquid (B) pushes liquid up the straw (C).



The same thing happens in the lungs. The lungs are completely encased in an airtight lining (the pleural lining) and surrounded by the ribs and diaphragm. The ribs are connected to each other by the internal and external intercostal muscles (that’s what you eat when you buy barbecued ribs). This arrangement creates three distinct spaces: the external atmosphere, the lung, and the pleural cavity. While the atmosphere and lung spaces are connected, the pleural space is completely isolated and is always at a lower pressure than the other two spaces. As a result, air pressure inside the lungs is constantly pushing them into the walls of the pleural space. Blow up a balloon inside a box; it’s the same thing.

Take a deep breath and hold it. Notice that your chest rises and expands due to the contraction of the external intercostal muscles (along with some other muscles). Less obvious is the contraction of your diaphragm—put your hand on your stomach to get a better feel for this. Your belly rises as a result of the downward movement of the diaphragm. These two actions make your pleural space bigger and reduce the air pressure inside it. Because the lung air space has a higher pressure than the pleural space, the lungs expand to fill up the newly available space. This lowers the air pressure in the lungs, and air flows into the lungs from the atmosphere. Go back to the balloon inside the box. If we could make the box bigger, the balloon would expand (just like your lungs do). OK, now you can exhale.

Exhalation is generally a passive process; just relax the muscles, and the pleural space gets smaller. When breathing hard and fast, the internal intercostal muscles will help lower the rib cage more rapidly. During inhalation, the diaphragm is responsible for about two-thirds of the total air intake.

The Control of Breathing at Low Altitude

The volume of air taken Into your lungs In one minute Is called minute ventilation. This will be determined by the number of inspirations (= respiration rate) and the depth (= volume) of those inspirations. Surprisingly, minute ventilation is determined mostly by the amount of carbon dioxide in the body, not the amount of oxygen.* Respiration is controlled primarily by the central chemoreceptors in the brain, which respond to carbon dioxide levels in the cerebrospinal fluid (CSF) that bathes the brain. Actually, they respond to the blood pH, because as carbon dioxide concentrations go up, pH goes down (which means acidity increases). 

Carbon dioxide, not oxygen, controls the rate of breathing at low elevations.

The pH of the blood turns out to be very important to normal functions in the body. Normal blood pH is 7.4 (slightly alkaline), and it is strongly influenced by blood carbon dioxide concentration. Don’t believe it? Hyperventilate by breathing rapidly until you’re lightheaded/dizzy. You’ve just caused respiratory alkalosis by increasing the pH of your blood and the CSF. The effects last only a few seconds  after you allow your body to regain control. Holding your  breath leads to  and a drop in pH. When you exercise, lactic acid and other acids build up in the bloodstream to cause metabolic acidosis.

Hyperventilation lowers carbon dioxide levels in the blood, raising the pH.


A QUICK WORD ABOUT pH

The pH scale measures acidity. It ranges from 0 to 14.0; a pH of 7.0 is neutral. Lower values represent more acidic substances; the higher the number, the more alkaline (or basic) the substance. Chemically, an acid adds protons (H+) to the solution, while a base adds hydroxyl groups (OH-). Here are the pH values of some common substances:





	pH
	Substance


	0
	Pure hydrochloric acid


	1
	Stomach acid


	2
	Lemon juice


	3
	Beer, cola


	6
	Urine


	8
	Seawater


	11
	Household ammonia


	13
	Oven cleaner


	14
	Pure sodium hydroxide



Decreasing the pH by one unit (e.g., from 5.0 to 4.0) increases the acidity by a factor of 10, so a pH 2.0 solution is 1,000 times more acidic than a solution that’s pH 5.0. Just remember that a small change in pH mean a large change in acidity.



Oxygen is sensed by receptors known as the carotid body and the aortic body (found in arteries in the neck and chest); collectively, these are called the peripheral chemoreceptors. If oxygen concentrations fall too low, these bodies send signals to increase minute ventilation. They are also thought to sense carbon dioxide levels and pH to some extent.

Consider a person sitting quietly at low altitude. Minute ventilation will be low, with roughly 350 mL (about one-third of a quart) of fresh air entering the alveoli on each breath. Ventilation will be controlled by the central chemoreceptors monitoring the levels of carbon dioxide in the CSF. The blood will be saturated with oxygen, and the peripheral chemoreceptors will be inactive.

If this person begins to exercise (e.g., an easy jog

The Control of Breathing at High Altitude
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Cardiovascular System
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The Structure and Function of the Heart




The Flow of Blood through the Body





Blood Pressure, Heart Rate, and Cardiac Output





Blood
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Transport of Oxygen and Carbon Dioxide


Carbon Dioxide Transport
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Oxygen Transport











[image: image]














The Oxygen Cascade
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The Oxygen Cascade at Sea Level and at Rest



	As air is inhaled, water vapor is added, and the temperature of the air is raised to 37°C or 98.6°F (body temperature). The partial pressure of water vapor in this now-saturated air is about 47 mm Hg. Since the gas mixture in the throat and lungs is not closed off to the atmosphere, the total pressure can’t Increase above 760 mm Hg. This means that water molecules will displace a fraction of all the other molecules In the mixture of gases; nearly 10 mm Hg of oxygen is displaced by the water vapor (21% of 47 mm Hg). So at the end of the first step, PO2 has fallen to 150 mm Hg.

	The moist inspired air now enters the alveoli. If this air was not at 100% humidity and body temperature, the delicate lung tissue would be damaged. Keep in mind that the alveoli still contain some air with low oxygen levels and high carbon dioxide levels. At the end of your next exhalation, pause for just a moment without breathing, then force out the remaining air. That air would normally mix with the air from your next breath. This mixture of fresh and stale air has a PO2 of roughly 100 mm Hg.

	The next step is diffusion into the blood and binding with hemoglobin. Under perfect conditions, this drop of 5 to 10 mm Hg would be smaller, but blood flow through the lungs (perfusion) is often slightly mismatched with the amount of air entering the lungs (ventilation). I’ll talk about this issue more in a moment during the discussion of exercise.

	Blood then flows to the tissues, where PO2 is low. Oxygen then diffuses into the tissues, where it is used in the aerobic respiration pathway to release energy. Myoglobin (a hemoglobin-like molecule) may be used in muscle tissues to help transfer oxygen within the cell. The blood never loses all of the oxygen it carries; the venous PO2 is roughly 40 mm Hg, or 25% of the PO2 of the atmosphere.
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The Oxygen Cascade at Altitude








The Effect of Exercise at Low and High Altitudes
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Increasing Oxygen Delivery to the Tissues at Altitude










  
   
	Goal
	Method
	Comments
   


   
	1. Increase oxygen delivery to the alveoli
	a. Increase atmospheric PO2 with bottled oxygen
	Expensive, ethically dubious except for medical purposes
   


   
	
	b. Increase minute ventilation (depth and rate of breathing)
	Energetically expensive
   


   
	2. Improve diffusion of oxygen into the blood
	Decrease perfusion by decreasing pulmonary accomplished with drugs
	No drawback; can be vasoconstriction
   


   
	3. Increase hemoglobin concentration
	a. Reduce plasma volume
	Increases viscosity of the blood
   


   
	
	b. Produce more red blood cells
	A very slow response; increases viscosity of the blood
   


   
	4. Increase hemoglobin saturation (SaO2)
	Biochemical changes in hemoglobin-oxygen binding (shift the hemoglobin curve to the left)
	Some argue that shifting the curve the other way would be advantageous as well
   


   
	5. Increase the amount of blood arriving at the tissues 
	Increase cardiac output (heart rate and stroke volume)
	Occurs on acute exposure to altitude but not after acclimatization
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	The atmospheric pressure decreases as altitude increases, but this relationship can change with latitude and season of the year.

	The movement of individual gases such as oxygen in a mixture of gases follows physical and chemical laws.

	Individuals differ from one another because they are genetically different and because they have been exposed to a different environmental history.

	Breathing is controlled primarily by carbon dioxide levels at low altitude and oxygen levels at higher altitude.

	Oxygen must diffuse into the blood, bind to hemoglobin for transport to tissues, and diffuse into the tissues. Some oxygen is lost at each step in the transport process.

	Changes in breathing rate, heart rate, and the amount of hemoglobin allow the body become more effective at transporting the available oxygen to the tissues.
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Footnotes
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