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Introduction

When our then-editor at University of California Press, Stan Holwitz, suggested that we write a book about calories, we said yes right away. Consumption of too few or too many calories is an important—arguably the most important—cause of public health nutrition problems in the world today. Problems with calories affect billions of people in rich as well as poor countries. Consuming too few calories leads to malnutrition (undernutrition), which makes people more susceptible to infectious disease. The result is stunted growth, misery, and premature death in children and adults. More than a billion people, most of them in poor countries, go hungry for lack of food.

At the same time, just as many people in the world are consuming more calories than they need and becoming overweight and obese. The numbers of obese people are rising rapidly, even in the poorest countries. Obesity is now so common that the populations of some poor countries contain nearly equal numbers of people who are undernourished and overnourished. Obesity raises risks for any number of chronic diseases, most notably type 2 diabetes.

The health consequences of too many or too few calories threaten to overwhelm the resources of individuals, families, and health care systems. Countries can ill afford the costs of health care for obesity-related chronic or infectious diseases or to have large segments of their populations unable to work or function adequately. Some analysts even suggest that the health burdens of obesity alone may shorten overall life expectancy within the next few years.1


Despite widespread concerns about the health and economic consequences of obesity on the one hand and undernutrition on the other, correcting calorie imbalances presents social and economic challenges that few countries are prepared to meet. Calories, therefore, affect societies in ways that are political as well as personal.

Calories, of course, derive from food. But calories are a convenient way to say a great deal about food, nutrition, and health. For this reason, and because calories are so poorly understood, we thought it would be useful to research and write about calories in all of their dimensions—personal, scientific, and political. And because we are both consummate “foodies” who derive enormous pleasure from eating, we liked the idea of using calories as a way to think about these aspects of food.

Let's be clear from the beginning: this is not a diet book with a breakthrough scheme for losing weight and keeping it off. Instead, we try to provide an appreciation for what you are up against if you want to control your body weight in today's “toxic,” obesity-promoting—or as we like to call it, “eat more”—food marketing environment.2 We intend this book to give you the information you need to interpret food labels, diet claims, and your own reactions to this food environment. Knowledge, we argue, is not enough to counter the biological urge to eat or the subtleties of food marketing, but it is a powerful first step in developing weight-management strategies that work for your particular body, lifestyle, and food preferences.

We need to explain that both of us are or were professors in human nutrition departments, Marion Nestle at New York University and Malden Nesheim at Cornell. Our collaboration grew out of a previous project that culminated in a book about the pet food industry.3 In working on that project, we discovered that we enjoyed researching and writing together and shared similar views of the strengths and limitations of nutrition science and its implications for dietary advice. In this book, the word we refers to the two of us and to our joint opinion.

THE FOOD CONTEXT

In considering this project, we were acutely aware that calories do not exist in isolation. They come from food. And along with calories, foods supply nutrients (vitamins, minerals, amino acids, essential fats), of which forty or more are required for life. To meet your body's needs for calories and nutrients,

you do best when you vary, balance, and moderate your food intake. Eating a variety of foods balances the nutrients, meaning that you get enough of the ones you need. Foods contain a great many nutrients but in different proportions. If one food is low in a particular nutrient, others will compensate. If you typically vary the foods you eat, you really don't have to worry about nutrients. This leaves moderation as the central nutritional concern. Hence: calories.

One caveat: varying food intake takes care of nutrient needs only when the foods are of good nutritional quality. Processing removes nutrients from foods and often adds calories. Here we must introduce some terms nutritionists use to describe the nutritional quality of foods:

[image: image]  Nutrient density: The proportion of nutrients in a food relative to its calories. Fruits, vegetables, whole grains, nuts, lean meats, and low-fat dairy products are nutrient-rich for their calories. Because fruits and vegetables often contain a great deal of water, which has no calories, they have an especially high nutrient density.

[image: image]  Calorie density: The number of calories relative to the weight of a food. Fruits and vegetables provide few calories relative to their weight. Their calorie density is low.

[image: image]  Empty calories: Calories accompanied by no or few nutrients. Sugar, alcohol, and highly processed “junk” foods are characterized by a low nutrient density as well as a high calorie density. Their calories are “empty.”

“Real,” “whole,” or relatively unprocessed foods tend to be high in nutrients for their calories and low in calories for their weight. Diets based on such foods usually are adequate in essential nutrients and promote health. Nevertheless, the vast majority of health problems that result from inadequate or excessive food intake depend more on calories than on nutrients. We realize that what follows may sound like heresy coming from a couple of nutritionists, but unless diets are severely limited in variety or based largely on empty-calorie foods, nutrient intake is likely to be adequate when calories are adequate. This is especially true in today's era of nutrient fortification and nutritional supplements.

If you are eating too many calories, your diet is likely to be healthier if the calories come from real foods. But a healthful diet cannot fully protect you

from the effects of overeating. When it comes to calories and body weight, how much you eat matters more than what you eat. Consider, for example, pre-Westernized Japanese and Mediterranean diets. The traditional rice-based diet in Japan was extremely high in carbohydrate and low in fat, while the traditional Mediterranean diet had a much higher proportion of fat (olive oil). People who ate those diets balanced their calories with physical activity. They did not eat more food than they needed, were highly active, and were rarely overweight. Although widely varying in composition, both diets promoted good health.

THE CONFUSION CONTEXT

That these points and much else about calories are not obvious constitutes a major rationale for writing this book. In our experience, people are so confused about calories that we have come to think of them as the C-word. Nobody wants to talk about them. They are poorly understood, and understandably so. You cannot see, taste, or smell them. The only way you can tell whether you are getting enough or too many is to observe their effects on your belt size or your weight on a scale. Most people have some vague idea that calories have something to do with putting on weight, but little intuitive grasp of the number in foods or what they do in the body. This, however, does not stop diet gurus, food advertisers, or government agencies from using the word all the time.

To pick our favorite example: In the 2004 film Super Size Me! (Marion's screen debut), a camera crew asks people at random on the street to define calorie. You watch respondents struggling to say something that makes sense. The film records some of the more amusing attempts, but its director, Morgan Spurlock, tells us that his crew could not find even one person who could come up with a reasonable definition.

Public confusion about calories is widespread, has been studied extensively, and is entirely understandable. Calories are tangible when measured in food or in the body, but such measurements can be done only in laboratories using equipment or techniques that are not available to the average person. The very definition of calories is nonintuitive. They are a measure of the energy in food and in the body, but “energy” is conceptually abstract. To get a feel for calories, you have to know how they are measured and what they do, neither of which comes up much in day-to-day life.


Even talking about calories is difficult. For starters, calorie counts are given in no less than five different units—calories, Calories, kilocalories, Joules, and kilojoules (along with their abbreviations, cal, Cal, kcal, J, and kJ). Which unit you use depends on whether you are a chemist, a nutritionist, or someone just looking at a food label and whether you live in the United States or someplace else. The bewildering terminology, which we sort out in chapter 1, is the result of history and geography, and not even scientists have an easy time with it.

THE MEASUREMENT CONTEXT

Calories in food are measurable, although not conveniently. Scientists also can measure calories used in the body, but even less conveniently. To do so, they must house study subjects in metabolic chambers, attach them to devices that measure oxygen use, or feed them specially labeled isotopes of water—all experimentally difficult and expensive. As we will discuss, other ways of determining calories in food or in the body are estimates. Some estimates are better than others, but they are inevitably imprecise.

In the United States, the estimates used to evaluate the number of calories in food were developed more than one hundred years ago by a Department of Agriculture scientist, Wilbur Atwater. Atwater Values—4 calories per gram for protein and carbohydrate, and 9 calories per gram for fat—still remain the basis of calorie counts on food labels. Throughout the last century and well into this one, investigators have attempted to improve the accuracy of these estimates. Despite their imprecision, Atwater Values remain in common use.

We think Atwater Values have survived to the present era because as calorie estimates they are good enough. Precise measurements are essential for research purposes but matter much less to daily eaters. If you cannot make laboratory measurements or enroll in a scientific study, you can only guess the number of calories you eat or use. Estimations work well enough for most purposes, and we will have much to say about how the difference between measurements and estimations applies to current theories of dieting and weight loss.

Because of the inability to make actual measurements of calorie intake and use, body weight is by far the best measure of calorie adequacy. Your body weight is the net result of the balance between the calories you eat and

those you use, store, put out, burn off, or, more formally, “expend”—all terms we will use interchangeably—in metabolism and physical activity. Despite enormous day-to-day variation in calorie intake and output, people generally tend to remain at a relatively constant body weight. How this works is one of the great puzzles of calorie balance and one we address throughout this book.

How many calories should you be eating every day? This question also poses conceptual difficulties. You cannot tell from looking at a food how many calories it contains, because size does not indicate number. An apple, for example, can provide about the same number of calories as a teaspoon of salad oil. Apples are mostly water and have few calories for their weight—a low calorie density. Salad oil, in contrast, is concentrated fat. Only a few components of foods provide calories: proteins, fats, carbohydrates, and alcohol. Of these, fats provide the most. Food components such as vitamins, minerals, antioxidants, cholesterol, and water either do not provide calories or provide so few that their calories can be ignored.

It is next to impossible to guess the number of calories in meals in restaurants or at salad bars or dinner parties—unless you weigh the foods and know how they were prepared. How important imprecise estimates might be to weight maintenance is a question we also consider. Imprecision complicates not only personal dietary decisions but also government decisions about food policy. And imprecise estimates make public education about obesity an especially challenging task, particularly in light of today's “eat more” food environment.

THE ENVIRONMENT CONTEXT

Advice to maintain or to lose weight invariably includes two elements: eat less (translation: take in fewer calories) and move more (expend more calories). We like to add a third admonition: eat better (meaning eat this instead of that). Following this advice usually means replacing high-calorie foods with those lower in calories, or restricting one or another food component that achieves the same goal. But if you do not know how many calories you need or how many are in the food you eat, the meaning of “eat less” is uncertain. Indeed, when researchers ask people how many calories they habitually eat, most responders underestimate the number by an astonishingly large percentage—30 percent or more. People confronted with large food portions underestimate

calories by even larger percentages. And most people overestimate their levels of physical activity, also by large percentages.

Overweight and obesity are serious public health concerns, not least because they are preventable. Much of this book is about the relationship of calories to body weight. If this relationship were simple, it would not take a book to deal with it. But as we continually emphasize, food and calories are more than physiological; they also have social, political, and economic dimensions.

In the United States, for example, rates of obesity began to rise sharply in the early 1980s. At that time, people must have begun to eat more, move less, or do both. How that happened involved changes in agricultural and economic policies that promoted greater food production. As we explain in chapter 21, more food meant that the number of calories available in the U.S. food supply rose from 3,200 per capita per day in 1980 to 3,900 twenty years later. With so much food available, food companies had to find new ways to sell products in a competitive marketplace. Food prices dropped, and people suddenly could afford to eat more food outside the home more often, in more places and in larger portions—all of which encouraged greater calorie intake. Eating more is good for business. Eating less is not.4

In seeking ways to maintain sales, food companies insistently promoted their products through the use of health and nutrient-content claims on package labels. Packages began to sport claims that their contents were free of fat, cholesterol, trans fat, salt, or sugar; contained vitamins or antioxidants; or were organic or could help prevent heart disease or immune disorders. Because people tend to interpret the meaning of such claims as “low calorie,” health claims are calorie distracters.5

Calorie distracters lull people into forgetting how much they are eating. They convey the impression that what you eat matters more to body weight than how much you eat. Conveying this impression is the basis of the flourishing diet industry. Diet experts say that if you follow their particular newly discovered dietary principle, often based on complicated metabolic reasoning, you will lose weight without having to give a thought to calories or how much you eat. Remarkably, the particulars of breakthrough diet plans vary and contradict one another. Some emphasize avoiding fat, while others say you should avoid carbohydrate. Still others focus on fiber or a particular food group. To the extent that these plans help you take in fewer calories, they will

result in weight loss—at least as long as you stick to the plan, a challenge in itself.

We need to reemphasize that calories occur within the context of food, diet, culture, and lifestyle. The effects of calories must be understood within this broader context. Much evidence demonstrates the health benefits of consuming diets based on foods of high nutrient and low calorie density. Such diets are well established to meet nutrient needs as well as to reduce risks for heart disease, cancers, and other chronic diseases. They also make it much easier to balance calories and prevent weight gain.

ABOUT THIS BOOK

What we attempt to do here is to give you information you can use to interpret current concerns about calories as they relate to the full spectrum of calorie intake—from too little to too much—and the consequences of such concerns for food and nutrition policy. Much of the current debate about calories centers on just a few questions:

[image: image]  Why do some people and not others get fat, even though they eat similar diets?

[image: image]  How much do you have to overeat or undereat to gain or lose weight?

[image: image]  Why is it so much easier to gain weight than to lose it?

[image: image]  Which is more important to body weight and health, calorie intake or the composition of the diet?

[image: image]  Who is more responsible for childhood obesity: parents or society?

[image: image]  What is the role of government in ensuring that people have enough to eat?

[image: image]  What is the role of government in regulating the food environment and promoting appropriate calorie intake and expenditure?

Our approach to dealing with these questions begins with the science—how it developed, how it is used, and where it now stands. Because science necessarily occurs within the context of society, these questions also have evident social and political implications. We address these implications throughout this book.

Our purpose here is to give you a greater appreciation of calories and, as a result, of the pleasures and health-giving qualities of food. We hope that by

understanding calories you will worry about them less, eat more healthfully without having to think about it, and enjoy your food even more. We also hope to inspire you to appreciate the political dimensions of calories and to press for policies that will make it easier for you and everyone else to have enough to eat, to eat better, and to be more active.








PART ONE

Understanding Calories

It All Starts with the Science

In thinking about how to begin a book about calories, we kept coming back to the science. Both of us were trained as scientists, Malden in nutrition and biochemistry and Marion in molecular biology and public health nutrition, and we tend to think like scientists. By this we mean that we consider as much of the available evidence as we can as a basis for forming opinions about diets and dieting. Doing this is not as simple as it might appear. Nutrition is an unusually challenging field of scientific inquiry. Human diets and behavior are difficult to investigate. People vary. Diets vary. Activity levels vary. The effects of what you eat now might not show up for decades. Your health and longevity depend not only on genetics but also on how your particular genetic makeup interacts with everything you eat, drink, and do, as well as with the social, cultural, physical, and economic environment in which you live.

Accounting for such variables requires putting people in controlled—virtually imprisoning—environments for as long as they can stand it. Nobody enjoys being treated like an animal in a cage, and few people are willing to subject themselves to controlled diets or environments for very long. Well-controlled dietary trials are expensive and tedious to conduct, monitor, and evaluate and generally can include only small numbers of study subjects. For practical reasons, most nutrition studies depend on analyses of self-reported accounts of dietary intake and physical activity. To say that such accounts are unreliable is to seriously understate the situation.

Consequently, studies of human nutrition require careful interpretation. Interpretation requires interpreters. Interpreters are humans too and bring

their own experience, prejudices, and biases into the way they view study results. We do too. The fiercest arguments about calories—does what you eat matter more than how much you eat, and do small differences in estimates of the calories in foods make any difference to body weight?—depend on how the science is interpreted. Throughout this book, we present the science as we see it and provide references to our sources in the notes so you can read them and form your own opinion.

Scientific information is often abstract and technical, but we think the science of calories should be understandable to anyone willing to give it a try. To make the technical material easier to follow, we have divided the book into short chapters, each designed to address a question you might have about calories. We define new terms as we go along, and we keep abbreviations to a minimum.

In this first part of the book, we explain what calories are, relate the history of how they came to be understood, and describe how they are measured. We present this material first because everything in the rest of the book depends on it. If you are not trained in science, some of this material may be new to you. We encourage you to persevere. Whatever effort you put into understanding the science now will pay off later as you read our chapters on diets, dieting, and the politics of calories. Welcome to Why Calories Count: From Science to Politics.







CHAPTER 1

What Is a Calorie?

In embarking on an entire book about calories, we have to begin at the beginning—what to call them. Calories are units of work or heat, but what they are called depends on who is doing the calling. We think the name inconsistencies can be so confusing that we summarize them in table 1. We believe there is an easier, commonsense way to think about the definition, as we will explain. To get to that point, let's begin with the official definition used by chemists:

One calorie is the amount of heat energy needed to raise the temperature of one gram of water by one degree centigrade, from 14.5° to 15.5°, at one unit of atmospheric pressure.

As a first step toward arriving at a more intuitive definition, let's ignore the ambient temperature and atmospheric pressure, as they usually do not make much difference except to scientists. But pay close attention to the weight units. In table 1, we emphasize gram in this definition to distinguish it from definitions based on heating an amount of water 1,000 times greater—a kilogram. A gram is about one quarter of a teaspoon. A kilogram is 2.2 pounds.

Gram units are inconvenient for most Americans, and so are so-called small calories, based on a gram standard. If food labels listed calories by the chemists' definition, your daily calorie requirements might be about 2,500,000 a day rather than 2,500, and a carrot would provide 25,000 calories instead of 25. That is why nutritionists much prefer to use kilocalories (kcal),


units that are 1,000 times larger and based on the heat required to raise the temperature of a kilogram of water by one degree centigrade.

TABLE 1 TERMS USED TO REFER TO THE ENERGY VALUE OF FOOD

[image: image]

Here is where things get tricky. Because it feels awkward to say kilocalories, nutritionists shorten it to Calories, spelled with a capital C. Food labels list Calories, but they really mean kilocalories (also known as large calories or kilogram-calories). When spoken, Calories (capital C) and calories (small c) sound the same. As a result, when discussing the energy value of food, the words kilocalories (kcal), Calories (Cal), and calories (cal) have come to mean exactly the same thing: 1,000 chemists' calories. Hence: confusion.

The peculiar result of all this is that the word calories can mean two things at the same time: chemists' calories and nutritionists' Calories, which are 1,000 times greater. In common practice, most people use calories, capitalized or not, to mean kilocalories or Calories, despite the confusion this causes.

James Hargrove, who has written a fine history of the evolution of the terms, argues that “it is untenable to continue to use the same word for different thermal units (gram-calorie and kilogram-calorie) and to use different words for the same unit (Calorie and kilocalorie). The only valid use of the Calorie is in common speech and public nutrition education.”1

We, as it happens, are in the business of public nutrition education, and we use common speech all the time. We do not view this situation as untenable, just confusing. The various definitions lead to problems that can be amusing or annoying, depending on how you look at them. For example, Hargrove points to the inconsistent use of the terms calories and kilocal
ories—in this case meaning the same thing—in the U.S. Code of Federal Regulations rules for food labels: “A normal serving of the food contains at least 40 kilocalories (that is, 2 percent of a daily intake of 2,000 kilocalories)…. The food contains all of the following nutrients per 100 calories based on 2,000 calorie total intake as a daily standard.”2

Public nutrition educators that we are, we follow common speech. Throughout this book we use calories, spelled with a small c, to refer to kilocalories/ Calories, unless we have a specific reason to use a more precise term. Food labels do this too.

JOULE CONFUSION

With this said, we must now introduce another source of confusion. We live in the United States. Practically everywhere else in the world, people use

the metric system and follow the metric-based International System of Units (Système International d'Unités). In this system, food energy is expressed in joules or in their thousandfold-larger counterpart, kilojoules. We give the conversion factors in table 1. These terms also are used imprecisely, and we hear people talking about joules when they really mean kilojoules.

The easiest way to think of the conversions is to remember that 100 calories is about 420 kilojoules (or calories times 4.2) and that 2,400 calories is equivalent to 10,000 kilojoules. If you only want estimates, you can multiply calories by 4 to get kilojoules or divide kilojoules by 4 to get calories. This is obviously imprecise but should work well enough for most purposes. As you will soon see, “works well enough for most purposes” is a constant theme in this book.

And just for the record, let's add one more term. Nutrition scientists like to use megajoule (MJ) to describe energy intake or expenditure because it doesn't require as large a number. A megajoule is 1,000 kilojoules. A diet of 2,400 calories a day has 10,000 kJ or 10 MJ.

When the U.S. Food and Drug Administration wrote regulations for Nutrition Facts labels on food products in 1993, it seriously considered including both kilojoules and calories in the design but eventually rejected the idea, reasoning that no attempt to induce Americans to use the metric system has ever succeeded.3 The historian Hargrove is thoroughly fed up with all this. He recommends getting rid of everything having to do with calories and switching to joules instead. Good luck with that. We doubt this will happen within our lifetime or even that of our children. In the meantime, we think calories works pretty well, once you get a feel for what they are. To that end, we invite you to take a look at our approach to understanding them more intuitively.

GETTING A FEEL FOR CALORIES

Our first recommendation is to convert the chemists' definition of Calories/ kilocalories to something more convenient. We have already gotten rid of temperature and pressure. Let's now convert metric units to common household measures. A liter of water weighs about one kilogram and is almost the same volume as a quart (one liter equals 1.06 quarts). We think it is fair to say:


A calorie is about the amount of heat needed to raise the temperature of a quart of water by 1°C.

One food calorie isn't very much in diets of 2,000 to 3,000 a day. It makes more sense to deal with 100 calories. This is the amount in 100-calorie packs of snack foods, obviously, but also in a pat of butter, an apple, an 8-ounce soft drink, or two Oreo cookies. If 1 calorie raises the temperature of a quart of water by 1°C, then:

100 calories raises the temperature of one quart of water by 100°C.

One more tweak and we'll be done: 100°C is the same as 212°F—the boiling point of water. Here, at last, is our easy definition.

100 calories is the amount of heat needed to bring a quart of water to the boiling point.

What? You may feel warm after eating a big meal, but not that warm. Bodies contain about six quarts of blood. Why doesn't your blood boil when you devour a 600-calorie cheeseburger? The answer: metabolism. Metabolism, as we explain in chapter 5, taps off that heat in tiny increments to maintain body temperature and to power the digestion of food, the construction of new body molecules, and the action of muscles. Any energy you don't need right away gets stored, mostly as fat, to be used later, when you aren't eating.

HEAT CONFUSION

Basic ideas about how calories work in food and in the body are quite straightforward, if somewhat abstract:

[image: image]  Calories are units of energy.

[image: image]  Energy is the capacity to do work.

[image: image]  Work can be chemical (biochemical, in this case) as well as physical (muscular).

[image: image]  Biochemical reactions and muscle activity produce heat.

[image: image]  Heat can be measured as calories.

Food provides energy that fuels the work that bodies do: breathe, circulate blood, keep warm, transmit nerve impulses, excrete waste, move. Scientists

measure the overall energy required for this work by the heat it produces, which they report in units of calories. This is much the same as the use of temperature to indicate the heat of the surrounding air. You know intuitively that you are going to shiver when the outside temperature is 20 degrees Fahrenheit but will be sweating if it is 100 degrees. Similarly, you can intuit that 100 calories doesn't represent very much food energy, whereas 5,000 is more than you are likely to need in a day.

If the notion of calories as a measure of heat does not seem obvious, it is surely because you cannot have a physical sense of them in food. Calories, recall, have no smell, taste, or appearance. Invisible as they are, you can only measure them with complicated equipment or tests or deduce them from what they do to your body weight.

The calories in a food are measured through the heat it produces when burned. This leads to one other potential source of confusion—the difference between energy, heat, and calories. Energy, defined as the capacity to do work, exists in different forms: heat energy, electrical energy, chemical energy, mechanical energy. In physics, the first law of thermodynamics states that these various forms of energy are completely interchangeable. Any form of energy can be converted into any other form. The steam engine is the obvious example: it uses the heat generated by burning fuel to produce steam that creates mechanical work.

Bodies also interconvert forms of energy. The chemical structures of certain food molecules—proteins, fats, and carbohydrates (and alcohol, which we will get to in chapter 11)—store energy. Metabolism transforms some of the chemical energy stored in food components into heat energy through a series of biochemical reactions that involve the oxygen you breathe. These are called oxidation reactions. We will say more about them in chapter 5. Metabolism also transforms food energy into mechanical energy in muscles and into electrical energy in the brain and nervous system.

Heat energy may appear confusing because you can measure it in two ways. You can stick a thermometer into a roasting turkey or a feverish child to measure internal heat. But to measure the energy stored in foods or expended in physical activity, you must use special devices or chemical techniques (see chapters 3 and 4). To summarize:

[image: image]  Energy is the capacity to do work. Food stores energy in the chemical structures of some of its molecules, mainly proteins, fats, and carbohydrates but also alcohol.


[image: image]

FIGURE 1. Food molecules produce heat energy in two ways: through molecular motion (measured as degrees Fahrenheit or centigrade) and through storage in chemical bonds (measured as calories).

[image: image]  Heat is one form of energy, and the one most easily measured using a thermometer or devices that permit calories to be calculated.

[image: image]  Temperature is a measure of the heat energy produced by the internal atomic motion of molecules of air, water, or other matter, as indicated on centigrade (Celsius) or Fahrenheit thermometer scales.

[image: image]  Calories and joules are units of heat or work energy measured in experiments using calorimeter devices or through calculations based on chemical techniques.

Because heat is common to all of these measurements, we thought the diagram in figure 1 might help clarify the distinctions.

The diagram distinguishes energy produced by the motion of all molecules of food from the energy stored in the chemical bonds of the particular molecules that yield calories. The atoms in all molecules move to some extent, and the heat generated by that movement can be transferred to other molecules. Thermometers measure that transferable heat.

But only some molecules—proteins, fats, carbohydrates, and alcohol—store energy that can be metabolized and used to support life. The energy of motion and the energy stored in chemical bonds are different. Here is one way to think of the distinction: from the standpoint of metabolism and body weight, french-fried potatoes served steaming hot right out of the fryer have the same number of calories stored in their proteins, fats, and carbohydrates as they do when refrigerated or frozen.


In speaking about the energy content of foods and the effects of food energy in the body, we try to be consistent about using heat as one form of energy and calories as a way to measure the amount of heat energy. With the main sources of calorie-related confusion exposed, if not resolved, we can now take a brief look at how scientists came to understand all this.







CHAPTER 2

The History

From Ancient Greece to Modern Calorie Science

Although it may seem self-evident that food is essential to life, scientists did not have much real understanding about how food energy keeps bodies warm, growing, and functioning until the late 1700s. The earliest understanding of calories as energy released by the interaction of oxygen with food molecules is usually attributed to Antoine Lavoisier, who lived and died in the eighteenth century. Lavoisier's view of metabolism as an oxidation process—the “burning” of food molecules in the presence of oxygen—still holds true.

We explain how this works in later chapters, but to jump-start the discussion let's begin with a quick overview of the basic concepts. The three energy-producing molecules in foods—proteins, fats, and carbohydrates—are highly structured. Creating them takes energy, some of which gets stored in their chemical bonds. Once eaten, food molecules are attacked by digestive enzymes. Enzymes break the organized structures into pieces small enough to be absorbed through the wall of the digestive tract. As we illustrate in chapter 5, enzymes disassemble complex molecules of starch, for example, into simple sugars, a process that releases small amounts of energy.

During metabolism, enzymes further disassemble the absorbed sugars into even smaller pieces, releasing more energy. Other enzymes transfer some of this energy to small storage molecules. When the body needs energy, still other enzymes split the storage molecules to release it. The released energy powers the chemical reactions that create new body molecules or make muscles contract, and some of it keeps the body warm.

The chemical reactions involved in these processes are “oxidation” reactions.

They require oxygen, which is obtained through respiration. You breathe in oxygen. You exhale carbon dioxide as waste. Your other metabolic waste product is water, which you mostly excrete in urine. Food molecules that are completely “burned” in the body end up as carbon dioxide and water. All of these processes yield heat.

Scientists now know a great deal about the chemical structure of food and each of the processes crucial to obtaining energy from food: digestion, absorption, metabolism, respiration, and excretion. We'll examine them all in subsequent chapters. But first, it's worth exploring why it took such a long time to figure out the role of food in the body.

ANCIENT IDEAS ABOUT FOOD ENERGY: HIPPOCRATES AND GALEN

The most important early writings about energy and body heat are attributed to the Greek physician Hippocrates (~460–370 B.C.).1 Because the authorship of ancient texts is uncertain, the writings of Hippocrates are generally considered to include not only those of the physician himself but also those of his contemporaries and followers. In that sense, Hippocrates is something of a collective term. The writings, however, come across as if written by a single person, one who tried hard to make sense of his observations but sometimes jumped to conclusions that do not always make sense in modern terms. Even when his observations are right on target, he can sound much like a present-day diet guru.

Here, for example, he boasts of having been the first to discover the secret of health—balancing diet and activity: “This discovery reflects glory on myself its discoverer, and is useful to those who have learnt it, but no one of my predecessors has even attempted to understand it though I judge it to be of great value in respect of everything else. It comprises prognosis before illness and diagnosis of what is the matter with the body, whether food overpowers exercise, whether exercise overpowers food, or whether the two are duly proportioned. For it is from the overpowering of one or the other that diseases arise, while from their being evenly balanced comes good health.”2

Hippocrates produced aphorisms, among them “Growing creatures have most innate heat, and it is for this reason that they need most food, deprived of which their body pines away.” This particular statement was singled out by the twentieth-century nutrition scientist Graham Lusk as the earliest

understanding of the role of calories in the body. Hippocrates also recognized that dietary prescriptions had to be tailored to individuals: “The various ages have different needs. Moreover, there are the situations of districts, the shiftings of the winds, the changes of the seasons, and the constitution of the year.”3 Whether such pronouncements made sense or not, they stayed in print, repeatedly translated—and famously mistranslated—from Greek into Arabic and Latin, and back again into Greek.

Five centuries later, Galen (~130–200), a Roman physician of Greek origin, translated the Hippocrates texts himself and became a devoted disciple. In prolific writings, Galen paraphrased (or plagiarized, if you prefer) Hippocrates, adding his own commentaries. He repeated much of what Hippocrates said about the digestion of common foods, their speed of passage through the body, and—apparently an issue of great concern—their propensity to produce flatulence. Hippocrates found turnips, for example, to be “heating, moistening, and disturbing to the body” but unable to “pass easily, either by stool or by urine.” Galen solved this problem by insisting that turnips be cooked; otherwise, a turnip is “difficult to concoct [digest], flatulent, and causes loss of appetite, and sometimes gnawing sensations in the stomach.” Despite what we would now consider minor—and sometimes major—errors in fact and interpretation, Galen sharply criticized anyone who disagreed with his or Hippocrates's views: “My opinion—and I swear to it by God—is that Hippocrates has made this account of his so clear and obvious that not even a child, much less anyone else, should find it obscure.”4

The vehemence of these opinions would be of interest only to classical scholars except for one distressing historical fact. The writings of Hippocrates and Galen, no matter what they said, were accepted as indisputable by subsequent generations. Their ideas so dominated medical practice from the fifth century B.C. until the eighteenth century A.D. that science could make little headway. Hippocrates and Galen, for example, favored bloodletting as a treatment for many diseases. Although this practice is certain to increase calorie needs—if not cause anemia, infections, or death—it continued as routine medical treatment until well into the nineteenth century.

ORIGINS OF CALORIE SCIENCE

Fast-forward through the Middle Ages and Renaissance to the Enlightenment and the onset of the modern scientific era. To grasp how food provides

energy and how the body uses it, scientists had a great deal of work to do. They first had to discover:

[image: image]  oxygen and carbon dioxide

[image: image]  the role of these gases in respiration

[image: image]  the relationship of food components to heat

[image: image]  the chemical conversions involved in digestion and metabolism

[image: image]  the chemical composition of foods

These discoveries were gradually accomplished and accumulated during the seventeenth to twentieth centuries. We summarize this lengthy history in appendix 1.

Santorio Sanctorius of Padua gets credit for the first fumblings toward a scientific understanding of human energetics—the use of energy in and by the body. In the 1600s, perhaps suffering from some kind of obsessive-compulsive disorder, he weighed himself, everything he ate and drank, and everything he produced in urine and feces nearly every day for thirty years. From these observations and measurements, Sanctorius observed the effects on his body of the difference in weight between the foods he ate and the waste products he excreted. He attributed this difference to “insensible perspiration.” Figure 2 illustrates the weighing chair he designed for this purpose.5

True modern understanding of human energetics begins with the revolution in scientific thinking that accompanied the political revolution in France in the late 1700s.6 Antoine Lavoisier, a French aristocrat, was its best-known scientific revolutionary. He constructed a device large enough to permit measurements of the heat produced by a living animal, in this case, a guinea pig. From experiments using such “whole-body” calorimeters, he concluded that animal respiration is a form of oxidative combustion, just like the burning of a candle. Both, he said, require oxygen. Both release carbon dioxide and water.7 These promising investigations ended prematurely. Lavoisier was arrested during the deadliest days of the French Revolution and guillotined.

At about the same time in England, Adair Crawford was performing similar investigations with similar results. Although neither Lavoisier nor Crawford used the word calorie to describe animal heat, Lavoisier came close. He called his measurement device a calorimeter (calorimètre) and used terms such as calorique (caloric) and chaleur (heat) to describe his observations of animal metabolism. The first record of the use of calorie in its present sense as

a measurement of body heat dates to notes taken from lectures by the French scientist Nicolas Clément in 1824. Max Rubner in Germany gets credit as the first scientist to publish the use of the term in its modern sense.8

[image: image]

FIGURE 2. Santorio Sanctorius sitting in the balance he built to measure the effects of his food intake on body weight. Source: Quincy, 1718 (see note 5). Wellcome Library, London, used with permission.

German physiologists of the mid-1800s, such as Julius Mayer, determined that living systems conform to basic laws of physics, most notably the first law of thermodynamics. This precept states that energy can be neither created nor destroyed but can only change forms. It explains how metabolism

can transform food energy into heat energy, the chemical energy of biosynthesis, the electrical energy of nerve action, or the mechanical energy of muscle work. If not used for such immediate purposes, food energy can be stored in the body as fat or, to a lesser extent, glycogen, the storage form of carbohydrate in liver and muscles.

According to the first law of thermodynamics, burning a food in the presence of oxygen should produce the same amount of heat as metabolism does in the body. Knowing this, scientists began to develop “bomb” calorimeters to measure the energy value of a thoroughly burned food. By the mid-1800s, they were also able to build whole-body calorimeters large enough to measure energy intake and output in larger and larger animals, eventually including sheep, horses, cows, and people. We explain how such calorimeters work in chapters 3 and 4.

THE MODERN ERA: W. O. ATWATER

Writing a book about calories required us to read a great deal of the prodigious output of Wilbur O. Atwater (1844–1907), rightfully honored as the father of modern nutrition science in the United States. Atwater studied agricultural chemistry, earned his doctorate by analyzing the chemical composition of corn, and established a food analysis laboratory at Wesleyan University.9 In the early 1880s he traveled to Germany, where he learned how to use large, whole-body calorimeters to perform energy balance studies in humans.

On his return, Atwater continued to analyze the content of calories and nutrients in foods, based either on the amounts of heat they produced in a calorimeter or on calculations of the number of calories stored in their proteins, fats, and carbohydrates. In 1887 he summarized what was then known about food calories in a series of popular articles in Century magazine. There he explained that a gram of protein or carbohydrate yields less than half the energy of a gram of fat and that these differences—and variations in water content—account for variations in food calories. Most food energy, Atwater explained, is “used for the interior work of the body, breathing, keeping the blood in circulation, digestion, etc., but a large part of this is transformed into heat before it leaves the body.”10

These conclusions were new to the public, and the Century articles made Atwater the most famous scientist in America. He soon held three jobs in

three different cities: professor at Wesleyan in Middletown, Connecticut; director of the U.S. Department of Agriculture (USDA) Experiment Station at Storrs, Connecticut; and director of the USDA Office of Experiment Stations in Washington, DC. In these positions he continued his research on the nutrient and calorie content of foods, the ways calories are used in the body, and the calorie needs of people of different occupations and social classes. We discuss his discoveries in each of these areas in subsequent chapters.

In 1894 Atwater summarized the essence of nutritional energetics: “energy from the sun is stored in the protein and fats and carbohydrates of food, and…is transmuted into the heat that warms our bodies and into strength for our work and thought.”11 Three years later, in a stunning monograph of more than four hundred pages, Atwater and a colleague did what we might now call a meta-analysis of the thousands of metabolic studies that they or previous investigators had published to date. They reported their conclusions in Hippocrates-like aphorisms:

[image: image]  “The animal organism requires food for a twofold purpose, (1) to furnish material for the building and repair of tissue, and (2) to supply fuel for the production of heat and energy. In serving as fuel, food protects the material of the body from consumption.”

[image: image]  “The food of animals consists of the so-called nutrients—protein, fat, and carbohydrates, various mineral salts, and water.” (Vitamins were presumed to exist at the time but were not identified until after 1910.)

[image: image]  “Food is to the body what fuel is to the fire.”12

THE POLITICS OF CALORIE HISTORY

Atwater stated repeatedly that the purpose of his experiments was to devise the most economical diets that could meet the nutritional needs of people of various ages, occupations, and social classes. As a USDA official explained in a letter introducing one of Atwater's studies, “The immediate purpose in conducting an inquiry into the food of the colored population of the Southern States was to obtain information as to the kinds, amounts, and composition of the food materials used. The ulterior purpose was to get light upon the hygienic and pecuniary economy of their diet, its deficiencies, the ways in which it might be improved, and the steps which should be taken to bring about an improvement.”13


We mention the USDA's goals at this point because Atwater's work has been sharply criticized for its subsequent effects on society. The science studies scholar Jessica Mudry charges that Atwater's work created an unfortunate “discourse of quantification.” In her view, measuring calories caused them to be transformed “from a unit of physical science, to a unit of human fodder, and finally, through Atwater's application, a determinant of quality.” By treating food components as things that could be calculated and measured, Atwater's work led to “the belief that science and quantification can tell us all that we need to know about food and eating.” Instead, Mudry argues, “Any rhetoric of food and eating is incomplete and inadequate if it does not take culture, geography, tradition, experience, and taste into consideration along with the nutritional composition of foods and health,” a statement with which we wholeheartedly agree.14

A more specific critique of Atwater's calorie investigations comes from the historian Nick Cullather. He argues that measuring calories not only takes food out of its taste and cultural traditions, but also turns food into an instrument of social control by governments. Once governments determine the number of calories needed by a population, they can quantify dietary adequacy and assume that when calories are adequate, food intake and nutritional status must also be adequate. The calorie, he says, “has never been a neutral objective measure of the contents of the dinner plate. From the first its purpose was to render food and the eating habits of populations politically legible.”15

Atwater had said that the purpose of determining the number of calories needed by workingmen and by the “Negro” in Alabama was to establish “scientific standards of living.” But Cullather argues that such standards could be and were used by governments and manufacturers to “contain wage levels while maintaining a healthy, contented workforce.” He also maintains that using calorie requirements as the basis for assessing a population's need for food aid is a tool for international political domination. In making such arguments, Cullather appears to view setting standards for calorie intake as a metaphor for the mixed motivations and sometimes negative consequences associated with attempts to evaluate and meet the food requirements of undernourished populations—issues we address in later chapters.

Although we suspect that neither Mudry nor Cullather intended their analyses to be anti-scientific, their arguments appear that way to us. Should scientists not measure anything having to do with human physiology? Objections

to the quantification of human energy requirements would also seem to apply to setting dietary standards for intake of protein, vitamins, and minerals, or to measurements of body weight, blood pressure, or blood sugar. Although the argument could be made that such tests are equally reductive in the sense that they reduce the health of a whole person to a single number, surely such numbers can be useful when put in context and interpreted appropriately.

We enjoy conspiracy theories as much as anyone, but we have a hard time believing that Atwater—or Lavoisier, for that matter—investigated energy metabolism out of a desire for political domination. We view both as intensely curious and committed scientists who valued knowledge for its own sake and assumed that their work would add to human knowledge and be useful. We doubt that either gave much thought to how his work might be interpreted or used by others. As we discuss in chapter 14, the humanitarian goals of many international aid agencies necessarily require some means of quantifying human food needs, and establishing standards for calorie intake can be a useful way to do this. Mudry's and Cullather's critiques, thought-provoking as they are, do not provide meaningful alternatives. They do, however, reinforce one of the central themes of this book: calories have political dimensions.







CHAPTER 3

Foods

How Scientists Count the Calories

Because the energy stored in food molecules is the same whether they are oxidized inside or outside the body, scientists can measure the energy value of a particular food to the body by burning it to completion. Nineteenth-century scientists developed calorimeters to measure the total energy stored in foods and in each of their energy-producing molecules: protein, fat, carbohydrate, and alcohol. Note again that cholesterol, vitamins, antioxidants, minerals, and water are not sources of calories. Cholesterol is excreted in bile and not metabolized. Vitamins and antioxidants are present in such small amounts—milligrams or micrograms—that they produce too little energy to bother measuring. Minerals do not store energy, and neither does water.

The device typically used to measure the energy value of food and food molecules is called a bomb calorimeter. Figure 3 shows how one of these gadgets works.1 You place a weighed portion of food in the bomb (a sealed chamber), which has been filled with pure oxygen under high pressure. After immersing the bomb in a measured quantity of water, you ignite the food and let it burn (oxidize) to completion. The heat released by the burning warms the surrounding water. You calculate the calories from the measured rise in water temperature. Calibrated appropriately, bomb calorimeters can give quite accurate measurements of the number of calories in a food.

Bomb calorimeters work well for measuring the total number of calories in a food—its potential energy. But human bodies are not calorimeters. In living bodies, some of the calories in foods are lost or wasted. To determine the number of food calories that are available to the body, you have to correct

bomb calorimeter values for these losses. Losses occur mainly in three ways: excretion in urine, excretion in feces due to incomplete digestion, and inefficient metabolism. Some losses also occur in sweat, but these are usually minor. In this chapter we discuss the first two. Chapter 7 deals with the more complicated heat losses of metabolism.

[image: image]

FIGURE 3. A bomb calorimeter for measuring food calories. Food in the steel chamber (bomb) is ignited and burned (oxidized) to completion. Calories are calculated from the heat transferred to the surrounding water. Source: McMurry and Fay, 2003: figure 8.9 (see note 1).

CALORIE LOSSES: URINE

Fat and carbohydrate molecules are constructed from carbon, hydrogen, and oxygen. In the bomb calorimeter—and in the body—fats and carbohydrates are completely oxidized to carbon dioxide and water. So are alcohol calories, which we reserve for their own discussion in chapter 11. Proteins, however, are not completely oxidized to carbon dioxide and water, even though they too are made of carbon, hydrogen, and oxygen. Proteins also contain another element not present in carbohydrates or fats: nitrogen.

A bomb calorimeter has no problem with nitrogen. It oxidizes nitrogen along with everything else. But in the body, metabolism converts any unused

protein nitrogen into urea and other small nitrogen-containing molecules. These molecules are excreted in urine, and their calories are lost to the body.

TABLE 2 MAX RUBNER'S BOMB CALORIMETER ENERGY VALUES FOR PROTEIN, FAT, AND CARBOHYDRATE




	Food component
	Calories/gram from bomb calorimeter
	Calories/gram, corrected for urinary nitrogen losses





	Protein
	5.5
	4.1



	Fat
	9.3
	9.3



	Carbohydrate
	4.1
	4.1



	SOURCE: Atwater presents this table in his 1887 Century article (see note 2).





In the nineteenth century the German physiologist Max Rubner measured the calories in proteins, fats, and carbohydrates. He knew that if he wanted to relate the calories measured in bomb calorimeters to those used in the human body, he would have to correct his results for the calories lost through nitrogen excretion. He performed experiments to determine the size of the correction. We summarize his findings in table 2.2

CALORIE LOSSES: INCOMPLETE DIGESTION

Rubner understood that incomplete digestion of food components reduces the calories available to the body, but he did not have the equipment or methods to develop more accurate correction factors. A decade later, Wilbur Atwater picked up where Rubner left off and attacked the digestion problem in a series of experiments remarkable for their meticulous design, conduct, and interpretation.

Reading Atwater's publications is an inspiring experience. He was a careful investigator who made impressive use of the equipment and techniques available in the late nineteenth century. His accounts of his work readily explain why he is considered the first modern nutrition scientist. Atwater based his determinations of calorie values on many different kinds of studies drawn from his own work as well as from international investigations. These included, among others:

[image: image]  chemical analyses of the amount of water, protein, fat, and carbohydrate in more than 4,000 foods


TABLE 3 ATWATER'S CORRECTIONS TO BOMB CALORIMETER VALUES FOR PROTEIN, FAT, AND CARBOHYDRATE

[image: image]

[image: image]  analyses of 185 food intake studies to estimate the average composition of diets consumed by people of different social classes, ages, and occupations

[image: image]  estimation of the digestibility of calories from protein, fat, and carbohydrate in typical mixed diets (those containing combinations of different foods)

[image: image]  bomb calorimeter measurements of the calories in foods, food components, feces, and urine

[image: image]  comparisons of calculated calorie values with those obtained in whole-body calorimeter experiments with human subjects

To determine digestibility, Atwater used a bomb calorimeter to measure the fuel value of fats, carbohydrates, and proteins. He subtracted the energy excreted in feces from the total amounts in food. As Rubner had done, Atwater corrected the calorie values obtained in protein determinations for losses of nitrogen in urine.

In 1899 Atwater (and his colleague Arthur Bryant) published calorie values for protein (4 calories per gram), fat (8.9), and carbohydrate (4). These differed from Rubner's values in that they accounted for losses in digestion.3 Atwater's calorie numbers, corrected for losses in feces and urine, came to be known as Atwater Values. Table 3 summarizes how he arrived at them.

Atwater's bomb calorimeter was more accurate than Rubner's and yielded slightly higher values, even when corrected for nitrogen losses in urine. Atwater's experiments revealed that most of the foods he studied were almost completely digested and absorbed by the body. Only a small percentage of food proteins, fats, and carbohydrates remained undigested and were excreted in feces.


[image: image]

FIGURE 4. The fate of food calories in the body. Atwater Values refer to calories available to the body after subtracting those lost through incomplete digestion and excretion in feces and urine.

Atwater could use his values to predict the number of calories people ate in a day as determined through dietary records. His estimates of the number of daily calories consumed came quite close to the number of calories people used, as determined in whole-body calorimeter experiments. The difference rarely exceeded 1 percent, something that today seems unimaginable (as we later explain). Because this observed difference was so small, Atwater could safely estimate the energy value of food by assuming that proteins and carbohydrates produced 4 calories per gram and fats produced 8.9. In 1910, three years after his death, the USDA revised the Atwater Values by rounding off the calories from fat to 9 per gram.4 As we discuss in the next section, despite numerous attempts to refine and correct the 4, 9, 4 Atwater Values, the numbers have held their own over time and continue to serve many useful purposes.

Atwater's experiments clearly distinguished the amounts of food energy available at various stages of digestion, absorption, and metabolism. These stages, which are known by different names, are illustrated in figure 4.

[image: image]  Gross energy: the amount obtained from burning foods in a bomb calorimeter

[image: image]  Digestible energy: the amount available to the body after subtracting fecal losses


[image: image]  Available or “metabolizable” energy—Atwater Values: the amount remaining after further subtracting losses of energy in urine

Atwater Values represent available energy, or as scientists now call it, metabolizable energy—the energy from food that is available to metabolism. Available (or metabolizable) energy does correct for losses of undigested and excreted food calories. But it does not correct for the calories lost through dissipation of heat during metabolism, a matter we deal with in chapter 7.

ATTEMPTS TO CORRECT ATWATER VALUES

Atwater intended the values of 4, 8.9, and 4 to apply to the energy available from proteins, fats, and carbohydrates in typical foods and average diets consumed in the United States in his time. In experiments to measure the actual digestibility of specific foods, he found that some were more completely digested than others and that digestibility introduced variations in the total amount of energy available from protein, fat, and carbohydrate.

He and others did countless studies to improve the accuracy of his calorie measurements. Eventually, Atwater was able to show that the available energy from the proteins in meats, eggs, and dairy products varied from 4.25 to 4.35 calories per gram, whereas the protein calories in cereals, legumes, vegetables, and fruits varied from 2.9 to 3.7 per gram. These differences are large and might be expected to introduce significant errors in estimations of total calorie intake. But people do not usually eat only one kind of food at a meal. Most eat mixed diets containing several different foods. When Atwater measured the protein calories from mixed meals, he found them to average around 4 per gram, close enough to his predicted value.

Maynard's Specific Values

Because individual foods produce different energy values, Leonard Maynard, a professor at Cornell, thought Atwater Values needed improvement. In 1944 he published a critique based on individual variations among foods.5 These variations, Maynard said, might end up causing significant errors in estimations of calorie intake. Even though Maynard's corrections were small, he wanted Atwater Values to be replaced with what he called Specific Values, numbers that considered the digestibility and availability of calories from specific foods. Table 4 gives some of Maynard's values. Some are lower, some

are higher, and some are the same as Atwater's rounded-off 4, 9, 4 calories per gram.

TABLE 4 SELECTED EXAMPLES OF MAYNARD'S 1944 SPECIFIC VALUES, CALORIES PER GRAM

[image: image]

USDA's Modified Atwater Values

In the years following Maynard's analysis, USDA nutritionists and chemists took his criticisms to heart and developed better methods for analyzing the energy and nutrient content of foods. In 1955 they published a state-of-the-art review of the history and accuracy of calorie determinations, in which they analyzed human experiments quantifying the digestibility of food plants dating back to 1875. The review provided detailed explanations of the methods used to update Atwater's and Maynard's figures and to test the accuracy of their proposed Modified Atwater Values. USDA staff published a “slightly revised” version of this review in 1973. We put this in quotation marks because, despite much searching, we are unable to find any difference between the two publications other than the addition of a brief preface to the 1973 edition.6 We give some examples of USDA Modified Atwater Values in table 5.

To test the modified values, USDA investigators conducted more than one hundred experiments with human volunteers who were asked to consume diets of widely varying—wildly may be a better word—food composition. The diets seem quite odd, even considering that they were apparently designed for extreme variations in intake of one food group or another. To pick a particularly unusual example: one of the daily diets in the fruit-and-nut category consisted of four pounds of persimmons, half a pound of peanuts, an ounce of wheat cereal, two ounces of milk, a tablespoon of tomatoes, and two teaspoons of olive oil.7


TABLE 5 SELECTED EXAMPLES OF 1955 USDA MODIFIED ATWATER VALUES, CALORIES PER GRAM

[image: image]

To determine the available calories in such diets, USDA scientists burned the foods in a bomb calorimeter. They collected feces and urine from the volunteers who ate the foods, then burned the excretion products in the calorimeter. After counting the food calories and subtracting the calories in the excretion products, they concluded that the persimmon-peanut diet provided 2,399 calories per day.

For this same diet, USDA investigators also measured the amount of protein, fat, and carbohydrate in each food (perhaps explaining why the experimental diets contained so few foods). They calculated the calories using Atwater Values and Modified Atwater Values. The modified values gave the total calories as 2,406, only 7 calories higher than the value obtained in the feeding experiment. In contrast, the Atwater Values gave 2,622. For this unusual and minimally varied high-fiber diet, the result using Atwater Values was about 9 percent higher than those determined experimentally. This was at the extreme of variation. For most of the diets tested, the experimental and calculated methods produced results that differed by an average of about 2 percent, and the variation rarely exceeded 5 percent. Whether variations in this range make any difference to body weight is a question we return to in later chapters.

Because the results using Modified Atwater Values were comparable to those obtained from human digestion experiments, USDA scientists concluded that the modified values should be used until further research indicated a need for change. In the subsequent half century, no such need has emerged, apparently. The 1955 Modified Atwater Values are still the basis of USDA food composition data, as we discuss in chapter 10.


The Life Science Research Office Evaluation

In 1983 the Life Science Research Office (LSRO) of the Federation of American Societies for Experimental Biology decided to evaluate whether Atwater Values should remain the basis for calories listed in the USDA's food composition tables.8 After weighing the strengths and limitations of Atwater Values, the LSRO investigators concluded that “the Atwater System provides estimates of metabolizable energy within the limits of accuracy in measuring food intake and also within the predictive limits of food composition tables.” Translation: they considered Atwater Values good enough to use for most practical purposes, given the many other sources of error that affect determinations of calorie intake and food composition. The LSRO agreed that improving the Atwater Values in any biologically meaningful way would require much better data on food composition and on the digestibility of a much greater range of food products.

IMPLICATIONS

Because no subsequent investigation has produced calorie numbers that improve the definition of metabolizable energy in any meaningful way, the 4, 9, 4 Atwater Values remain in active use. If you know the grams of sugar—a carbohydrate—in your soda or lollipop, you can estimate the number of calories it contains by multiplying grams by 4. If you want to estimate the calories in your daily diet, you can list the foods, find out how many grams of protein, fat, and carbohydrate each contains, and multiply the totals by 4, 9, and 4, respectively.

More than one hundred years after Atwater's death, Atwater Values can still be seen at the bottom of some food package labels. In part because Atwater Values are approximations, the FDA allows the food industry considerable leeway in calculating the calorie content of packaged foods and items listed on restaurant menu boards.9 As we discuss further in chapter 23, they may determine the calories in their products by using:

[image: image]  Atwater Values, 4, 9, 4

[image: image]  the USDA's 1955 Modified Atwater Values as “updated” in 1973

[image: image]  Atwater Values further corrected for undigested fiber


[image: image]  values established or approved by the FDA for specific foods or ingredients

[image: image]  bomb calorimetry figures corrected for loss of urinary nitrogen

These methods produce varying results, but all give close enough estimates of calorie content. All, it should be evident, are likely to be inaccurate to some degree, not least because none of them accounts for the heat losses that occur during metabolism. We defer consideration of those heat losses to chapter 7 because a discussion about them requires an explanation of how such things are measured. That explanation comes next.







CHAPTER 4

Bodies

How Scientists Measure the Use of Calories

Nineteenth-century scientists were eager to find out how many calories someone might need to maintain basic body functions, activities, and weight. To do so, they had to be able to measure the amounts of heat produced when people were engaged in daily activities. They started by inventing devices—calorimeters—to measure the heat produced by small animals. Later they figured out how to construct calorimeters large enough to house people and farm animals. These “whole-body” calorimeters allowed them to make direct measurements of heat output.

Studies using even the largest calorimeters required people to be confined to the device, and space considerations limited what study subjects could be asked to do. Scientists wanted to develop less physically restrictive methods to measure the use of calories indirectly. They figured out two ways to do this. They could calculate calories from measurements either of the amount of oxygen breathed in and “burned” in the body or of the differential rates of disappearance of certain chemicals from the body. These methods produce results that are similar to those obtained using whole-body calorimeters. Today indirect methods are employed most often to measure the use—the expenditure—of calories by the body.

In this chapter we focus on the principal methods for measuring the ways calories are used in the human body. We describe the methods at this point because so much of what follows depends on understanding what, exactly, scientists are measuring. A constant theme of this book is the distinction between the numbers obtained by measuring the calories in foods or used by

the body as compared to the numbers obtained by various means of estimation. To decide whether this distinction makes any real difference, it helps to know something about what the methods measure and how they work.

DIRECT WHOLE-BODY CALORIMETRY: MEASURING HEAT PRODUCTION

In the late eighteenth century, as we noted earlier, the French scientist Antoine Lavoisier built one of the first whole-body calorimeters capable of directly measuring the heat produced by a small animal—a guinea pig. Figure 5 illustrates the design of his device.

Lavoisier placed the guinea pig in the interior chamber of the double-walled container, surrounded the chamber with ice, and measured the amount of water produced as the ice melted. He filled the outer jacket of the device with ice and water to prevent ambient heat from melting the ice in the inner chamber. Scientists of his era already knew how much heat was needed to melt ice.1 Knowing that, Lavoisier could calculate the amount of heat produced by his enclosed guinea pig.

In the 1860s European scientists began to build more sophisticated calorimeters, large enough to house people. Wilbur Atwater went to Europe to work with some of the researchers who had constructed these devices. When he returned to the United States he obtained funding to build his own. By 1895 he had built what was then a state-of-the-art calorimeter at Wesleyan University that was able to house a human volunteer for days at a time. Figure 6 shows the calorimeter, which worked on the same principle as Lavoisier's. Its chamber was surrounded by walls filled with circulating water. Atwater could measure the heat produced by a person living in the chamber by the rise in temperature of the surrounding water.

In 1897 Atwater and his colleagues wrote lengthy and detailed descriptions of their calorimeter studies, in which they pointed out that “The occupants of the chamber passed the time in such ways as were in general most agreeable under the circumstances. They observed regular hours of eating and sleeping…. Abundant opportunity was given for reading, considerable conversation was held between the occupant and the men who did the work outside, and the monotony was also relieved from time to time by visitors.”2

We can debate just how agreeable such studies might have been to endure, but there is no question that they yielded highly accurate measurements.

Over periods of several days, Atwater could directly measure—and accurately account for—the calories in the food the subjects ate and in those they excreted in urine and feces, stored in their bodies, and expended as heat. He had constructed the calorimeter in a way that allowed him to measure the amounts of oxygen his study subjects inhaled and the amounts of carbon dioxide they exhaled, meaning that he could use the device to calculate calories directly from heat but also indirectly from measurements of the components of air breathed in and out. To do all this, Atwater had to develop careful and reproducible methods for using the calorimeter, for measuring oxygen and carbon dioxide, and for analyzing the energy content of food, feces, and urine.

[image: image]

FIGURE 5. Antoine Lavoisier's calorimeter. This device was large enough to measure the heat generated by a guinea pig. Source: Kleiber, 1961 (see note 7).

A few years later Henry Armsby built an even larger calorimeter at Pennsylvania State College, to enable studies of the metabolism—and, ultimately, food needs—of farm animals. This calorimeter could also measure heat production indirectly as well as directly. Considered a marvel of technology in 1902, Armsby's laboratory was the size of a small New York City apartment, and the calorimeter chamber alone could accommodate a large cow or draft

horse. Armsby's successors rebuilt the calorimeter to handle four sheep at a time in the 1940s and modified it again in the 1950s to house human subjects. But by that time the technology had moved on. The university converted the building to a museum in 1969, open by appointment.

[image: image]

FIGURE 6. Wilbur Atwater's whole-body calorimeter for measuring calorie input and output in human volunteers. Someone could live in this device for days at a time while Atwater and his colleagues measured everything the volunteer ate, drank, excreted, and breathed. Source: Atwater, Woods, and Benedict, 1897 (see note 2).

We arranged to see the museum on a visit to Penn State and noted that it is marked by a plaque: “Designed and first operated in 1902 by pioneer animal nutritionist Henry Armsby, the calorimeter was housed in this specially constructed building and monitored an animal's metabolism to determine the net energy value of food—the portion of food energy that an animal used to produce milk or meat. It attracted worldwide scientific interest and helped to develop feeds of higher nutritive value.”3

In the 1950s T. H. Benzinger developed a “gradient layer” calorimeter. Instead of using surrounding water to absorb the heat, this calorimeter had sensors that measured the passage of heat through its walls.4 In modern calorimeter chambers, human subjects can live and carry out relatively normal activities for days in reasonable, although somewhat claustrophobic, comfort.


INDIRECT CALORIMETRY: MEASURING OXYGEN AND CARBON DIOXIDE

The calorimeters of Lavoisier, Atwater, and Armsby were direct calorimeters. They could be used to measure the amount of heat required to melt ice or warm water. Atwater's and Armsby's calorimeters also measured heat production indirectly—through the amounts of oxygen breathed in and used and of carbon dioxide given off by the animal or person enclosed in the chamber. In the 1970s and 1980s, scientists built indirect, room-size, whole-body “respiration” calorimeters that measured only oxygen intake and carbon dioxide “excretion.” They used these calorimeters to study energy metabolism and the energy cost of various activities under tightly controlled conditions. The respiration calorimeter at the USDA experiment station at Beltsville, Maryland, for example, has a floor area of ninety square feet furnished with a bed, desk, chair, sink, toilet, lamps, audio speakers, and exercise equipment. The USDA Human Nutrition Center at Baylor University operates four room-size indirect calorimeters designed to measure energy use over periods ranging from minutes to twenty-four hours.5

If you are housed in one of these chambers, scientists can estimate the number of calories you require from the amount of oxygen you breathe in and use.6 They are able to do this because the amount of heat you emit is proportional to the amount of oxygen you “consume.” Consider, for example, how hard you have to breathe when running up stairs. Air is about 20 percent oxygen—the rest is mostly nitrogen. Scientists measure oxygen in liters (roughly equivalent to quarts). A liter of pure oxygen—not air—that you breathe in and use corresponds to an energy output of about 5 calories. You inhale and use more oxygen when your activity is more intense.

But because even the best of whole-body respiration calorimeters requires people to be confined, the devices cannot be used to measure energy expenditure during activities such as running, playing sports, swimming, or anything else that requires more space. As early as the 1890s, scientists knew that they needed some less restrictive way to measure energy use, and they invented portable indirect calorimeters to measure oxygen uptake. These devices had immediate uses in medicine. Physicians could take the portable devices to hospitals and measure the calorie needs of patients at the bedside. Over the years, scientists refined these indirect calorimeters, and many are now small enough to be used during almost any imaginable physical activity.


CORRECTING FOR THE “FUEL” MIX

Five calories per liter of oxygen used in the body is an estimate, not a precise figure. The number of calories you expend per liter of oxygen turns out to depend on what you have been eating. To obtain more accurate values for calorie expenditure, scientists have to correct for the “fuel”—the mix of proteins, fats, and carbohydrates—that you are metabolizing at any given moment.

Because of their particular molecular configurations, pure proteins, fats, and carbohydrates release different amounts of heat per liter of oxygen consumed. Scientists have measured these amounts and know them quite precisely: protein and fat release 4.7 calories per liter of oxygen, and carbohydrate releases 5. The difference between 4.7 and 5 is not great, but it can add up to 100 calories or more in people who consume 400 to 500 liters of oxygen a day, which most people do.

Although these numbers look something like Atwater Values, they are entirely different. Atwater Values refer to calories per gram of protein, fat, or carbohydrate in food. The numbers here are calories per liter of oxygen used in the body. They were calculated by completely oxidizing food molecules, measuring the total heat given off (gross energy), and dividing this by the number of liters of oxygen used in the process.

But except for things like sugar and salad oil, you do not usually eat pure carbohydrate or fat. You eat foods containing varying proportions of protein, fat, and carbohydrate. If you think this must mean that your ratio of carbon dioxide to oxygen varies throughout the day depending on what you just ate, you are quite right. Researchers must correct calories per liter of oxygen for differences in the ratio of exhaled carbon dioxide to inhaled oxygen over time. This ratio has its own name: the respiratory quotient (RQ). If you would like to know more about how it is determined, see appendix 2.

When measurements do not need to be precise, scientists can simply count the liters of oxygen used and multiply that by a factor of 5 or, somewhat more accurately, 4.8, to come up with the number of calories used. Either way, the result is unlikely to differ by more than 5 percent from the more accurately measured and corrected values. Although a 5 percent difference may seem worth worrying about, it turns out to be small relative to the much larger variations in the calories you consume and expend.

Another way to estimate calorie use by indirect calorimetry is to measure

the amount of carbon dioxide breathed out. This too depends on what you just ate. The number of calories produced per liter of exhaled carbon dioxide is 6.6 when fat is the fuel, 5.6 when it is protein, and 5.0 when it is carbohydrate.7 The figure for mixed diets is something in between. These distinctions do make a difference in calorie calculations derived from the most important of the indirect measurement methods: doubly labeled water.

INDIRECT CALORIMETRY: DOUBLY LABELED WATER

The doubly labeled water method for determining calorie expenditure is so accurate that it is currently considered the gold standard for such determinations. The method was devised in the 1960s as a way to measure the number of calories used at rest and in free, unrestricted physical activity. In effect, doubly labeled water is a chemical method for measuring the amount of exhaled carbon dioxide (CO2 in chemical designation). For years, scientists used this method to study energy production in small animals, but the high cost of the isotopes made it too expensive for use with larger animals or people. As soon as the price of the isotopes dropped to reasonable levels, researchers began using them to study human energy expenditure.8

Doubly labeled water uses nonradioactive stable isotopes—naturally occurring alternative forms—of hydrogen and oxygen to figure out how much CO2 is exhaled over time. The method uses two distinct forms of water labeled with these isotopes. Normally, water—identified chemically as H2O—consists of two atoms of hydrogen (atomic weight 1) and one of oxygen (atomic weight 16). Doubly labeled refers to two forms of water containing isotopes:

[image: image]  heavy-hydrogen (deuterium) water, designated 2H2O and enriched with the deuterium isotope of hydrogen (2H), which has an atomic weight of 2 rather than 1

[image: image]  heavy-oxygen water, designated H218O and enriched with oxygen of atomic weight 18 (hence: 18O) rather than 16

If you volunteer to participate in a doubly labeled water experiment, here is what happens. You drink water containing measured amounts of the two isotopes. The isotopes mix with all the water in your body. After a good night's sleep, you report back to the lab and donate a urine sample. Technicians measure the levels of the isotopes in a sample of your urine using appropriate analytical

equipment. During the two or three weeks of the experiment, you continue to excrete water in the usual way through urine, sweat, and your moist breath. You will also excrete the isotopes in that water. As you replace the water by your usual drinking and eating, the isotopes in your body become increasingly diluted. At the end of the experiment you donate another urine sample, and technicians measure how much of each isotope is left.9

The key to the doubly labeled water method is that all of the 2H isotope that disappears from your body will be excreted in water. But the 18O isotope is lost in two ways. Some disappears in the water along with the 2H. But some also is lost in the carbon dioxide you breathe out. This means that more 18O than 2H is excreted from your body over time. This, in turn, means that your urine will contain less 18O than 2H at the end of the experiment. From the difference between the amounts of the two isotopes in an overnight urine sample, researchers can calculate the number of liters of carbon dioxide you breathed out during the course of the experiment, as determined through the use of appropriate (albeit quite complicated) equations. Once you know the number of liters of carbon dioxide, you can convert it to calories by multiplying by the appropriate conversion factors corrected for the RQ.

Doubly labeled water experiments usually last two to three weeks, periods long enough to allow day-to-day deviations in calorie use to be averaged out. When corrected for the RQ, such studies can produce results that are within 2 percent of whole-body calorimetry measurements of carbon dioxide production. Because isotope methods do not require people to be confined in calorimeters or to carry or be attached to oxygen-uptake devices, doubly labeled water techniques are now commonly used for examining energy expenditure in people going about their daily activities. The studies usually are done on relatively small numbers of people at a time, mainly for reasons of cost and logistics, but by now many people have had their energy expenditure measured by this method.10 In chapter 9 we show how such measurements have been used to estimate the total energy expenditure of men and women of various ages and body weights.

This chapter covered methods for measuring calorie use, not estimating it. This is an important distinction. Even with sources of error, measurements of calorie intake and expenditure are far more accurate than estimations. Keep this point in mind when considering how calories work in the body, the question to which we now turn.
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