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Reading #4
MEASUREMENT OF HUMAN ENERGY EXPENDITURE

Introduction

In this reading I introduce concepts related to the measurement of energy expenditure in humans. These procedures form the basis for accurately quantifying differences among individuals in energy metabolism at rest and during physical activity.

The Energy Content of Food

The Calorie – A Measurement Unit of Food Energy

One calorie expresses the quantity of heat to raise the temperature of 1 kg (1 L) of water 1°C (specifically, from 14.5 to 15.5°C). For example, if a particular food contains 300 kCal, then releasing the potential energy trapped within this food's chemical structure increases the temperature of 300 L of water 1°C. Different foods contain different amounts of potential energy. One-half cup of peanut butter, for example, with a caloric value of 759 kCal contains the equivalent heat energy to increase the temperature of 759 L of water 1°C.

Gross Energy Value of Foods

Laboratories use a bomb calorimeter, similar to the one illustrated in Figure 1, to measure the total (gross) energy value of a food macronutrient. Bomb calorimeters operate on the principle of direct calorimetry, measuring the heat liberated as the food burns completely.

[image: image1..pict]The bomb calorimeter works as follows:

· A small, insulated chamber filled with oxygen under pressure contains a weighed portion of food.

· The food ignites and literally explodes and burns when an electric current ignites a fuse inside the chamber.

· A surrounding water bath absorbs the heat released as the food burns (termed the heat of combustion). Insulation prevents loss of heat to the outside.

· A sensitive thermometer measures the amount of heat absorbed by the water. For example, the combustion of one 4.7 oz, 4-inch sector of apple pie liberates 350 kCal of heat energy. This would raise 3.5 kg (7.7 lb) of ice water to the boiling point.

Heat of Combustion

The heat liberated by burning or oxidizing food in a bomb calorimeter represents its heat of combustion or the total energy value of the food. Burning 1 g of pure carbohydrate yields a heat of combustion of 4.20 kCal, 1 g of pure protein releases 5.65 kCal, and 1 g of pure lipid yields 9.45 kCal. Because most foods in the diet consist of various proportions of the three macronutrients, the caloric value of a given food reflects the sum of the heats of combustion of each of the macronutrients in the food.

The average heats of combustion for the three nutrients (carbohydrate = 4.2 kCal•g-1; lipid = 9.4 kCal kCal•g-1; protein = 5.65 kCal kCal•g-1) demonstrates that the complete oxidation of lipid in the bomb calorimeter liberates about 65% more energy per gram than protein oxidation, and 120% more energy than the oxidation of 1 g carbohydrate. 

Net Energy Value of Foods

For Your Information

More Lipid Equals More Calories
Lipid-rich foods contain a higher energy content than fat-free foods. One cup of whole milk, for example, contains 160 kCal, whereas the same quantity of skimmed milk (without fat) contains only 90 kCal. If a person who normally consumes one quart of whole milk each day switches to skimmed milk, the total calories ingested each year would be reduced by the equivalent calories in 25 lbs of body fat. In three years, all other things remaining constant, the loss of body fat would equal 75 lbs!
Differences exist in the energy value of foods when comparing their heat of combustion (gross energy value) determined by direct calorimetry to the net energy actually available to the body. This pertains particularly to proteins because the nitrogen component of this nutrient cannot be oxidized. In the body, nitrogen atoms combine with hydrogen to form urea, which excrets in urine. Elimination of hydrogen represents a loss of about 19% of the protein's potential energy. The hydrogen loss reduces protein's heat of combustion in the body to approximately 4.6 kCal per gram instead of 5.65 kCal per gram from oxidation in a bomb calorimeter. In contrast, identical fuel values determined by bomb calorimetry exist for carbohydrates and lipids (which contain no nitrogen) compared to their heats of combustion in a bomb calorimeter.

Digestive Efficiency

The “availability” to the body of the ingested macronutrients determines their ultimate caloric yield. Availability refers to completeness of digestion and absorption. Normally about 97% of carbohydrates, 95% of lipids, and 92% of proteins become digested, absorbed, and available to the body for energy. Large variation exists for protein ranging from a high of 97% for animal protein to a low 78% for dried peas and beans. Furthermore, less energy becomes available from a meal with high fiber content. Considering average digestive efficiencies, the net kCal value per gram for carbohydrate equals 4.0, 9.0 for lipid, and 4.0 for protein. These corrected heats of combustion comprise the “Atwater Factors,” named after the scientist who first studied the energy release from food in the calorimeter, and in the body.

Energy Value of a Meal

	Table 1. Method of calculating the caloric value of a food from its composition of nutrients.


	
	Composition



	Atwater Factor


(kCal•g-1)

Percentage

Total grams

In one gram

KCal• g-1
	Protein

4

4%

4.0

0.04 g

0.16

(0.04 x 4.0=0.16)
	Fat

9

13%

13.0

0.13 g

1.17

(0.13 x 9.0=1.17)
	Carbohydrate

4

21%

21.0

0.21 g

0.84

(0.21 x 4.0=0.84)



	Total kCal per gram: 0.16 + 1.17 + 0.84 = 2.17 kCal

Total kCal per 100 grams: 2.17 x 100 = 217 kCal


If the composition and weight of a food are known, the caloric content of any portion of food or an entire meal can be termed using the Atwater factors. Table 1 illustrates the method for calculating the kCal value of 100 g (3.l5 oz) of vanilla ice cream. Based on laboratory analysis, vanilla ice cream contains about 4% protein, 13% lipid, and 21% carbohydrate, with the remaining 62% water. Thus, each gram of ice cream contains 0.04 g protein, 0.13 g lipid, and 0.21 g carbohydrate. Using these compositional values and the Atwater factors the kCal value per gram of ice cream is determined as follows: The net kCal value indicate that 0.04 g of protein contains 0.16 kCal (0.04 x 4.0 kCal•g-1), 0.13 g of lipid contains 1.17 kCal (0.13 x 9 kCal•g-1, and 0.21 g of carbohydrate contains 0.84 kCal (0.21 g x 4.0 kCal•g-1. Combining the separate values for the nutrients yields a total energy value for each gram of vanilla ice cream equal to 2.17 kCal (0.16 + 1.17 + 0.84). A 100-g serving yields a caloric value 100 times as large, or 217 kCal. Increasing or decreasing portion sizes or adding rich sauces or candies, or, conversely, adding fruits or calorie-free substitutes will affect the kCal content accordingly. Fortunately, the need seldom exists to compute the kCal value of foods because the United States Department of Agriculture (USDA) has already made these determinations for most foods.

Calories Equal Calories

When examining the energy value of various foods, one makes a rather striking observation with regard to a food’s energy value. Consider, for example, five common foods: raw celery, cooked cabbage, cooked asparagus spears, mayonnaise, and salad oil. To consume 100 kCal of each of these foods, one must eat 20 stalks of celery, 4 cups of cabbage, 30 asparagus spears, but only 1 tablespoon of mayonnaise or 4/5 tablespoon of salad oil. The point is that a small serving of some foods contains the equivalent energy value as a large quantity of other foods. Viewed from a different perspective, to meet daily energy needs a sedentary young adult would have to consume more than 4000 stalks of celery, 800 cups of cabbage, or 30 eggs, yet only 1.5 cups of mayonnaise or about 8 ounces of salad oil! The major difference among these foods is that high-fat foods contain more energy with little water. In contrast, foods low in fat or high in water tend to contain relatively little energy. An important concept, however, is that 100 kCal from mayonnaise and 100 kCal from celery are exactly the same in terms of energy. 

For Your Information

Equivalents for 100 Calories
• 20 stalks of celery
• 2 bites (1/16) of a Big Mac

• 4 cups cooked cabbage
• 9 oz skim mile

• 1-tablespoon mayonnaise
• 5 oz whole milk

Heat Produced by the Body

Calorimetry


The principles of human heat production is summarized below:

[image: image2..pict]
Calorimetry involves the measurement of heat dissipation, which is a direct measure of Calorie expenditure. One can measure heat directly (direct calorimetry) or the amount of oxygen consumed (indirect calorimetry) to indicate caloric expenditure by the body.
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Direct Calorimetry

All of the body's metabolic processes ultimately result in heat production. Consequently, we can measure human heat production similarly to the method used to determine the caloric value of foods in the bomb calorimeter (refer to Figure 1, above). 

[image: image4.png]


The human calorimeter illustrated in Figure 2 consists of an airtight chamber where a person lives and works for extended periods. A known volume of water at a specified temperature circulates through a series of coils at the top of the chamber. Circulating water absorbs the heat produced and radiated by the individual. Insulation protects the entire chamber so any change in water temperature relates directly to the individual’s energy metabolism. For adequate ventilation, chemicals continually remove moisture and absorb carbon dioxide from the person’s exhaled air. Oxygen added to the air recirculates through the chamber.
Professors Atwater (a chemist) and Rosa (a physicist) in the 1890s built and perfected the first human calorimeter of major scientific importance at Wesleyan University (Connecticut). Their elegant human calorimetric experiments relating energy input to energy expenditure successfully verified the law of the conservation of energy and validated the relationship between direct and indirect calorimetry. The Atwater-Rosa Calorimeter consisted of a small chamber where a subject lived, ate, slept, and exercised on a bicycle ergometer or treadmill. Experiments lasted from several hours to 13 days; during some experiments, subjects performed cycling exercise continuously for up to 16 hours expending more than 10,000 kCal! The calorimeter's operation required 16 people working in teams of eight for 12-hour shifts.

Direct measurement of heat production in humans has considerable theoretical implications, but limited practical application. Accurate measurements of heat production in the calorimeter require considerable time, expense, and formidable engineering expertise. Thus, the calorimeters use remains generally inapplicable for human energy determinations for most sport, occupational, and recreational activities. Also, direct calorimetry cannot be applied for large-scale studies in underdeveloped and poor countries. Great need exists for total nutritional and energy balance assessments under a variety of deprivation conditions, particularly undernutrition and starvation. In the 90 years since Atwater and Rosa published their papers on human calorimetry, other methodology evolved to infer energy expenditure indirectly from metabolic gas exchanges (see next section). For example, the modern space suit worn by astronauts, in reality a “suit-calorimeter,” maintains respiratory gas exchange and thermal balance while the astronaut works outside an orbiting space vehicle.

Indirect Calorimetry

All energy-releasing reactions in the body ultimately depend on oxygen utilization. By measuring a person’s oxygen uptake during steady-rate exercise, researchers obtain an indirect yet accurate estimate of energy expenditure. Indirect calorimetry remains relatively simple and less expensive to maintain and staff compared to direct calorimetry. Closed-circuit and open-circuit spirometry represent the two common methods of indirect calorimetry.

Closed-Circuit Spirometry
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Figure 3 illustrates the technique of closed-circuit spirometry developed in the late 1800's and now used in hospitals and research laboratories to estimate resting energy expenditure. The subject breathes 100% oxygen from a prefilled container (spirometer). The equipment consists of a "closed system" because the person rebreathes only the gas in the spirometer. A canister of soda lime (potassium hydroxide) placed in the breathing circuit absorbs the carbon dioxide in the exhaled air. A drum attached to the spirometer revolves at a known speed and records oxygen uptake from changes in the system's volume.

During exercise, oxygen uptake measurement using closed-circuit spirometry becomes problematic. The subject must remain close to the equipment, the breathing circuit offers great resistance to the large gas volumes exchanged during exercise, and the relatively slow speed of carbon dioxide removal becomes inadequate during heavy exercise.

Open-Circuit Spirometry

The open-circuit method remains the most widely used technique to measure oxygen uptake during exercise. A subject inhales ambient air with a constant composition of 20.93% oxygen, 0.03% carbon dioxide, and 79.04% nitrogen. The nitrogen fraction also includes a small quantity of inert gases. Changes in oxygen and carbon dioxide percentages in expired air compared to inspired ambient air indirectly reflect the ongoing process of energy metabolism. Thus, analysis of two factors volume of air breathed during a specified time period, and composition of exhaled air provide a useful way to measure oxygen uptake and infer energy expenditure.

Three common open-circuit, indirect calorimetric procedures measure oxygen uptake during physical activity: 

· Portable spirometry

· Bag technique

· Computerized instrumentation

Portable Spirometry

German scientists in the early 1940’s perfected a lightweight, portable system to determine indirectly the energy expended during physical activity. The activities included war-related operations  traveling over different terrain with full battle gear, operating transportation vehicles, and tasks soldiers would encounter during combat operations. The person carries the 3-kg box-shaped apparatus (Figure 4) on the back. Air passes through a two-way valve, and expired air exits through a gas meter. The meter measures expired air volume and collect a small gas sample for later analysis of O2 and CO2 content, and thus determination of oxygen uptake and energy expenditure.

Bag Technique

Figure 5 depicts the bag technique. The subject rides a stationary cycle ergometer wearing headgear containing a two-way, high-velocity, low-resistance breathing valve. He breathes ambient air through one side of the valve and expels it out the other side. The air then passes into either large canvas or plastic bags or rubber meteorological balloons, or directly through a gas meter, which continually measures expired air volume. The meter collects a small sample of expired air for analysis of oxygen and carbon dioxide composition. Assessment of oxygen uptake (as with all indirect calorimetric techniques) uses an appropriate calorific transformation to convert measures of oxygen uptake to energy expenditure.

Computerized Instrumentation
With advances in computer and microprocessor technology, the exercise scientist can accurately and rapidly measure metabolic and cardiovascular response to exercise. A computer interfaces with different instruments to measure oxygen uptake. 

The computer performs metabolic calculations based on electronic signals it receives from the instruments. A printed or graphic display of the data appears during the measurement period. More advanced systems include automated blood pressure, heart rate, and temperature monitors, and preset instructions to regulate speed, duration, and workload of a treadmill, bicycle ergometer, stepper, rower, swim flume, or other exercise apparatus.

Caloric Transformation for Oxygen

Bomb calorimeter studies show that approximately 4.82 kCal release when a blend of carbohydrate, lipid, and protein burns in one liter of oxygen. Even with large variations in metabolic mixture, this calorific value for oxygen varies only slightly (generally within 2 to 4%). Assuming the combustion of a mixed diet, a rounded value of 5.0 kCal per liter of oxygen consumed designates the appropriate conversion factor for estimating energy expenditure under steady-rate conditions of aerobic metabolism. An energy-oxygen equivalent of 5.0 kCal per liter provides a convenient yardstick for transposing any aerobic physiologic activity to a caloric (energy) frame of reference. In fact, indirect calorimetry through oxygen uptake measurement serves as the basis to quantify the caloric stress of most physical activities.

The Respiratory Quotient (RQ)

Complete oxidation of a molecule's carbon and hydrogen atoms to the carbon dioxide and water end-products requires different amounts of oxygen due to inherent chemical differences in carbohydrate, lipid, and protein composition. Thus, the substrate metabolized determines the quantity of carbon dioxide produced in relation to oxygen consumed. The respiratory quotient (RQ) refers to the following ratio of metabolic gas exchange:

RQ = CO2 produced  O2 uptake

The RQ provides a convenient guide for approximating the nutrient mixture catabolized for energy during rest and aerobic exercise. Also, because the caloric equivalent for oxygen differs somewhat depending on the nutrients oxidized, precisely determining the body's heat production requires knowledge of both RQ and oxygen uptake.

RQ For Carbohydrate, Lipid and Protein

Because the ratio of hydrogen to oxygen atoms in carbohydrates is always the same as in water, that is 2:1, the complete oxidation of a glucose molecule consumes six molecules of oxygen and six carbon dioxide molecules as follows:

C6H12O6 + 6 O2 6 CO2 + 6 H2O

Gas exchange during glucose oxidation produces an equal number of CO2 molecules to O2 molecules consumed; therefore, the RQ for carbohydrate equals 1.00:

RQ = 6CO2 6O2 =1.00

The chemical composition of lipids differs from carbohydrates because lipids contain considerably fewer oxygen atoms in proportion to carbon and hydrogen atoms. Consequently, when a lipid catabolizes for energy, additional oxygen is required for the oxidation of the hydrogen atoms in excess of their 2 to 1 ratio with oxygen. Palmitic acid, a typical fatty acid, oxidizes to carbon dioxide and water, producing 16 carbon dioxide molecules for every 23 oxygen molecules consumed. The following equation summarizes this exchange to compute RQ:

C16H32O2 + 23O2  16CO2 + 16H2O

RQ = 16CO2  23O2 = 0.696

Generally, a value of 0.70 represents the RQ for lipid with variation ranging between 0.69 and 0.73, depending on the oxidized fatty acid's carbon chain length.

Proteins do not simply oxidize to carbon dioxide and water during energy metabolism in the body. Rather, the liver first deaminates the amino acid molecule; then the body excretes the nitrogen and sulfur fragments in the urine, sweat, and feces. The remaining “keto acid” fragment oxidizes to carbon dioxide and water to provide energy for biologic work. Short-chain keto acids, as in fat catabolism, require more oxygen in relation to carbon dioxide produced to achieve complete combustion. The protein albumin oxidizes as follows:

C72H112N2O22S + 77O2 ® 63CO2 + 38H2O + SO3 + 9CO(NH2)2

RQ = 63CO2 / 77O2 = 0.818

The general value 0.82 characterizes the RQ for protein.

RQ For a Mixed Diet

During activities ranging from complete bed rest to mild aerobic exercise (walking or slow jogging), the RQ seldom reflects the oxidation of pure carbohydrate or pure fat. Instead, metabolism of a mixture of these nutrients occurs with an RQ intermediate between 0.70 and 1.00. Assume an RQ of 0.82 from the metabolism of a mixture of 40% carbohydrate and 60% fat, applying the caloric equivalent of 4.825 kCal per liter of oxygen for the energy transformation. Using 4.825 kCal, the maximum error in estimating energy metabolism from steady-rate VO2 would equal about 4%.

Thermal Equivalents of Oxygen: The RQ Table

Table 2 (next page) presents the energy expenditure per liter VO2 for different non-protein RQ values, including corresponding percentages and grams of carbohydrate and fat used for energy. The non-protein value assumes that the metabolic mixture comprises only carbohydrate and fat. Interpret the table as follows:

Suppose oxygen uptake during 30 min of exercise averages 3.22 L•min–1 with CO2 production of 2.78 L•min-1. The RQ, computed as VCO2/VO2 (2.78/3.22), equals 0.86. From Table 1, this RQ value (left column) corresponds to an energy equivalent of 4.875 kCal per liter of oxygen uptake, or an energy output of 15.7 kCal•min–1 (2.78 L O2•min–1 x 4.875 kCal). Based on a non-protein RQ, 54.1% of the calories come from the combustion of carbohydrate and 45.9% from fat. The total calories expended during the 30-minute exercise period equal 471 kCal (15.7 kCal•min–1 x 30).

For Your Information

Liters of Oxygen and Calories

• 1 Liter per minute Oxygen Consumed = 5 kCal per minute heat liberated

• Rest oxygen consumption during rest = 250 mL (0.25 L) per minute

• 5 kCal per Liter x 0.25 Liters = 1.25 kCal per minute (5 x 0.25 = 1.25)

• kCal per hour = 60 minutes x 1.25 kCal per minute = 75 kCal per hour

• kCal per 24 hour = 24 h x 75 kCal per h = 1800 kCal per 24 h
Table 2. Thermal equivalents of oxygen for the non-protein respiratory quotient, including percent kCal and grams derived from carbohydrate and fat. 

	Non-Protein RQ
	kCal per Liter O2 Uptake
	% kCal Derived from CHO
	%kCal Derived From Fat
	Grams per Liter O2 CHO
	Grams per Liter O2  Fat

	0.7
	4.686
	0.0
	100.0
	0.000
	0.496

	0.71
	4.69
	0.1
	98.9
	0.120
	0.491

	0.72
	4.702
	4.8
	95.2
	0.510
	0.476

	0.73
	4.714
	8.4
	91.6
	0.900
	0.460

	0.74
	4.727
	12.0
	88.0
	0.130
	0.444

	0.75
	4.739
	15.6
	84.4
	0.170
	0.428

	0.76
	4.75
	19.2
	80.8
	0.211
	0.412

	0.77
	4.764
	22.8
	77.2
	0.250
	0.396

	0.78
	4.776
	26.3
	73.7
	0.290
	0.380

	0.79
	4.788
	29.9
	70.1
	0.330
	0.363

	0.8
	4.801
	33.4
	66.6
	0.371
	0.347

	0.81
	4.813
	36.9
	63.1
	0.413
	0.330

	0.82
	4.825
	40.3
	59.7
	0.454
	0.313

	0.83
	4.838
	43.8
	56.2
	0.496
	0.297

	0.84
	4.85
	47.2
	52.8
	0.537
	0.280

	0.85
	4.862
	50.7
	49.3
	0.579
	0.263

	0.86
	4.875
	54.1
	45.9
	0.621
	0.247

	0.87
	4.887
	57.5
	42.5
	0.663
	0.230

	0.88
	4.889
	60.8
	39.2
	0.705
	0.213

	0.89
	4.911
	64.2
	35.8
	0.749
	0.195

	0.9
	4.924
	67.5
	32.5
	0.791
	0.178

	0.91
	4.936
	70.8
	29.2
	0.834
	0.160

	0.92
	4.948
	74.1
	25.9
	0.877
	0.143

	0.93
	4.961
	77.4
	22.6
	0.921
	0.125

	0.94
	4.973
	80.7
	19.3
	0.964
	0.108

	0.95
	4.985
	84.0
	16.0
	1.008
	0.090

	0.96
	4.998
	87.2
	12.8
	1.052
	0.072

	0.97
	5.01
	90.4
	9.6
	1.097
	0.054

	0.98
	5.022
	93.6
	6.4
	1.142
	0.036

	0.99
	5.035
	96.8
	3.2
	1.186
	0.018

	1
	5.047
	100.0
	0.0
	1.231
	0.000


Figure 5. Bag technique to measure oxygen consumption.





Figure 4. Portable spirometer.





Figure 3. Closed-circuit method uses a spirometer prefilled with 100% oxygen. This method works well for rest or light exercise, but not for intense exercise.





Figure 2. Directly measuring the body’s heat production in a human calorimeter.
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Figure 1. Bomb calorimeter directly measures the energy value of food.








