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• Accepted terminology and units of measure are used 

 consistently throughout the manual.

• Homework forms are written to emphasize the content of the 

chapter. They can be completed prior to the lab as a preview of 

material or can be done following the lab as a review of material.

• Laboratory Results forms are written to provide direction in the 

measurement and evaluation of laboratory data.

• Accuracy Boxes appear throughout the manual for those who 

want to examine the reliability, validity, and objectivity of the 

tests performed.

• Calibration Boxes appear throughout the manual for those who 

want to go into further depth with the instruments.

• Chapter Preview/Review boxes in each chapter include questions 

to be answered by students either in preview of an upcoming lab 

or in review of a completed lab emphasize the chapter  

content and place more responsibility for learning on the  

students.

Significant changes made to the ninth edition include the 

following:

• Revised and new text in introduction, methods, and discussion 

sections throughout the manual to better describe the rationale 

of the tests, methodology of data collection, and significance  

of the results. Specific changes include new introductory  

material in Chapters 3, 6, and 23; changes to the accuracy  

boxes in Chapters 13 and 25; changes to the methods sections  

of Chapters 7, 12, and 17; and newly written discussion sections 

in Chapters 9, 10, 12, and 24.

• Updated and newly added references to original research studies 

and other sources of information throughout the manual,  

especially in Chapters 6–9, 12, 18, 19, 23, and 25.

• Updated data in numerous chapters, especially height and 

weight data in Chapter 3; normative data for the Yo-Yo 

Intermittent Recovery Test in Chapter 12; and new overweight 

and obesity data in Chapter 23.

• Revisions to numerous tables throughout the manual, especially 

tables in Chapters 3, 6, 9, 10, 12, and 23.

• Revisions to most Homework and Lab Results forms throughout 

the manual to make them easier to complete and understand, 

especially in Chapters 5, 8, 12–15, 18, and 23. 

• Other specific changes include added discussion of strength 

deficits and imbalances related to pathologies of the knee in 

Chapter 6; inclusion of the concept of post-activation  

potentiation (PAP) in Chapter 7; description of new equipment, 

especially wearable monitoring devices, for measuring leg  

power in Chapter 8; added discussion of application of power 

testing results to ice hockey in Chapter 9; updated description  

of the reliability and validity of the Anaerobic Treadmill  

Test in Chapter 11; addition of the Yo-Yo Intermittent Recovery 

T
he ninth edition of Exercise Physiology Laboratory Manual is 

a comprehensive source of information for instructors and 

students interested in practical laboratory experiences related to 

the field of exercise physiology. The manual provides instruction 

on the measurement and evaluation of muscular strength, anaer-

obic fitness, aerobic fitness, cardiovascular function, respiratory 

function, flexibility, and body composition. Each chapter, written 

in a research format, provides the rationale underlying the test to 

be completed, includes detailed methods and up-to-date compar-

ative data, and concludes with a discussion of the results based 

on published studies. Homework forms at the end of each chapter 

can be completed in preview of an upcoming lab or in review of a 

completed lab. Lab Results forms direct students on the collection 

of laboratory data and the calculation and evaluation of results. 

Exercise Physiology Laboratory Manual can be used as a stand-alone 

lab manual for a separate exercise physiology laboratory course. It 

can also serve, however, as a complement to any exercise physiol-

ogy textbook to provide direction for laboratory experiences associ-

ated with an exercise physiology lecture course. And finally, it is an 

excellent reference source for a variety of other kinesiology courses, 

including those involved in measurement and evaluation, strength 

and conditioning, and exercise testing and prescription. The lab-

oratory and field test experiences in this laboratory manual are 

designed to reinforce the basic principles learned in the lecture and 

laboratory course and to teach the fundamental skills of measure-

ment and evaluation in the field of exercise physiology. Although 

specific equipment is described in the laboratory manual, the 

methods for each test are written as generically as possible, so that 

differing equipment and instrumentation can be used to conduct 

the tests. Much of the equipment used today in an exercise physi-

ology laboratory is highly automated and provides instant results at 

the touch of a button. Exercise Physiology Laboratory Manual takes 

a more “old school” approach, assuming that more learning occurs 

when students are required to collect the raw data and conduct 

many of the calculations necessary to derive the final test results.

The Ninth Edition

The ninth edition of Exercise Physiology Laboratory Manual 

remains faithful to the roots established in the previous eight edi-

tions over the last four decades. Readers of the manual will find 

that many hallmarks of the previous editions remain. Numerous 

changes have been made to the content in the ninth edition, how-

ever, and many up-to-date references have been added.

Features of the eighth edition remaining include:

• Written in a research format, the manual includes the rationale 

behind each laboratory test, detailed methods, comparative data, 

and a discussion of the results based on published studies.

preFAce
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viii Preface

first adaptive reading experience proven to improve grades and 

help students study more effectively. All of the title’s website and 

ancillary content is also available through Connect. This includes 

a full test bank of questions that test students on central concepts 

in each chapter, lecture slides for instructor use in class, and files 

available online to instructors for every chapter that assist in the 

instruction of a laboratory course.

The Interactive Homework and Lab Results Files include an 

ExcelTM file for each chapter. Each file consists of four work-

sheets. Sheet 1 is the blank version of the Homework form for that 

chapter, formatted to fit a standard 8½″ × 11″ page when printed. 

Sheet 2 is the completed version with all calculations completed 

and fitness categories identified. The completed Homework form is 

convenient for grading student work. Sheet 3 is the blank version 

of the Lab Results form for that chapter. Sheet 4 is an “interactive” 

version of the form that can be used by the instructor to calculate 

results and identify fitness categories for any desired raw data. 

Simply insert any raw data into the highlighted areas and all calcu-

lations are performed automatically.

The Instructional Files include an ExcelTM file for each chap-

ter. The Instructional Files provide background information, ratio-

nale behind the use of the test in assessing fitness, and step-by-step 

instructions for completing the calculations. Each Instructional File 

consists of multiple worksheets. Sheet 1 is the blank Homework 

form for that chapter. The subsequent worksheets provide step-

by-step instructions regarding the calculations to help students 

understand the context of the calculations and results. The file can 

be projected during class to facilitate discussion of the fitness com-

ponent being assessed. The final sheet is the completed Homework 

form.

The Interactive Group Data Files include an ExcelTM file for 

each chapter. These files allow for collection and display of data 

collected on the entire class. Sheet 1 is a blank Group Data sheet 

that can be used to manually record data. Sheet 2 is an “interac-

tive” version that can be used by the instructor to enter raw data 

for each student in the class. Simply enter new raw data into the 

highlighted cells and the file automatically calculates all results and 

identifies the corresponding fitness categories. The results can be 

projected for use during class and can be used by the instructor for 

grading student lab work. Sheet 3 is a sample data file that can be 

used for various purposes.

Philosophical Approach

Our philosophical approach to learning laboratory procedures is 

consistent with the following quote:

A learner does not act without thinking and feeling, or think with-

out acting and feeling, or feel without acting or thinking.1

To us, this means that teachers encourage students to be active 

during the laboratory session and not only administer the test but 

feel what it is like to be tested. Then teachers encourage students to 

think about their actions and feelings, so students can truly know 

the material.

Test (YYIRT) for assessing fitness in team sport participants 

(e.g., soccer) in Chapter 12; expanded discussion of the use 

of waist-to-height ratio in assessing risk of chronic disease in 

Chapter 24; and an updated description of the reliability and 

validity of skinfold measurements in Chapter 25.

Content and Organization

The material contained in Exercise Physiology Laboratory Manual is 

divided into eight parts, each of which describes a different type of 

physiological test or response. Part I, Orientation to Measurement 

in Exercise Physiology, includes chapters that introduce topics, 

terminology, variables (e.g., force, work, power), and units of mea-

sure (e.g., N, N·m, W) and describe the collection of basic data. 

Part II, Muscular Strength, includes chapters on the measurement 

of isotonic, isometric, and isokinetic strength. Emphasis is placed 

on testing and describing strength in both absolute and relative 

terms. Part III, Anaerobic Fitness, includes chapters on sprinting, 

jumping, and anaerobic cycling, stepping, and treadmill running. 

Numerous modes of testing are described so that the instructor or 

student can choose the most appropriate test to use based on the 

specific sport or activity of interest. Before administering any of 

these tests that require a high degree of physical effort, instructors 

should consider the health history of the participants (students). 

Participants (students) completing these tests should be free of dis-

ease (i.e., cardiovascular, pulmonary, metabolic); should have no 

signs or symptoms suggestive of disease (e.g., angina, shortness of 

breath, irregular heartbeat, dizziness); and should have few major 

risk factors for cardiovascular disease (i.e., cigarette smoking, 

hypertension, hyperlipidemia, diabetes, physical inactivity, obe-

sity, and family history of disease). Appendix A and Appendix B  

include material that can be used to assess exercise risk.

Part IV, Aerobic Fitness, includes chapters on aerobic walking, 

jogging, running, stepping, and cycling and on the direct measure-

ment of maximal oxygen consumption (V
·
O2max). This part empha-

sizes the value of directly measuring V
·
O2max and why V

·
O2max is 

considered to be the one best laboratory test reflecting overall aer-

obic fitness. The health history of the participants should again be 

considered before performing any of these tests. Numerous modes 

of testing are described (e.g., walking, running, stepping), but the 

instructor may choose not to include all tests from every part.

Part V, Cardiovascular Function, includes chapters on resting 

and exercise blood pressure and on the resting and exercise elec-

trocardiogram. Part VI, Respiratory Function, includes chapters 

on resting lung volumes and exercise ventilation. Emphasis is 

placed on the measurement of lung function and identification of 

any restrictive or obstructive lung conditions the participant may 

possess at rest or during exercise. Part VII, Flexibility, includes a 

description and discussion of the measurement of lower body flexi-

bility. Part VIII, Body Composition, includes chapters on assessing 

body composition by means of body mass index, girth, skinfolds, 

and hydrostatic weighing.

Supplements That Support Instructors

This edition is available online with Connect, McGraw Hill 

Education’s integrated assignment and assessment platform. 

Connect also offers SmartBook for the new edition, which is the 

1 Barrow, H. M., & McGee, R. (1971). A practical approach to  measurement 

in physical education (p. 145). Philadelphia, PA: Lea & Febiger.
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  1

Much of the terminology used to introduce and orient 
the beginning student to an exercise physiology course 

may be organized into the following categories: (1) compo-
nents of fitness, (2) variables of interest, (3) statistical and 
evaluation terms, and (4) types of tests. Emphasis is placed 
on those fitness components, variables, terms, and tests that 
are included in this laboratory manual.

COMPONENTS OF FITNESS

Familiarization with fitness terms is essential for understand-
ing the measurement of physical performance. Performance 
is often related to a person’s fitness. One simple definition 
of physical fitness is “the ability to carry out physical activi-
ties satisfactorily.”16 Because the term satisfactorily has many 
interpretations, it behooves exercise physiologists to describe 
fitness more precisely in order to make the appropriate fit-
ness measure. One perspective is to view fitness as having 
various components.1 Some of the components of fitness 
include the following:

•	Muscular strength and endurance
•	Anaerobic fitness
•	Aerobic fitness
•	Flexibility
•	Body composition

These purportedly independent fitness components are 
directed not only at exercise performance but also at diseases 
(e.g., cardiovascular) or functional disabilities (e.g.,  obesity, 
musculoskeletal pain) associated with hypokinetic (low 
 activity) lifestyles.

Muscular Strength and Endurance

Muscular strength may be defined as the maximal force gener-
ated in one repetition at a given velocity of exercise. Strength 
is necessary for many functional tasks and activities of daily 
living across the life span. It is required for normal walking 
and running gait, climbing stairs, rising from a lying or seated 
position, and lifting and carrying objects. Strength is also an 
important contributor to higher intensity tasks associated 
with recreational and sporting events requiring sprinting, 
jumping, and throwing.

Strength tests included in this laboratory manual 
emphasize the measurement of one repetition maxi-
mum (1 RM), or the maximum amount of weight lifted 

or force generated in a single repetition. The modes of 
measurement described involve various muscle actions, 
including isotonic, isometric, and isokinetic actions 
(Chapters 4–6).

Muscular endurance is a function of the muscle produc-
ing force over multiple consecutive contractions and can 
be assessed in time frames ranging from seconds, to min-
utes, to hours. Typical tests specifically geared to measure 
muscular endurance include timed push- ups and sit- ups; 
completing as many repetitions as possible of a specific load 
or weight (e.g., 15 lb dumbbell) or physical task (e.g., stand-
ing from a chair); or measuring the decline in peak torque 
over multiple repetitions with an isokinetic dynamometer. 
No specific tests of muscular endurance are included in 
this laboratory manual, but muscular endurance is a neces-
sary fitness component for numerous tests, including tests 
of anaerobic fitness (Chapters 7–11) and aerobic fitness 
(Chapters 12–15).

Anaerobic Fitness

From a bioenergetic point of view, exercise and fitness may 
be categorized based upon the predominant metabolic path-
ways for producing adenosine triphosphate (ATP). The two 
anaerobic systems (the phosphagen system and the glycolytic 

system) produce ATP at high rates, but in relatively small 
amounts. Aerobic metabolism (or the aerobic system) pro-
duces ATP at a considerably lower rate but in essentially 
unlimited amounts.

The phosphagen system predominates for strength and 
power movements requiring anaerobic power and immedi-
ate maximal efforts of several seconds (<15 s).9 The force 
of these movements also depends upon the muscle mass 
and neuromuscular recruitment. The phosphagen system 
and glycolytic system together contribute substantially  
to activities requiring a combination of anaerobic power 
and anaerobic endurance that last approximately 15–30 s. 
The closer the exercise duration comes to 30 s, the greater 
the contribution from the glycolytic system.

The glycolytic system dominates for activities requiring 
anaerobic endurance that last approximately 30–60 s. The 
phosphagen system adds to the ATP being produced by the 
glycolytic system for maximally paced activities lasting just 
over 30 s, whereas the aerobic system contributes a mean-
ingful amount of ATP for maximal effort activities lasting 
closer to 60 s.21

1
INTRODUCTION AND TERMINOLOGY

C H A P T E R
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2 PART I Orientation to Measurement in Exercise Physiology

As exercise duration continues to increase, optimally sus-
tained movements lasting between approximately 60 s (1 min) 
and 120 s (2 min) rely on substantial contributions from both 
the anaerobic and aerobic pathways. The ATP contribution 
from each pathway varies above and below 50 % of the total 
ATP, depending upon the duration. Shorter performances 
closer to 1 min will receive a greater (> 50 %) anaerobic 
contribution than longer all- out performances nearing 2 min, 
when > 50 % of the contribution comes from aerobic metabo-
lism or the aerobic system.31 These types of activities result in 
high blood lactate levels indicating the significant involvement 
of the glycolytic system, along with elevated oxygen uptakes 
indicating the aerobic contribution to the exercise.

Aerobic Fitness

Aerobic metabolism, or the aerobic system, is the predomi-
nant pathway for ATP production in optimally paced exer-
cise of duration longer than 3 min. Shorter duration activities 
from about 3 min to 60 min rely primarily on stored and 
dietary carbohydrates for ATP production. Longer duration 
activities, or prolonged exercise, lasting greater than 60 min, 
rely more on stored fats and dietary carbohydrate and also 
require more consideration of nutritional and hydration fac-
tors for successful performance than do shorter tasks.

Cardiorespiratory endurance depends on the level of 
aerobic fitness of the individual. In fact, the terms are 
sometimes used interchangeably. Cardiovascular function 
(including the control of heart rate, blood flow, and blood 
pressure) plays a fundamental role in the delivery of oxygen 
to working skeletal muscle. Respiratory function (including 
the control of breathing rate, tidal volume, and pulmonary 
ventilation) allows for the appropriate loading and unload-
ing of oxygen and carbon dioxide from the circulating blood 
during exercise. The greater aerobic fitness an individual 
possesses, as indicated by the maximal oxygen uptake (V̇O2 
max), the higher the cardiorespiratory endurance.

Many performance tests presented in this manual may 
be categorized based on their reliance on anaerobic or aero-
bic fitness (Table 1.1). Anaerobic fitness contributes greatly 
to 1 RM strength tests, sprint tests, vertical jump tests, and 

anaerobic cycling, stepping, and treadmill tests. And aerobic 
fitness contributes to numerous performance tests designed 
to measure cardiorespiratory endurance using walking, jog-
ging, running, stepping, or cycling.

Flexibility

Flexibility is typically defined as the ability of a joint to move 
through its full, functional range of motion permitted by mus-
cle and connective tissues. A lack of flexibility in single joints 
or in combinations of joints can reduce sport performance, 
physical function, and in some cases activities of daily living. 
Many people consider inflexibility a cause of certain athletic 
injuries (e.g., muscle strains) and a possible contributing fac-
tor in low- back pain. Excessive flexibility, however, may also 
be a problem because it potentially promotes joint laxity or 
hypermobility, which can lead to joint pathologies. Tests of 
flexibility are included in Chapter 22.

Body Composition

Body composition refers to the composition of the human 
body with regard to two primary components: fat tissue and 
fat- free or lean tissue. Most tests of body composition have as 
their objective an estimate of percent body fat. Once percent 
body fat is determined, other body composition variables can 
be calculated, including fat weight, lean weight, and estimated 
body weights at various desired percent body fats. Body com-
position can be assessed using numerous methodologies, 
including anthropometric measures of girths or skinfolds 
(Chapters 24 and 25), densitometry by underwater weighing 
(Chapter 26), bioelectrical impedance, volume displacement, 
absorptiometry (e.g., DXA), imaging techniques, and more.

There is significant interest in body composition 
among exercise physiologists and public health experts. 
Many sports benefit from athletes having low body fat 
(e.g., distance running, high jumping) or high lean weight 
(e.g.,  sprinting, football). Excess body fat and obesity play 
a role in determining the risk of chronic diseases, including 
metabolic syndrome, coronary heart disease, and diabetes 
mellitus.

Table 1.1 Fitness Component and Energy System Contributing to Performance Tests  

Based on Exercise Duration

Exercise 

Duration Fitness Component Energy System Contributing Performance Test

< 15 s Anaerobic fitness Phosphagen system 1 RM tests, Sprint tests, Vertical jump tests

15–30 s Anaerobic fitness Phosphagen system and Glycolytic system Wingate test

30–60 s Anaerobic fitness and 
Aerobic fitness

Glycolytic system and Aerobic system Anaerobic treadmill test

1–3 min Anaerobic fitness and 
Aerobic fitness

Glycolytic system and Aerobic system Anaerobic step test

3–60 min Aerobic fitness Aerobic system (carbohydrate) Rockport test, Cooper test, Forestry step test, Astrand cycle test,  
V̇  O2 max test

> 60 min Aerobic fitness Aerobic system (fat)
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VARIABLES OF INTEREST

When exercise physiologists measure fitness or exercise per-
formance, they are typically interested in measuring quantities 
or variables such as mass, length, time, temperature, force, 
work, power, energy, speed, volume, pressure, and more. 
Seven specific quantities are referred to in the metric system 
as base quantities, meaning they are assumed to be mutually 
exclusive, each of which is expressed in a base unit (included in 
parentheses). The base quantities used in this manual include 
length (meter, m), mass (kilogram, kg), time (second, s), and 
thermodynamic temperature (kelvin, K). The remaining SI 
base quantities, not used in this lab manual, include electric 
current (ampere, A), amount of substance (mole, mol), and 
luminous intensity (candela, cd). All of the other quantities 
or variables discussed in this  lab manual (i.e., force, work, 
power, energy, volume) are derived quantities, derived from 
the base quantities through a system of equations, typically 
using multiplication or division.24 For example, the base quan-
tity length (m) can be used to derive area (m2), volume (m3), 
and in combination with time (s) the derived quantities veloc-

ity (m·s−1) and acceleration (m·s−2). A further discussion of 
base quantities, derived quantities, and the metric system of 
measurement is included in Chapter 2.

Mass and Weight

Mass is a base quantity defined as the quantity of matter in an 
object. Under the normal acceleration of gravity (9.81m·s−2), 
mass is equivalent to weight. So generally, as long as we 
assume the effect of gravity is constant over the entire sur-
face of the earth, we can assume that mass and weight are 
equal and the terms can be used interchangeably. However, 
should we travel to the moon (where the acceleration of grav-
ity is 1/6 that of earth, or 1.62 m·s−2), the weight of the object 
would be less. A person on earth with a body mass of 70.0 kg 
also has a body weight of 70.0 kg. On the moon, this same 
person still has a body mass of 70.0 kg, but has a body weight 
of only 11.6 kg, due to the reduced effect of gravity.

Length and Height

Length is the measure of how long an object is, most fre-
quently from end to end. The length of an American football 
field from end to end is 100 yd; the length of a yardstick is 
36 in. Height is also a measure of how long an object is, but 
is typically applied to the vertical length of an object from 
the ground. The height of a mountain peak is described as 
being 4000 m high. Typically, a person is described as having 
a height of 70 in. or 178 cm, instead of being 70 in. or 178 cm 
long. It is interesting to note, however, the term length is used 
instead of height in describing newborn babies because they 
cannot stand and therefore as traditionally viewed have no 
vertical length, or height. Another exception is the recent use 
of the term length by basketball broadcasters when describing 

a tall player, a player of substantial height, as being a player 
“with length.”

Distance and Displacement

Distance and displacement are frequently interchanged and 
used to express the same variable. However, they are two 
distinct and separate terms expressing potentially different 
lengths. Distance is the total sum of the length of the path 
traveled by the exerciser. Displacement, on the other hand, 
is determined taking into account the starting and ending 
points of the exerciser. Displacement is literally the length of 
the straight- line path between the starting and ending points 
of the exerciser. As an example of the difference between 
distance and displacement consider a baseball player who 
hits an “inside- the- park home run.” The distance run by the 
player is the sum of the length of the path traveled, or 360 ft 
(knowing that each of the four bases is 90 ft apart). The dis-

placement of the player, however, is 0 ft because in this case, 
the player starts and ends at the same point, home plate.

Force

Force is a derived quantity calculated as the product of 
mass and acceleration. It is defined as that which changes 
or tends to change the state of rest or motion in matter.3 
Thus, muscular activity generates force. Mass and force are 
two basic quantities that are similar under certain circum-
stances. For example, there are times when you will use 
your body weight (mass) as a measure of force in order to 
calculate your work load or work rate. A person applying 
a maximal force to a resistance or load, whether against 
gravity or a lever, is displaying the fitness component of 
strength. Most muscular activity, however, uses submaxi-
mal forces.

Work

Work is derived from the product of two basic quantities: 
force and length (distance or displacement). Mechanical 
work is the product of the force applied against an object and 
the distance the object moves in the direction of the force 
while the force is applied to the object. Mathematically, work 
is the product of the force (F) applied, the angle (θ) at which 
the force is applied on the object, and the distance (D) the 
object is moved. When the force is applied parallel to the line 
of displacement (or at an angle of 0°), the equation simplifies 
to Equation 1.1. Often in exercise physiology, the amount of 
work done during a particular activity is of interest, such as 
stepping up and down on a bench, walking or running on 
a treadmill, or pedaling a cycle ergometer. In these cases, 
work is calculated based on body mass, step height and fre-
quency, treadmill speed and grade, the cycle speed and resis-
tance, and the total exercise time.

Work (W) = Force (F) ∗ Distance (D) Eq. 1.1
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Angular Velocity

The two variables just described, speed and velocity, are mea-
sured linearly (in a straight line). Angular velocity describes the 
velocity at which an object rotates or spins. It can be described 
in degrees per second (deg·s−1) as is frequently the case in 
isokinetic dynamometry (Chapter 6). The preferred SI unit, 
however, for expressing angular velocity is  radians·second−1. 
There are 2π radians in a complete circle, so one radian is 
about 57.3°.

Torque and Peak Torque

Torque is a force or combination of forces that produces or 
tends to produce a rotating or twisting motion. Torque is used 
to describe muscular strength measurements taken with an 
isokinetic dynamometer (Chapter 6). It is mathematically 
the product of the linear force (F) applied to the device and  
the perpendicular length (D) of the lever arm at which that 
force is applied (Eq. 1.5). Peak torque is typically described 
as the greatest torque produced over several trials and is used 
as a measure of muscular strength.

Torque (τ) = Force (F) ∗ Lever arm length (D) Eq. 1.5

Volume

Several different measurements of volume are of interest in 
this manual with regard to the lungs, including static lung 
volumes (e.g., inspiratory reserve volume), lung function 
volumes (e.g., forced expiratory volume), and volumes and 
rates of exhaled air (e.g., pulmonary ventilation). Lung vol-
umes, lung function, and exercise ventilation are discussed 
in Chapters 20 and 21. Each of these volumes is affected by 
changes in temperature and pressure, which vary between 
ambient (surrounding) conditions, body conditions, and 
standard conditions. Body volume is of interest due to its 
involvement in the determination of body density and 
percent body fat (Chapter 26). The measurement of fluid 

volume is also an important consideration in the exercise 
physiology lab.

Pressure

Pressure is exerted in different ways and expressed in a 
variety of units. Gases and liquids exert pressure on the 
walls of the containers in which they are held. Blood pres-

sure is the pressure exerted by the circulating blood on 
the walls of the blood vessels, with most interest being in 
arterial blood pressure and its measurement at rest and 
during exercise (Chapters 16 and 17). Barometric pressure 
refers to the air pressure of the environment. Altitudes can 
be estimated from air pressures, and weather patterns can 
be dictated by changes in air pressures. Normal exercise 
responses occur at barometric pressures common near 
sea level (760 mm Hg). However, aerobic power is usu-
ally less at barometric pressures associated with altitudes 

Power

Power is the variable that expresses the rate of work done. 
Mathematically, power is calculated as work divided by time, 
as in Equation 1.2. A more powerful exercise is one in which 
there is either a larger amount of work done in a given time, or 
there is a given amount of work done in a shorter time. Power 
is a term often used when referring to the rate of transform-
ing metabolic energy to physical performance, such as aerobic 
power and anaerobic power. However, instead of viewing these 
metabolic terms as power terms, as would a physicist, the exer-
cise physiologist would typically view them as energy terms.

Power (P) = Work (W) / Time (t) Eq. 1.2

Energy

Energy is often simply defined as the ability to do work. Energy 
more specifically describes the amount of metabolic energy 
released due to the combination of mechanical work and the 
heat of the body itself. Energy expenditure during exercise 
can be measured using either direct or indirect calorimetry. 
Direct calorimetry is a complicated and expensive process of 
measuring metabolic rate by directly measuring heat produc-
tion. Indirect calorimetry is based on measuring the exercis-
er’s oxygen uptake, assuming that oxygen consumed is related 
to the amount of heat produced in the body during exercise. 
An oxygen uptake of 1 L·min−1 is assumed to have a caloric 
equivalent of approximately 5 kcal·L−1, or 21.1 kJ·L−1. This 
allows for the estimation of energy expenditure at rest and 
during exercise in kcal or kJ. By expressing oxygen uptake as 
a rate in L·min−1, a rate of energy expenditure in kcal·min−1 
(Eq. 1.3a) or in kJ·min−1 (Eq. 1.3b), the preferred metric 
unit, can also be derived.

Energy (kcal⋅min−1) = Oxygen uptake (L⋅min−1)  

* 5 kcal⋅L−1 Eq. 1.3a

Energy (kJ⋅min−1) = Oxygen uptake (L⋅min−1)  

* 21.1 kJ⋅L−1 Eq. 1.3b

Speed and Velocity

Speed is the quotient of distance (D) divided by time (t), where 
distance represents the actual length covered (Eq. 1.4a). Velocity 
is calculated as displacement (d) divided by time (t), where 
displacement represents the straight- line distance between a 
specific starting point and ending point (Eq. 1.4b). In many 
instances, the term speed is substituted for velocity, but mechan-
ically speaking, speed and velocity are different.17 For example, a 
track athlete who runs 1 lap of a 400 m track in 50 s is running at 
a speed of 8 m·s−1 (400 m / 50 s). Technically, however, because 
the athlete starts and ends at the same point, the displacement is 
0 m and therefore the velocity is 0 m·s−1 (0 m / 50 s).

Speed = Distance (D) / Time (t) Eq. 1.4a

Velocity = Displacement (d) / Time (t) Eq. 1.4b

bea96797_ch01_001-009.indd   4 25/11/21   1:07 PM



 CHAPTER 1 Introduction and Terminology 5

Independent and Dependent Variables

A variable is a characteristic. The characteristics, or variables, 
mentioned in this laboratory manual usually have quanti-
tative values that vary among the members of a sample or 
population. Some of the measured variables discussed in this 
manual are strength, run/walk time, oxygen consumption, 
heart rate, blood pressure, and percent body fat. A variable is 
either independent or dependent.

An independent variable is manipulated, or changed, in 
order to determine its relationship to the dependent vari-
able.32 The independent variable’s measuring unit is usually 
placed on the horizontal (X) axis of a graph. It is used to 
predict or estimate the dependent variable, as in using skin-
fold thickness (independent variable) to estimate percent 
body fat (dependent variable). The experimenter or techni-
cian controls the independent variable.20

A dependent variable is measured before and/or after 
manipulation of the independent variable. Its measuring 
unit is usually placed on the vertical (Y) axis of a graph. The 
dependent variable is predicted or estimated from the inde-
pendent variable, as in estimating maximum oxygen uptake 
(dependent variable) from walking or running distance 
(independent variable) as seen in Figure 1.1.

Correlation and Prediction

Correlation analysis involves the observation of relationships 
between variables by plotting the data on a graph and calcu-
lating a correlation coefficient (r or R). The closer the points 
come to forming a straight line, the higher the correlation or 
the stronger the relationship between the two variables. The 
value of r can range from −1.00 to +1.00, with the sign indi-
cating the direction of the relationship (direct or inverse) and 
the value indicating the strength of the relationship. A posi-
tive r indicates a positive (direct) relationship between two 
variables, where an increase in one variable is associated with 
an increase in the other variable. A negative r indicates a neg-
ative (inverse) relationship between two variables, where an 
increase in one variable is associated with a decrease in the 
other variable. An r of 0.00 indicates no relationship between 
two variables; an r of 1.00 indicates a perfect, direct rela-
tionship between two variables; and an r of −1.00 indicates 
a perfect, inverse relationship. Figure 1.1 shows data from 
Chapter 14 demonstrating the strong, direct relationship (as 
indicated by the r of 0.91) between distance run/walked in 
12 min and maximal oxygen uptake. An increase in distance 
run/walked is closely associated with an increase in maximal 
oxygen uptake.

Reliability, Validity, and Objectivity

A good test of body composition, aerobic fitness, or any 
other measure of physical performance should be reliable, 
valid, and objective. Each of these test characteristics can be 
described and assessed statistically using correlation analysis, 
as seen in Figure 1.2.

above 1500 m (4920 ft).10 Barometric pressures are used 
to correct respiratory ventilation volumes and metabolic 
volumes.

Temperature

Temperature is a measure of the hotness or coldness of any 
object and can be expressed on any one of three scales. 
Americans are familiar with the Fahrenheit scale, but the 
two most common scales for scientists are the Celsius scale 
and the scale using kelvin units. Usually, the Fahrenheit 
scale is not printed in scientific research journals, although 
sometimes it is presented in parentheses after the Celsius 
degree.

Celsius Scale

Celsius, formerly called the centigrade scale, is named for 
Anders Celsius, a Swedish mathematician. He created the 
centigrade scale by arbitrarily dividing the difference between 
the freezing point and boiling point of water into 100 equal 
degrees (0 °C and 100 °C, respectively). The appropriate 
term now in use for this scale is Celsius.4

Kelvin Scale

The basic thermal SI unit is the kelvin, named after 19th- 
century physicist William Kelvin. It has an absolute zero, 
meaning that the coldest possible temperature truly is zero 
kelvin (0 K), and there is no minus or below zero temperature 
for this scale. Because a kelvin unit is equal in size to a Celsius 
degree, absolute zero (0 K) corresponds to −273 °C. Or 
conversely, 0 °C is equal to 273 K. To convert temperature 
between the two scales, one need only add or subtract 273. 
Notice that the k in kelvin is not capitalized, but the abbrevi-
ated symbol K is.

Fahrenheit Scale

Gabriel Fahrenheit, in developing the Fahrenheit scale, arbi-
trarily chose the number 32 to designate the melting point of 
ice and 96 as the temperature of human blood. Although this 
temperature scale accommodates most of earth’s weather sit-
uations, it is not as convenient for calculations as the Celsius 
and kelvin scales. Thus, SI24 does not recommend its use as 
a measurement scale.

STATISTICAL AND EVALUATION TERMS

The term statistics can have more than one meaning.22 In 
a broad sense, it includes the method of organizing, describ-
ing, and analyzing quantitative (numerical) data, in addi-
tion to predicting outcomes or probabilities. The combined 
term basic statistics is sometimes used to describe group 
data with such statistics as the mean (M) and standard 
 deviation (SD).
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6 PART I Orientation to Measurement in Exercise Physiology

Reliability is an estimate of the reproducibility or con-
sistency of a test. Reliabilities of tests should be based on 
a sample of at least 30 participants.23 A reliable test gen-
erates a high intraclass correlation coefficient (R) and a 
high interclass correlation coefficient (r) when data from 
repeated trials of that test are compared. Based on input 
from other investigators,8,18,21,27,30 the correlation coeffi-
cient criteria that may be used to qualitatively categorize 
reliability and validity ranging from poor to high are summa-
rized in Table 1.2. The criterion for an acceptable correla-
tion coefficient for reliability may vary with the opinions of 
various investigators; a recommended minimum test–retest 
correlation can be as low as .7026,30 or, more stringently, as 
high as .85.18

The reliability of a test may be affected by the exper-
imental and biological error (variability). Experimental 
variability is due to lab procedures, instrumentation, and 
environment; thus, it represents the technical error in a test. 
Biological variability or error is due to the natural periodic-
ity (hourly, daily, weekly) or inherent biological fluctuations 
of the human participant.19

Validity is the ability of a test to measure what it claims 
to measure. A test with high validity has a good correla-
tion (r) with the criterion measure (actual or true). For 
example, run- walk distances or times are often judged for 
concurrent validity by their correlation with scores on 
maximal oxygen uptake tests. The guidelines for qualifying 
meaningful criterion validity coefficients need not be as high 
as for those guidelines that qualify reliability coefficients 
(Table 1.2). For example, correlation coefficients ≥.80  

Table 1.2 Subjective Criteria for Assessing the 

Reliability and Validity of a Test

Category for 

Test Reliability

Correlation 

Coefficient

Category for 

Test Validity

Correlation 

Coefficient

High reliability .90–1.00 High validity .80–1.00

Good reliability .80–.89 Good validity .70–.79

Fair reliability .70–.79 Fair validity .60–.69

Poor reliability < .70 Poor validity < .60
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Figure 1.1 Data from Chapter 14 demonstrating the linear 
relationship between distance run/walked in 12 min and 
maximal oxygen uptake. The high, positive correlation 
coefficient (r = 0.91) indicates a strong, direct relationship 
between the two variables.
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Figure 1.2 Demonstration of reliability (comparing two 
trials done by the same tester), validity (comparing two 
different methods), and objectivity (comparing two different 
testers) of measuring percent body fat.
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 CHAPTER 1 Introduction and Terminology 7

at 100 for each category.5 If the population sample num-
ber is less than 100, or if the samples within a population  
(e.g., specific age groups) are less than 100, it is probably 
more appropriate to refer to the data as comparative scores, 
rather than norms. The statistics derived from the norms are 
often used to develop descriptive categories such as poor, 
below average, average, above average, and excellent. For 
example, if a person is categorized as excellent in a certain 
fitness component on the Canadian Standardization Test and 
falls at the 85th percentile, then that person ranks better than 
85 % of the population.14 Table 1.3 shows three categoriza-
tion scales based on percentiles.14,15,28

Standards

Standards is a term often used synonymously with norms. 
However, more appropriately, it is used to connote a desir-
able or recommended value or score.2 The term criterion- 

referenced standards (CRS) is a professionally popular 
term.12,18,25 It has an advantage over normative standards 
for fitness tests because CRS indicate the levels necessary 
for good health, regardless of the level of physical fitness of 
the reference group.7,11,25,29 The CRS for fitness tests may be 
based upon professional expertise and scientific research, in 
addition to normative data.11 Thus, CRS are standards that 
represent recommended levels of performance. Because the 
CRS are absolute standards, they do not consider the number 
of persons who meet the standard. The CRS levels allow easy 
recognition of the adequacy or inadequacy of a person on 
that particular fitness/health variable. Also, as long as a per-
son meets the CRS criterion, he or she has the same merit as 
someone who scores extremely high on the variable.

Because the criterion standards are based partially on 
human judgment, and because of testing errors or partic-
ipant motivation, the cutoff scores may cause false merit 
or false nonmerit. Also, the merit levels usually do not 
indicate fitness levels a person may need to be successful 

can be interpreted as indicating high test validity; whereas 
correlation coefficients ≥.90 are required to indicate high 
test reliability.30

Two other types of validity are content validity and 
construct validity. Content validity relies on expert opinion 
or past research, and construct validity indicates the test’s 
ability to discriminate among groups.27 Most validity coef-
ficients described in this laboratory manual are based on 
concurrent validity.

Objectivity, although similar to reliability, is distinct in 
that it represents the ability of a test to give similar results 
when administered by different administrators. It is some-
times referred to as inter- observer reliability or inter- rater 

reliability. Measuring skinfold thickness to estimate percent 
body fat, when done by one well- trained tester, typically is 
highly reliable and valid. If the same degree of reliability and 
validity is produced from measurements taken by a second 
tester, the objectivity of measuring skinfold thickness would 
also be considered high. The goal of any test is for it to be 
reliable (give the same results twice), valid (measure what it 
claims to measure), and objective (produce correct results 
regardless of the tester).

Prediction

The relationship between one variable and one or more other 
variables allows transformation into an equation to predict 
or estimate the dependent variable. The line of best fit of the 
graphic plot of one variable to another is termed a regres-

sion line. When it is transformed into an equation, it is called 
a regression equation. Sometimes regression equations are 
presented in the form of a nomogram, a series of two or more 
vertical or diagonal lines by which to predict one variable 
from one or more other variables without performing any 
calculations.

The statistical term that describes the predictive error 
of a regression equation is the standard error of estimate 
(SEE). This is a type of standard deviation around the 
predicted scores from the regression line. For example, if 
the predicted lean mass is 40 kg, and the SEE is 5 kg, then 
68 % of the scores will be between 35 kg and 45 kg. Thus, 
the standard error of the estimate indicates the amount of 
error to be expected in a predictive score.6 One researcher 
suggests an acceptable SEE criterion of less than 15 % for 
aerobic fitness estimation.13

Norms and Standards

Norms and standards enhance the interpretation of test 
scores. Although the two terms are often used interchange-
ably, they are different.

Norms

Norms are values that relate a person’s score to those of 
the general population. Some authorities suggest that the 
minimum number of participants to establish norms be set 

Table 1.3 Examples of Descriptive Categories 

Based on Percentiles

Test Percentiles Category

Canadian 81–100 Excellent

Standardization Test14 61–80 Above average

41–60 Average

21–40 Below average

1–20 Poor

YMCA15 90–100 Well above average

70–89 Above average

50–69 Average

30–49 Below average

10–29 Well below average

Functional Fitness 76–100 Above average

Test28 25–75 Average

1–24 Below average

Sources: Based on Fitness and Amateur Sport Canada (1987)14; Golding, 
Myers, & Sinning (1989)15; Rikli & Jones (1999).28
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8 PART I Orientation to Measurement in Exercise Physiology

and other reasons, testers have developed field tests that can 
be taken to the population of interest and conducted under 
more natural conditions.

Field tests are frequently used to assess a variety of fitness 
components, including muscular strength, muscular endur-
ance, anaerobic fitness, aerobic fitness, flexibility, and body 
composition. Field tests in physical education were developed 
to test large groups of persons outside of a laboratory setting 
as accurately and economically as possible. Unless extrinsic 
variables (e.g., weather, terrain, motivation) are strictly con-
trolled, field tests are not as appreciated in research as are the 
more controlled laboratory tests. This does not mean that field 
tests cannot be as valid as some laboratory tests. In addition to 
their use in physical education classes, field tests are popular 
as screening and maintenance tests for military and safety/
emergency personnel (e.g., firefighters, lifeguards, police, 
and rangers) and for college or professional sports recruiters. 
Table 1.4 gives examples of laboratory and field tests.

SUMMARY

Many of the basic terms used in exercise physiology are sum-
marized in this chapter. As with learning any new language, 
the beginner should practice using these terms so that they 
become a natural part of the exercise physiology vocabulary. 

in recreational or competitive sports; they are concerned 
mainly with health- related fitness. Thus, norms describe a 
person’s position within a population, whereas standards 
describe the criteria suggested for appropriate health- related 
fitness of a population.

TYPES OF TESTS

The 30 or more tests described in this laboratory manual can 
be classified as laboratory tests or field tests based on the 
setting and equipment required, the degree of control main-
tained during the test, and the application of the results.

Laboratory Tests

A test is classified as a laboratory test when it can only be 
performed within the confines of the laboratory and requires 
the testing equipment found within the laboratory (e.g., met-
abolic measurement system, isokinetic dynamometer). An 
attempt is made during the test to maintain a high degree 
of control over many conditions involving the laboratory 
(e.g., temperature), the participant (e.g., diet, amount of 
rest, warm- up prior to the test), and the protocol (e.g., time 
intervals, specific treadmill speeds, or cycle ergometer power 
levels). When the test results are to be used in research, it 
is common to use a laboratory test. To be useful, research 
requires test results that are highly reliable and valid, charac-
teristics that should apply to well- conducted laboratory tests.

Field Tests

It is not always practical or possible to bring the population 
of interest into the laboratory to conduct the desired tests. 
Bringing participants into the laboratory frequently requires 
testing participants individually, providing transportation, 
arranging for entry into the laboratory (e.g., gaining access 
to a university campus), and sharing time in the laboratory 
and on the necessary laboratory equipment with other tes-
ters. Conducting the tests in the laboratory under controlled 
conditions also in some cases creates a contrived or artificial 
environment that differs from the more desired natural envi-
ronment and can influence the results of the test. For these 

BOX 1.1 Chapter Preview/Review

What are the components of fitness?

What are the three energy systems?

How does exercise duration influence the contributions of the 

energy systems to physical performance?

What are some of the common variables measured in the 

exercise physiology laboratory?

What are the three scales that can be used to express 

temperature?

What is a correlation coefficient and what does it indicate about 

a relationship between variables?

What is meant by the reliability, validity, and objectivity of a test?

What is the difference between a laboratory test and a field test?

Table 1.4 Fitness Components and Examples of Their Measurement in Laboratory Tests and Field Tests

Fitness Component Examples of Laboratory Tests Examples of Field Tests

Muscular strength and endurance Peak torque (e.g., isokinetic dynamometry)   1 Repetition max (RM) test 

Peak force (e.g., handgrip dynamometry) Timed repetitions (e.g., sit-ups)

Anaerobic fitness Peak power (e.g., Wingate test) Sprint tests (e.g., 40, 50, 60 yd)

Vertical jump and leg power tests

Aerobic fitness and cardiorespiratory endurance Maximal oxygen uptake test Walking test (e.g., Rockport test)

Running test (e.g., Cooper test)

Flexibility Range of motion (e.g., goniometry, electrogoniometry) Flexibility (e.g., sit and reach)

Height-weight measures

Body composition Hydrostatic weighing, DXA, plethysmography Skinfold and girth measures
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2C H A P T E R

M
easuring units is the term given to describe the type of 

measure being made. For instance, in the United States 

we use pounds to describe weight and feet and inches to describe 

height. The units most commonly used in exercise physiology 

are those that measure variables associated with exercise, phys-

iology, and meteorology. Some of these were introduced in 

Chapter 1. In accordance with the International System (SI) of 

nomenclature, numerous variables are described with such mea-

suring units as kilogram, liter, meter, and kelvin. Many variables 

combine two or more measuring units to form such units as 

liters per minute and milliliters per kilogram per minute.

The quantification of exercise physiology requires that 

all variables have well- defined units of measure. Americans 

are most familiar with such units as inches, feet, and pounds, 

which they use in their daily lives. These units are sometimes 

referred to as customary units. However, the single measuring 

system that is officially approved worldwide by scientists is 

the International System of Units— abbreviated SI from its 

French name, “Système International.”2,5,7 SI is based upon 

the decimal and metric systems, thus simplifying the conver-

sion of one unit to another.3

In 1971, the U.S. Metric Study contained a map depicting 

only three countries in the world, the United States, Liberia, 

and Burma (now known as Myanmar), that were “uncommit-

ted” to mandatory use of the metric system.6 While the United 

States actually did officially recognize and adopt the SI (metric 

system) in 1975, and while the United States is considered a  

“metric” country, the use of “customary” units is still wide-

spread. American scientists, including exercise physiologists, use 

SI units in all their work and publications. But many companies 

and consumers in the United States still overlook metric units 

and use “customary” units instead, such as for fluids (gallon and 

fluid ounce, not liter and milliliter), weights (ounce and pound, 

not gram and kilogram), and distances (mile, not kilometer). 

In expressing some measurements, the metric system is being 

used more frequently. Most temperature readings are displayed 

in Celsius along with Fahrenheit. Also, kilometer readings are 

being included along with mile readings on highway distance 

and speed limit signs and automobile speedometers. As more 

and more Americans become familiar with the metric system 

it will more likely become the “mandatory” system of measure.

RECOGNIZING AND REPORTING SI (METRIC) 
UNITS

Students need to recognize SI units of measure when 

they see them and know how to report them after making 

measurements. As when learning any language, students 

must be concerned with the spelling, punctuation, and gram-

mar of the SI “language.” With respect to spelling, the SI 

guide published by the U.S. National Institute of Standards 

and Technology permits American scientists to spell liter and 

meter as such, whereas a Briton may spell them as litre and 

metre, respectively.5 As noted in Chapter 1, although William 

Kelvin originated the kelvin temperature scale, the name is 

not capitalized when referring to the unit because the kelvin 

is adopted as one of the base units of the International System 

of units.5 The same rationale applies when spelling out some 

of the derived units whose names are those of persons, such 

as newton, watt, joule, and pascal. When expressing the full 

name, not the abbreviation, of a two- component unit such as 

newton meter, use a space between the two words. Do not use 

a hyphen (e.g., not “newton- meter”) and do not link terms 

into a single word (e.g., not “newtonmeter”).

Obviously, symbols and abbreviations of measuring 

units avoid spelling problems and are convenient and space 

efficient. However, abbreviations (e.g., kg) and symbols 

(e.g., °) of measuring units should be used only when asso-

ciated with the numeric value.7 For example, kilogram 

should not be abbreviated as expressed in this sentence, but 

the abbreviation should be used if reporting that a person’s 

body weight (mass) is 60 kg. Abbreviations are not capital-

ized unless associated with a person’s name, such as N, W, 

C, and K, for Misters Newton, Watt, Celsius, and Kelvin, 

respectively.

Plural abbreviations are not acceptable in the 

SI. Thus, 60 kg or 175 cm is not reported as 60 kgs or 

175 cms. Abbreviations are followed by a period only for 

the American abbreviation for inches (in.) or at the end of 

a sentence. A space is also required between the numeral 

and the unit; thus, the technician records “60 kg,” not 

“60kg,” or records “10 %,” not “10%.” One exception to the 

rule regarding a space is when using the symbol for degrees 

as in “an angle of ninety degrees (90°).” When abbreviating 

a two- component unit, use a centered dot (·) to separate 

each component. Thus, you would abbreviate “newton 

meter” as “N·m.” Unit abbreviations and unit names are 

not mixed; thus, do not use a mixed expression, such as 

“newton·m” or “N·meter.” Similarly, do not mix numerals 

and names; thus, “the static force was 500 N,” not “. . .  

500 newtons,” or “. . . five- hundred N.”

The recommended style of expressing per in combined 

units, such as liters per minute, is to use the centered dot 

preceding the unit with its negative exponent. Thus, the unit 

UNITS OF MEASURE
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 CHAPTER 2 Units of Measure 11

would appear as L·min−1, unless this is impractical for cer-

tain computers. In that case, one slash (solidus; /) is accept-

able (e.g., L/min). However, it is incorrect to use more than 

one solidus (accent on the first syllable säl) per expression, 

such as “ml/kg/min.” The latter could be expressed with one 

solidus as ml/(kg·min) or as ml·kg−1·min−1.

The SI style also calls for scientists to record some 

numbers differently from what we are used to seeing. The 

general rule for numerical values with more than four digits 

is to insert a blank space to separate groups of three digits 

on either side of the decimal. For example, we are familiar 

with writing the number 10,500 with a comma, but we need 

to write it as 10 500 in accordance with SI recommendations 

(requirements). The one exception to this is when there are 

only four digits to the left or right of the decimal. For exam-

ple, it is appropriate to record the number as 1500, or 1 500 

for uniformity of numbers in a table, but not as 1,500. One 

reason for such rules is to avoid confusion where some coun-

tries use a comma instead of a decimal point.

VARIABLES AND UNITS OF MEASURE

Numerous variables were introduced and defined in Chapter 1. 

A main purpose of this chapter is to describe the units in 

which these quantities are typically measured and expressed. 

Emphasis is placed on SI (metric) units, but American or 

customary units are also discussed because of their frequent 

usage, at least in the United States.

Mass

Mass (M) is considered an SI base quantity and is repre-

sented by the SI base unit, the kilogram (kg). One of the most 

common measurements of mass in exercise physiology is 

body mass. Although the term body mass is the more appro-

priate term, body weight is still overwhelmingly used in the 

United States. For this reason, whenever the variable mass 

refers to the mass of the human body, the term body weight 

will typically be used throughout this laboratory manual. 

Otherwise, the term mass will be used to refer to the mass of 

any other object. In some cases, where body weight is being 

described, it may be expressed in pounds (lb), again due to 

the popularity of the unit in the United States. But whenever 

body weight is described in pounds (mostly in tables or fig-

ures), it will also be expressed in kilograms.

Length and Distance

Length is also an SI base quantity described in the SI base 

unit, the meter (m). Longer lengths and distances are 

described in kilometers (km). For shorter lengths, a meter 

can be subdivided into 10 decimeters (dm), 100 centimeters 

(cm), or 1000 millimeters (mm). Table 2.1 lists common 

metric prefixes and the decimal and exponent they represent. 

The term height describes the “vertical length” of a person, 

which is expressed in meters or centimeters. It is actually 

more appropriate to refer not to a person’s height, but to his 

or her stature. But again, because of the common usage of the 

term height, it will be used throughout the laboratory manual 

more so than the term stature.

Force

The recommended measuring unit for force is newton (N), 

named after mid-19th- century scientist Isaac Newton. The 

newton is a special name given to a derived SI unit, being 

mathematically derived from the three base quantities mass 

(kg), length (m), and time (s). Technically, the most appro-

priate unit in which to express force is kg·m·s−2, due to its 

being the product of mass and acceleration. But the special 

term newton is more commonly used, to acknowledge the 

contributions made by this important scientist. Although 

the kilogram (kg) is a unit of mass, laboratories often use 

it as a measure of the force exerted to lift a weight, crank 

a cycle ergometer, or push against a dynamometer. Many grip 

strength dynamometers display force in both pounds and 

kilograms.

Work

The preferred unit for expressing work (w) is the joule (J) 

because it represents the “totality” of work rather than 

separating it into its two components— force and distance.  

Larger quantities of work can be expressed in kilojoules (kJ). 

Table 2.1   Decimal and Exponent Expressions of SI (Metric) Prefixes

Decimal Exponent Prefix Length (meter) Mass (gram) Volume (liter)

1 000 000 10 6 mega – megagram (Mg) –

1 000 10 3 kilo kilometer (km) kilogram (kg) kiloliter (kl)

100 10 2 hecto hectometer (hm) hectogram (hg) hectoliter (hl)

10 10 1 deka dekameter (dam) dekagram (dag) dekaliter (dal)

1 10 0 – meter (m) gram (g) liter (L)

0.1 10 −1 deci decimeter (dm) decigram (dm) deciliter (dl)

0.01 10 −2 centi centimeter (cm) centigram (cm) centiliter (cl)

0.001 10 −3 milli millimeter (mm) milligram (mg) milliliter (ml)

0.000 001 10 −6 micro micrometer (μm) microgram (μg) microliter (μl)
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When work is calculated as the product of the force unit 

(newton) and the distance unit (meter), another acceptable 

derived unit is produced— the newton meter (N·m). In the 

same way that force is still sometimes described in kg, work 

can still be described in kilogram meters (kg·m).

Power

The recommended unit for power (P) is the watt (W), a spe-

cial name given in honor of Scottish inventor James Watt. 

Like the joule, the watt describes power in its totality. When 

power is broken down into its components, it is the prod-

uct of the force (N) times the distance (m) that an object 

moves divided by the time (s) spent moving the object— or the 

derived unit, N·m·s−1. Thus, 1 watt can be defined as either 

1 N·m·s−1 or as 1 J·s−1 since 1 N·m (derived unit) is equal to 

1 J (special name for the derived unit). Although it is not 

an acceptable SI unit of power, you will still sometimes see 

power described in kg·m·min−1, especially with reference to 

cycle ergometry.

Energy

The terms energy (E) and work are highly related to one 

another, in fact so much so that they use the same unit— the 

joule (J). The joule is named for James Joule, who proposed 

the law of the conservation of energy. The joule is the univer-

sally approved unit of measure for metabolic energy release, 

which is the result of energy done (work) and energy wasted 

(heat).4 Energy is commonly expressed in kilocalories (kcal) 

in the United States, but this is not an SI unit of energy.

Energy expenditure at rest and during exercise can be 

estimated through indirect calorimetry using the measure-

ment of oxygen uptake. It can be assumed that for every 

1 liter of oxygen uptake, approximately 5 kcal or 21 kJ 

of energy is expended. These values are only approxima-

tions and are influenced slightly by exercise intensity with 

more energy expended per liter at higher intensity. (Data 

for more specific energy equivalents for 1 liter of oxy-

gen, ranging from 4.69 to 5.05 kcal·L−1, can be found in  

Table 15.9.) Once the oxygen uptake and hence the oxygen 

cost is known, it is possible to estimate the caloric expendi-

ture or kilojoule expenditure simply by multiplying the liters 

of oxygen consumed by 5.0 (Eq. 2.1a) or by 21.1 (Eq. 2.1b), 

respectively.

Energy (caloric) expenditure (kcal) 
= Oxygen uptake (L⋅min−1) ∗ 5.0 Eq. 2.1a

Energy (Kilojoule) expenditure (kJ) 
= Oxygen uptake (L⋅min−1) ∗ 21.1 Eq. 2.1b

Speed and Velocity

Speed and velocity (v) are derived quantities based on 

distance and displacement, respectively, divided by time. 

The most appropriate unit in which to express speed and 

velocity is m·s−1, derived from the two base units meters 

and seconds. However, numerous other acceptable SI units 

can be derived from any unit of length (m, km, etc.) and 

time (s, min, h, etc.)—for example, m·min−1 and km·h−1. 

Speed limits in the United States are still posted in miles 

per hour (mi·h−1), although an attempt is being made to 

phase out this unit in favor of the SI unit of kilometers per 

hour (km·h−1).

Angular Velocity

Angular velocity (ω), instead of being linear, describes the 

velocity at which an object rotates. The preferred SI unit for 

expressing angular velocity is radians per second (rad·s−1). 

However, another unit that is frequently used, especially with 

regard to isokinetic dynamometry, is degrees per second 

(deg·s−1 or °·s−1). Because there are 2π radians in a complete 

circle, one radian is about 57.3 °, and therefore 1 rad·s−1 is 

equivalent to 57.3 °·s−1(or deg·s−1).

Torque

Torque (τ) is a derived quantity based on the “moment 

of force” created. The moment of force is the mathemat-

ical product of the length of the moment arm (measured 

from the center of rotation to the point where the force 

is applied) and the force applied at that moment arm 

length. The SI unit for torque is the newton meter (N·m), 

derived from the two base units of force (N) and length 

(m). In many earlier published studies involving isokinetic 

dynamometry, peak torque was described in foot pounds 

(ft·lb), but in general this unit is no longer used in scien-

tific publications.

Volume

The SI unit of measure for volume (V) is the liter (L). 

Although logically liter would be abbreviated by a lower-

case l, an uppercase L is acceptable and, in fact, is often 

used instead so that it is not confused with the numeral 1. 

Numerous volumes will be discussed in this laboratory 

manual related to lung volumes, pulmonary ventilation, car-

diac output, and stroke volume, and the uppercase L will 

be used. For smaller volumes, a liter can be subdivided into 

10 deciliters (dl), 100 centiliters (cl), or 1000 milliliters 

(ml); in these two- letter abbreviations, the lowercase l will 

be used.

METEOROLOGICAL UNITS

The primary meteorological concerns of the exercise 

 physiologist are temperature, relative humidity, and baro-

metric pressure. The units presented here for these terms are 

those accepted by the scientific community or adopted as the 

SI style.
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than it can at lower temperatures. Ideally, laboratories should 

also have instruments that display directly or indirectly the 

wet- bulb globe temperature index (WBGT index). This index 

considers the interaction of relative humidity with air tem-

perature and radiant temperature and is important in identi-

fying risk of heat illness.

Barometric Pressure

The pressure being exerted by the “weight” of the atmo-

sphere is measured with an instrument called a barometer, 

so it is commonly referred to as barometric pressure (PB). 

The derived unit for pressure is N·m2 based on it being 

force (N) exerted per unit area (m2), which is specially 

named the pascal (Pa), in honor of 17th- century scien-

tist Blaise Pascal. Because the unit is small, barometric 

pressure is commonly described in hectopascals (1 hPa = 

100 Pa) or kilopascals (1 kPa = 1000 Pa). The standard 

barometric pressure at sea level is 1013 hPa. This same 

pressure (1013 hPa) can also be described as 1013 milli-

bar (mbar) because the hPa and the mbar have the same 

numerical value. The millibar is a common unit used by 

meteorologists.

Barometric pressure, especially in the United States, 

is commonly described in other units not accepted as SI 

units. It is described in millimeters of mercury (mm Hg), 

or torr, and in inches of mercury (in. Hg). Standard 

barometric pressure, reported earlier as 1013 hPa, is also 

equivalent to 760 mm Hg (or torr) and 29.92 in. Hg. For 

much the same reason as was discussed with regard to 

temperature, it is useful to be able to convert between 

different units of pressure (Eq. 2.4a through 2.4d) if the 

only available measuring device does not measure in pas-

cals or hPa.

mm Hg to hPa: hPa = mm Hg ∗ 1.3332  Eq. 2.4a

hPa to mm Hg: mm Hg = hPa ∗ 0.750  Eq. 2.4b

in. Hg to hPa: hPa = in. Hg ∗ 33.867  Eq. 2.4c

hPa to in. Hg: in. Hg = hPa ∗ 0.0295  Eq. 2.4d

The American College of Sports Medicine (ACSM) 

permits exceptions to the SI units for physiological and gas 

pressures.1 Thus, blood pressure units and lung pressures 

are reported in millimeters of mercury (mm Hg) in the 

 journal Medicine and Science in Sports and Exercise.

Temperature

The base unit of thermodynamic temperature (T  ) is the 

 kelvin (K), named in honor of William Thomson Baron 

Kelvin. The Kelvin scale for describing temperature is based 

on an absolute zero (0 K), the lowest temperature possible 

in any macroscopic system. This absolute zero is equal to 

−273.15 °C (≈ −273 °C). For the purpose of this laboratory 

manual, converting temperature between kelvin units (K) and 

Celsius degrees (°C) will be done by adding or subtracting 

273, as seen in Equation 2.2a and 2.2b. Although the kelvin 

is the base unit of temperature, most laboratory thermome-

ters display in Celsius degrees, which are accepted SI units. 

Therefore, for selected calculations involving volume conver-

sions, students need to be able to convert temperatures from 

Celsius degrees to kelvin units.

°C to K: K = (°C + 273) Eq. 2.2a

K to °C: °C = (K − 273)  Eq. 2.2b

The Fahrenheit temperature scale and Fahrenheit degrees 

are not accepted by the International System, but they are 

described here because they are still so prevalent in the 

United States. The primary purpose of being able to convert 

°F to °C would be if the only thermometer or temperature 

available was in °F. For this conversion, it is necessary not 

only to change the “zero point” of the scale, designated 

by the freezing point of water (0 °C or 32 °F) but also 

to change the size of the degrees. Because there are 9 F 

degrees for every 5 C degrees, we multiply or divide by 9/5 

(1.8). Converting temperatures between the Fahrenheit and 

Celsius scales is done using the formulas shown in Equation 

2.3a and 2.3b. Figure 2.1 shows the conversion of tempera-

tures between the three temperature scales.

°F to °C: °C = (°F − 32)/1.8  Eq. 2.3a

°C to °F: °F    = (°C ∗ 1.8) + 32  Eq. 2.3b

Relative Humidity

Relative humidity (RH) indicates the relative amount of water 

in the air. It is measured in the laboratory with an instrument 

called a hygrometer, which displays relative humidity in units 

of percent (e.g., 50 %). If the RH is 100 %, the air contains 

the most amount of water it can possibly hold at that air tem-

perature. Air can hold more water at higher temperatures 

Kelvin Scale

Celsius Scale

Fahrenheit Scale

275 280 285 290 295 300 305 310

50 10 15 20 25 30 35 40

35 40 45 50 55 60 65 70 75 80 85 90 95 100

Figure 2.1 Conversion of temperature between different scales.
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14 PART I Orientation to Measurement in Exercise Physiology

METRIC CONVERSIONS

Metric units are simpler to use than the traditional or custom-

ary units of the American system. The metric system facil-

itates the conversion of base quantities (e.g., mass, length, 

time) expressed in base units (e.g., kilogram, meter, second) 

into derived quantities (e.g., force, power, speed, volume) 

expressed in derived units (e.g., m·kg·s2, m2·kg·s−3, m·s−1, m3),  

respectively. The systematic nature of metric units is some-

what diminished, however, by the use of special names and 

symbols, such as expressing force in newtons (N) instead  

of m·kg·s−2, or expressing pressure in pascals (Pa) instead of 

m−1·kg·s−2.

The metric system is also easier when it comes to 

measuring small or large quantities. For example, one 

meter (1  m) can be systematically divided by 10 to create 

10 decimeters (10 dm), or by 100 to create 100 centi-

meters (100 cm), or by 1000 to create 1000 millimeters 

(1000 mm). If long lengths or distances are being measured, 

1 meter can be multiplied by 1000 (1000 m) to create 

one  kilometer (1 km). This type of systematic approach 

does not apply to customary American units. The yard is the 

nonmetric equivalent of the meter. When a yard is divided 

into smaller units, it is divided into 3 ft and further into 

36 in. For measuring long distances, it is multiplied by 1760 

(1760 yd) to create 1 mile (1 mi).

Table 2.2 provides a summary of conversion factors 

for converting between SI (metric) units and American 

(customary) units. It will be helpful to refer to this table 

frequently while reading the following discussion of met-

ric conversions. These same conversion factors are also 

included in Appendix D for easy reference from any point 

throughout the manual.

Mass (Weight) Measures

Every exercise physiology student is expected to respond 

quickly and correctly in SI units to the question, “What is 

your body weight?” When expressing body weight (or mass), 

the correct response is to describe it in kilograms  (kg). 

Table 2.2 Conversions of SI (Metric) Units and American (Customary) Units

Mass and Weight (gram; g)

1 g = 1000 mg = 0.0022 lb = 0.0352 oz

1 kg = 1000 g = 2.2046 lb = 35.2736 oz

1 lb = 16 oz = 453.59 g = 0.4536 kg

1 oz = 28.3495 g

Gravity constant (g) = 9.81 m·s−2 = 32.2 ft·s−2

Length and Height (meter; m)

1 m = 1000 mm = 1.0936 yd = 3.281 ft = 39.37 in.

1 km = 1000 m = 0.6214 mile = 1093.6 yd

1 mile = 1.6094 km = 1609.4 m

1 yd = 3 ft = 0.9144 m = 91.44 cm

1 ft = 12 in. = 0.3048 m = 30.48 cm

1 in. = 25.4 mm = 2.54 cm = 0.0254 m

Force (newton; N)

1 N = 0.1020 kg = 0.2248 lb

1 kg = 1000 g = 2.2046 lb = 9.8067 N

1 lb = 0.4536 kg = 453.59 g = 4.4482 N

Work ( joule; J)

1 J = 1 N·m = 0.1020 kg·m = 0.7375 ft·lb

1 kg·m = 9.8067 J = 9.8067 N·m = 7.2307 ft·lb

1 ft·lb = 1.3559 J = 1.3559 N·m = 0.1393 kg·m

Power (watt; W)

1 W = 1 J·s−1 = 1 N·m·s−1 = 0.1020 kg·m·s−1

1 W = 60 J·min−1 = 60 N·m·min−1 = 6.1183 kg·m·min−1

1 N·m·min−1 = 0.0167 W = 0.1020 kg·m·min−1

1 kg·m·min−1 = 0.1634 W = 9.8067 N·m·min−1

1 kW = 1000 W = 1.3410 horsepower (hp)

Energy (kilojoule; kJ)

1 kJ = 1000 J = 0.2389 kcal

1 kcal = 4.1858 kJ = 4186 J

1 kcal = 426.85 kg·m (at 100 % efficiency)

1 L V
.
O2 ≈ 21.1 kJ ≈ 5.0 kcal (at RER = 0.96)

Speed and Velocity (meter·second−1; m·s−1)

1 m·s−1 = 2.2371 mi·h−1 (mph) = 3.2808 ft·s−1

1 m·min−1 = 0.0373 mph = 3.2808 ft·min−1

1 km·h−1 = 1000 m·h−1 = 0.6215 mph

1 mph = 1.6093 km·h−1 = 26.822 m·min−1 = 0.4470 m·s−1  
= 1.4667 ft·s−1

Angular Velocity (radian·second−1; rad·s−1)

2 π rad (~ 6.2832 rad) = 360° (1 full circle)

1 rad = 360° / 2π = 57.296°

1 rad·s−1 = 57.296°·s−1

1°·s−1 = 0.0175 rad·s−1

Torque (newton meter; N·m)

1 N·m = 0.1020 kg·m = 0.7375 ft·lb

1 kg·m = 9.8067 N·m = 7.2307 ft·lb

1 ft·lb = 1.3559 N·m = 0.1393 kg·m

Volume (liter; L)

1 L = 1000 ml = 1.0567 qt = 33.81 fluid ounce (fl oz) 

1 qt = 32 fl oz = 0.9464 L = 946.4 ml

1 ml = 0.0338 fl oz

1 fl oz = 0.0313 qt = 0.0296 L = 29.574 ml

1 cup = 8 fl oz = 236.6 ml

Pressure (pascal; Pa)

1 pascal (Pa) = 1 N·m−2 = 0.00015 lb·in.−2

1 hectopascal (hPa) = 100 Pa = 0.1 kilopascal (kPa)

1 hPa = 1 millibar (mbar) = 0.750 torr = 0.750 mm Hg = 0.0145 lb·in.−2

1 torr = 1 mm Hg = 1.3332 hPa = 1.3332 mbar

1 atmosphere (atm) = 1013 hPa = 1013 mbar  
= 760 torr = 760 mm Hg = 29.92 in. Hg = 14.70 lb·in.−2

Temperature (kelvin; K)

°C to K: K = (°C + 273)

K to °C: °C = (K – 273)

°C to °F: °F = (°C * 1.8) + 32

°F to °C: °C = (°F – 32) / 1.8
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 CHAPTER 2 Units of Measure 15

characterized in terms of the variability of the measurement. 

A precise measure or instrument yields a low variability 

(standard deviation or standard error) and a high degree of 

reliability (high test– retest correlation coefficient). The term 

accuracy refers to the validity of the measurement, or how 

close a measurement is to the correct or “real” value (if it is 

known). The goal of every scientist and exercise physiology 

student should be to develop and use laboratory instruments 

and tests that are both precise and accurate.

A frequently used analogy to help demonstrate pre-

cision and accuracy is shooting at a target. Figure 2.2 

shows three targets (A, B, and C) at which six shots each 

have been fired. Target B shows both high precision (the 

shots are tightly grouped with little variability or error) 

and high accuracy (the shots hit the correct or “real” 

target). Target A shows the same high precision (tightly 

grouped shots), but the accuracy is low because the shots 

do not hit the center of the target. Target C, even though 

it shows low precision (the shots are widespread with 

more variability or error), shows high accuracy because 

“on average” the shots are evenly arranged around the 

correct target. In the exercise physiology laboratory, a 

measuring device that is precise and accurate follows this 

same analogy, providing measurements that are tightly 

clustered around the “real” value.

It is important to be able to express the precision of 

a measurement or measuring device. Let’s use a skinfold 

caliper as an example. Assume that a measuring device  

(e.g., ruler, scale, skinfold caliper) can be used to measure 

or “estimate” a quantity to one decimal place farther than 

the last decimal place on the scale of the device. So for 

the skinfold caliper, assuming it is marked in millimeters, 

a tester could measure a skinfold thickness to the clos-

est millimeter (e.g., between 25 and 26 mm) and could 

still “estimate” the value between those two marks (e.g., 

Components of body composition, including fat weight 

and lean weight (or lean body mass), are also expressed in 

kilograms. It is also appropriate to describe body weight in 

grams, but the more common measure is kilograms. If body 

weight is recorded on a measuring instrument that displays 

only pounds, it can be converted to kilograms by multiplying 

or dividing by the appropriate conversion factors (Eq. 2.5a 

and 2.5b). For smaller masses, the gram can be subdivided 

into 10 decigrams (dg), 100 centigrams (cg), and 1000 mil-

ligrams (mg).

Weight, X kg = 151 lb * (0.4536 kg / 1 lb)  
= 68.5 kg Eq. 2.5a

Weight, X kg = 151 lb * (1 kg / 2.2046 lb)  
= 68.5 kg Eq. 2.5b

Instead of body weight being considered a mass, it 

can be thought of as a force, as in the force being exerted 

downward on a scale. When this is the case, body weight is 

expressed in newtons (N) and can be calculated by one of 

two conversion factors (Eq. 2.6a and 2.6b). A specific exam-

ple of this can be found in Chapter 8, where body weight 

(or mass) in newtons (N) is used in conjunction with verti-

cal distance to measure leg power.

Weight, X N = 151 lb ∗ (4.4482 N / 1 lb) = 672 N Eq. 2.6a

Weight, X N = 151 lb ∗ (1 N / 0.2248 lb) = 672 N Eq. 2.6b

Length (Height) Measures

The next question would be, “What is your height?” Most 

devices for measuring height found in an exercise physiol-

ogy laboratory should allow for the measurement of height 

directly in SI units. So measuring and expressing height (in 

centimeters) should be simple. When the measuring device 

displays inches instead of centimeters, however, it is neces-

sary to convert them by multiplying or dividing the height in 

inches by one of two conversion factors (Eq. 2.7a and 2.7b). 

These two conversion factors are related mathematically in 

that they are reciprocals of one another.

Height, X cm = 70.5 in. ∗ (2.54 cm / 1 in.)  
= 179 cm Eq. 2.7a

Height, X cm = 70.5 in. ∗ (1 cm / 0.3937 in.)  
= 179 cm Eq. 2.7b

Measurement Error and Significant Figures

No mention has been made to this point about measure-

ment error. It is virtually impossible to measure any vari-

able described in this laboratory manual (e.g., mass, length, 

force, power) without some degree of error. The error of any 

 laboratory measurement is what determines the precision 

and accuracy with which that measurement can be made. 

The term precision refers to the reliability or reproducibi-

lity of a measurement or instrument. Precision is frequently 

Figure 2.2 Demonstration of precision and accuracy. The 
upper portion of the figure shows six shots taken at each of 
three targets. The lower portion is the frequency with which 
each shot hit the target, with 0 in both directions (X and Y) 
being a “perfect” shot.
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16 PART I Orientation to Measurement in Exercise Physiology

The Concept of Unit Analysis

In reviewing Equations 2.8a–2.8h, notice that some quanti-

ties are multiplied by the metric conversion factor, and others 

are divided. It is easy to get careless and multiply or divide 

by the incorrect factor and end up with the wrong answer. 

Unit analysis can increase the likelihood of getting the correct 

answer. It is a concept where special attention is given to the 

units, such that the problem is set up to yield the desired units 

before the calculation is performed.

As an example, look again at the conversion made in 

Equation 2.8g, where 30.5 fl oz is converted to 902 ml. 

Before performing the calculation, the problem is set up 

to insure that the correct units (ml) will result, as shown 

in Equation 2.9a. Once it is confirmed that the units are 

correct, the appropriate conversion factor can be chosen, 

in this case 29.574 ml = 1 fl oz. Furthermore, it should be 

clear that multiplying by the conversion factor will yield the 

correct units and therefore the correct answer. The problem 

could also be worked using the reciprocal correction factor, 

1 ml = 0.0338 fl oz. In this case, based on an analysis of the 

units, the conversion factor should go in the denominator, 

again yielding the correct answer (Eq. 2.9b).

X ml fl
fl oz

== 30.5
29.574 ml

1
902 mloz

 
Eq. 2.9a

X ml fl
fl oz

= =30 5
1ml

0.0338
902 ml. oz

 
Eq. 2.9b

Another example of unit analysis is to convert speed 

from miles per hour into meters per second. The conver-

sion could be done in one step using one conversion factor  

(Eq. 2.10a). Instead, assume the conversion factor is not 

known, but what is known is that there are 1609.4 meters in 

1 mile, 60 minutes in 1 hour, and 60 seconds in 1 minute. 

By setting up the problem with the units in the correct posi-

tion (either in the numerator or denominator), so that the 

resultant units are meters per second, the calculation yields 

the same results, 55 mph equals 25 m·s−1 (Eq. 2.10b).

X m sec−1 mph
m sec−1

mph
m sec−1= =

0 4470

1
55 25

.
·

·
·

 
Eq. 2.10a

  

 
Eq. 2.10b

SUMMARY

The Système International (SI), or metric system, is the unit 

system of choice in the scientific community and is used 

by most people throughout the world. For this reason, the 

exercise physiology student must use and understand this sys-

tem. The SI base quantities (e.g., length, mass, time) and SI 

base units (e.g., meter, kilogram, second) are used to derive 

all other quantities and units. Several derived units, such as 

25.5 mm). So the precision of the skinfold caliper is consid-

ered 0.1 mm, and each of the figures in the estimated value 

(25.5 mm) is considered a significant figure (or significant 

digit). It would not be appropriate to express this value as 

25.5000, because this is beyond the precision of the device.

Counting significant figures follows a general rule. 

Begin at the left end of the number and (ignoring any 

decimal point) count the number of digits until the preci-

sion of the measurement is reached. In the example above 

(25.5 mm), the skinfold thickness has three significant 

figures. Counting significant figures becomes difficult when 

the precision of the measuring device is uncertain. Assume 

in this chapter (for the purpose of unit conversions) that 

any values given are within the precision of the measuring 

device. An effort is made in each subsequent chapter to 

describe the precision and accuracy with which each mea-

surement is made, so that the number of significant figures 

can be correctly determined.

Other Metric Measures and Conversions

The metric system facilitates the conversion from mass, length, 

and time measures to a variety of derived quantities, including 

force, work, power, energy, speed, torque, volume, pressure, and 

more. The emphasis in this laboratory manual is on the conver-

sion of American or cus tomary units (e.g., lb, ft·lb, mph, fl oz, 

lb·in.2) into SI or metric units. This is most often necessary 

because a specific measuring device being used (especially an 

older one) does not display in metric units. Some examples of 

quantities being converted from American or customary units 

into metric units are shown in Equations 2.8a through 2.8h. 

Notice that each answer (or converted unit) is expressed in the 

same number of significant figures as the original quantity. This 

practice helps maintain the same level of precision before and 

after the conversion between units.

Force, X N = 71.5 kg ∗ (9.8067 N / 1 kg)  
= 701 N Eq. 2.8a

Work, X J = 101 ft⋅lb ∗ (1.3559 J / ft⋅lb)  
= 137 J Eq. 2.8b

Power, X W = 515 kg⋅m⋅min−1  
∗ (1 W / 6.1183 kg⋅m⋅min−1) = 84.2 W Eq. 2.8c

Energy, X kJ = 125 kcal ∗ (4.1858 kJ / 1 kcal)  
= 523 kJ Eq. 2.8d

Speed, X m⋅s−1 = 35 mph  
∗ (1 m⋅s−1 / 2.2371 mph) = 16 m⋅s−1 Eq. 2.8e

Torque, X N⋅m = 63 ft⋅lb ∗ (1.3559 N⋅m / ft⋅lb)  
= 85 N⋅m Eq. 2.8f

Volume, X ml = 30.5 fl oz  
∗ (29.574 ml / 1 fl oz) = 902 ml Eq. 2.8g

Pressure, hPa = 18.55 lb⋅in.2  
∗ (1hPa / 0.0145 lb⋅in.2) = 1279 hPa Eq. 2.8h

X m sec−1

h mi

h

min
=

1609.4 m

1

1

60

55 mi min

sec

m sec−1

1

60

= 25

·

·
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 CHAPTER 2 Units of Measure 17

the student to collect laboratory data, and in this particular 

case to study the variables, instruments, and units discussed 

in Chapter 2. The data recorded on the Lab Results form 

in any chapter may also be used by the student to write 

a lab report or be used in any other project assigned by the 

instructor.
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newton, watt, and joule, have been named in honor of the 

scientists who have made significant contributions to various 

fields of science. Until the United States fully adopts the SI 

system, wherever or whenever nonmetric units are used, stu-

dents must understand how they can be converted. Remem-

ber also that nearly all measurements made in the exercise 

physiology lab are made with some degree of error. There-

fore, the precision and accuracy of all measurement devices 

should be considered when possible, with the resultant mea-

surements expressed in significant figures when the precision 

of the device is known.

At the conclusion of each chapter there are two forms: 

a Homework form and a Lab Results form. Form 2.1 (Home-

work) is a set of problems that the student may complete 

either as preview for an upcoming lab or as review of a com-

pleted lab, in whichever manner the instructor decides to 

use it. Form 2.2 (Lab Results) provides an opportunity for 

BOX 2.1 Chapter Preview/Review

What does the term SI mean?

When are abbreviations of units capitalized?

Who are some of the scientists who have had a metric unit 

named in their honor?

What is the relationship between meters, kilometers, and 

millimeters?

Which variables incorporate force?

What is the caloric equivalent of 1 L of oxygen uptake?

In what three scales may temperature be expressed?

In what units may pressure be expressed?

What do the terms precision and accuracy mean?

What is meant by the concept of unit analysis?
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 CHAPTER 2 Units of Measure 19

Mass / Weight kg = lb

Length / Height km = mi

Force N = lb

Work ft·lb = N·m

Power W = kg·m·min-1

Energy kJ = kcal

Speed / Velocity km·h-1 * = mph

Angular Velocity rad·s-1 * = deg·s-1

Torque N·m = ft·lb

Volume cup = ml

Pressure mbar *

*

*

*

*

*

*

*

*

= torr

Temperature °F == K

Form 2.1   Units of Measure Homework

Name: Date: Score:

X lb  = 78.5

X mile  = 5.2

X lb  = 401

X N·m  = 355

X kg·m·min
-1

  = 305

X kcal  = 1014

X mph  = 122

X deg·s
-1

  = 1.5

X ft·lb  = 45

X ml  = 2.75

X torr  = 999

X K  = 212
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20 PART I Orientation to Measurement in Exercise Physiology

Weight kg * = lb

Scale

Height cm * = in.

Stadiometer

Force kg * = N

Grip dynamometer

Power W * = kg·m·min-1

Cycle ergometer

Speed mph * = km·h-1

Treadmill

Volume L * = ml

Spirometer

Pressure mm Hg * = torr

Sphygmomanometer

Temperature °F  = = K

Thermometer

188

Units Range 0 - 200 kg Precision 0.1 kgkg, lb, N

Form 2.2   Units of Measure

Name:

Height  = 175 0.3937 in. / 1 cm

Date:

Lab Results

To gain an appreciation for variables and units of measure, take a tour of your exercise physiology lab and 

complete the following laboratory exercise within the time available.

Observe various laboratory instruments (e.g., scale, stadiometer). Attempt to identify an instrument in the lab 

that measures each of the variables listed below (e.g., weight, height) within the time available. Record the 

units in which the instrument measures (e.g., kg, cm). Record the range within which the instrument 

measures and the precision (or accuracy) with which it measures. Some examples are provided.

Take one measurement with the instrument in the units indicated (or alternatively observe the measurement scale 

on the instrument and record any value). Convert the meaured or observed units into the units indicated below 

using the conversion factors in Appendix D. Some examples are provided.

Weight  = 85.1

68.9

2.2046 lb / 1 kg

Force  =

Units cm, in., m Range 0 - 200 cm Precision 0.1 cm

Power  =

Units kg, lb, N Range Precision

Speed  =

Units W, kg·m·min-1 Range Precision

Units

Units mph, km·h-1 Range 

 °F, °C,  K Range 

Score:

Temperature  =

Volume  =

Units

Pressure  =

Units

Precision

L, ml Range Precision

Precision

mm Hg, torr Range Precision
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3C H A P T E R

N
early all test forms (data-collection forms) include 

basic information or basic data about the participants 

and the conditions under which the data are collected. The 

information about the participants is typically referred to as 

either basic data or vital data, including such characteristics 

as name, gender/sex, age, height, and weight. Sometimes 

more detailed vital data (e.g., heart rate, blood pressure, 

body temperature) are recorded. It is also common to record 

the conditions under which the data are collected, including 

test date, time of day, and in some cases the environmental 

conditions (e.g., temperature, barometric pressure, relative 

humidity). Form 3.2, at the end of this chapter, may be used 

to record basic data and assist in the evaluation of certain 

characteristics (especially height and weight) based on a 

review of comparative data.

RECORDING BASIC DATA

The art and technical skills of administering tests include the 

precise and thorough recording of all basic data. Some of the 

comments here may appear obvious, but there are numerous 

occasions when seemingly obvious items of basic data are 

omitted, much to the later chagrin of the investigators or the 

participants.

Name, Date, and Time

Name is typically written with the last name first, followed by 

a comma and then the first name. In potentially publishable 

research, an identification number (ID#) replaces the name 

for anonymity or confidentiality. Also, to resolve discrepan-

cies or errors, especially if technicians have interobserver dif-

ferences, it helps to include the technician’s initials.

The test date is presented with the month in numeri-

cal form at the beginning; for example, September 4, 2006 

would be recorded as 9/4/06 (or 09/04/06). Besides record-

ing these on the data collection form (e.g., Form 3.2), 

name and date should be recorded on any type of chart 

paper, such as that from the electrocardiogram or isokinetic 

dynamometer.

It is important to record test time in addition to date 

on the data collection form because of the possible daily 

or monthly variations of many biological and performance 

variables (e.g., height, weight, strength, aerobic power, 

anaerobic power).

Age and Gender

Age is recorded to the closest year (y), except when it may 

be important to record to the closest one-tenth of a year. For 

example, if someone turned 32 y of age four months ago, the 

age might be recorded as 32.3 y.

Gender for a person is abbreviated as M (male) or  

F (female). For a group of adults (18 y old and above), 

the recommended group designation is M (men) and 

W (women).1 But, if there are minors (under 18 y of age), 

the group designation is male or female, not men or women.

Height (Stature) and Body Weight (Mass)

In the field of anthropometry (defined as the measurement 

of humans), the term stature, derived from statue, is used to 

describe the standing height of a human (as if a statue). As 

noted earlier, although stature is the appropriate term to use 

in a scientific context when describing the anthropometric 

characteristics of the participants of a study, height is used 

throughout most of this laboratory manual because it is the 

more common term.

Mass, as noted in Chapter 2, is synonymous with 

weight when measured under the same acceleration of grav-

ity. Because most measurements are assumed to be taken on 

earth, these two terms can be used interchangeably in most 

cases. The terms mass, body mass, and lean body mass are 

used in scientific publications, especially with reference to 

describing the body composition of the study participants. 

The terms weight and body weight, however, are also accept-

able and again, because of their more common usage, are 

the terms of choice in this laboratory manual. The body 

mass and body weight of a person use the same unit of 

measure—the kilogram (kg). In Chapter 4, we will see that 

body weight can also be used as a measure of force, for the 

purpose of calculating work and power, in which case it is 

expressed in newtons (N).

Measurement Precision

The technician records height to the nearest tenth of a cen-

timeter (0.1 cm; 1 mm) if the height scale (stadio meter; 

anthropometer) has such graduations (markings). If the 

 measurement device is marked only in inches and the gradu-

ations are ¼ in. or ½ in., the technician records the inches to 

the closest ¼ in. or ½ in., respectively. Then the inch value is 

COLLECTION OF BASIC DATA
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22 PART I Orientation to Measurement in Exercise Physiology

converted and recorded to the appropriately rounded centi-

meter or decimal centimeter.

The main considerations in rounding off numbers are 

conventionality, consistency of the significant digits, and 

precision of the measurement. The appropriate conven-

tionality guide is that of the International System (SI).15 

SI recommends using the “5 rule” when reducing a certain 

number of digits. Fortunately, most Americans are familiar 

with this rule: “If the digits to be discarded begin with a digit 

less than 5, the digit preceding the 5 is not changed.” For 

example, the number 7.44 changed to a two-digit number 

would become 7.4; changed to a one-digit number, it would 

become 7 (but not 7.0). Conversely, if the discarded digit or 

digits begin with a number greater than or equal to 5, then 

the digit preceding the 5 is increased by 1. For example, 

167.66 cm becomes 167.7 cm as a four-digit number and 

becomes 168 as a three-digit number.

The degree of precision sought in a measure or mathe-

matical calculation depends upon the purposes of the mea-

surement and the precision of the instrument. In the United 

States the height of a person is often stated to the closest 

½ in. (1.27 cm) or ¼ in. (0.64 cm), depending upon the accu-

racy of the stadiometer. Thus, when the mean (M) height is 

calculated from the heights of several persons, it should be 

rounded off either to the closest ½ in. or ¼ in., respectively. If 

converting the inches to centimeters, both the ½ in. (0.5 in.) 

and ¼ in. (0.25 in.) values should not be rounded to the 

closest tenth centimeter because the stadiometer does not 

justify such precision. The closest 0.5 cm would be a justifi-

ably rounded number for the ¼ in. scale and to the closest 

centimeter for the ½ in. scale. Rounding off to the closest 

tenth centimeter provides unwarranted and false precision. 

However, if the purpose of the investigators is to detect the 

change in height in persons from morning to evening, then 

they should choose a more precise stadiometer. The use of a 

stadiometer with graduations in tenths of a centimeter allows 

measurement of height to the closest 0.1 cm (1 mm).

Environmental Conditions

Although environmental or meteorological conditions have 

no known effect on height or weight, they can affect other 

variables measured in the exercise physiology laboratory. It 

is recommended that the technician practice recording room 

temperature, barometric pressure, and relative humidity. These 

laboratory or environmental conditions are most important 

when measuring air volumes (e.g., vital capacity, pulmonary 

ventilation). The conversion between ambient (ATPS), body 

(BTPS) and standard (STPD) conditions using these environ-

mental data is discussed in Chapters 15, 20, and 21.

General Measurement Procedures

It is recommended that students test other students rather 

than a student testing him- or herself. Although this can 

take more time, it mimics typical research procedures and 

gives students, who would be referred to as “technicians,” 

or “testers,” in this case, the chance to practice in their 

personal relationship with the participant. As an example, 

technicians (students) should call participants (other stu-

dents) by their names and thank them for their coopera-

tion and effort.

The methods sections in this manual usually include 

two major phases—preparations and procedures. Three 

items are usually included in the procedures phase—the tech-

nician’s steps for administering the test, the calculations and 

conversions, and the recording of the data onto the forms. 

Box 3.1 discusses the accuracy of height and body weight 

measures.

BOX 3.1  Accuracy of Height and Body 

Weight Measures

Height

The test–retest reliability of height (stature) measurements is 

consistently high. A review article on anthropometric measure-

ment error reported a mean reliability coefficient (R) for the 

measurement of height of .98 with a range of .93–.99.16

Height measurements may differ throughout the day due 

to compression of the spine.16 Studies have shown height 

decreases of 6–8.8 mm later in the day.3,8 Conversely, lying 

supine (for an average of 49 min) later in the day resulted in a  

5 mm increase in height.4

Body Weight

The test-retest reliability of body weight (mass) measurements 

is also high. Range of reported reliability coefficients for the 

measurement of body weight is .95–1.00 with a mean of .98.16

Self-Reported Height and Weight

Generally speaking, the direct measurement of height and 

weight is preferred to the use of self-reported values when possi-

ble. Although highly correlated with actual height (r = 0.82–0.91) 

and weight (r = 0.87–0.94),14 self-reported values differ signifi-

cantly from the actual values. High school students2 (n = 4619) 

overestimated height by 6.9 cm and underestimated weight  

by 1.6 kg. Adult males12,13 overestimated height by 0.38–1.23 cm 

and underestimated weight by 1.40–1.85 kg, while adult 

females12,13 overestimated height by 0.38–0.40 cm and under-

estimated weight by 0.54–0.85 kg.

Older Adults

The use of self-reported height and weight has limitations in 

older adults (over 60 y).7 In research studies and clinical set-

tings involving older adults, failure to directly measure height 

and weight can result in substantial error. Special consideration 

should also be given to diurnal variations in height in older 

adults if spinal osteoporosis is a concern.4
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METHODS

Height (Stature) Method

Height is a basic variable that is routinely measured in nearly 

all laboratories. Its accurate and standardized measurement 

should be given serious attention. The purposes for measur-

ing height include (1) to familiarize students with standard-

ized height measurements; (2) to characterize or describe 

the participant; (3) to relate the participant’s height to 

norms or standards; (4) to relate body weight with height;  

(5) to relate height with growth or nutritional status; and  

(6) to relate height and body weight with risk of chronic dis-

eases or conditions.

Height can be measured on a platform scale (some-

times also referred to as a physician’s scale) equipped with 

a stadiometer (stadio = stature; meter = measure), as shown 

in Figure 3.1. The stadiometer includes a hinged lever that 

the technician can swing upward to a 90° angle and place 

on the crown of the participant’s head to measure height. 

Stadiometers (especially newer ones) usually have both inch 

and centimeter graduations. Wall-mounted stadiometers, 

separate of a weight scale, are also available (e.g., Seca, 

Harpenden). These devices are often preferred to the stadi-

ometer connected to the platform scale, because the mech-

anism allows for a smoother, more accurate measure of 

height. A stadiometer can also be improvised by attaching 

a measuring tape to a wall. The participant stands with the 

back against the wall, and any right-angled device is placed 

against the crown of the head and the measuring tape. It 

may be helpful to have a stool available for the technician to 

stand on to measure tall persons. The following procedures 

help to standardize and enhance the accuracy of height 

measurements.

Preparation by the Technician to Measure Height

 1. If using the platform-beam scale, check its accuracy by 

confirming the distance from the platform base to the 

first graduated measure on the stadiometer.

 2. Complete Form 3.2 with the prior basic data informa-

tion (name, date, time, age, and gender).

 3. Ask the participant to remove shoes; removing socks is 

also preferred, but thin socks may remain.

 4. The hair should be worn down and low to the head. 

It may be necessary to ask the participant to remove 

accessories from the hair so that it may be worn down.

Procedures for Measuring Height

 1. The participant steps onto the platform scale and turns 

away from the stadiometer. The technician asks the 

participant to lower the head in order to clear the swing 

of the hinged lever to a horizontal position. If using a 

wall-mounted stadiometer, the participant stands facing 

away from the wall, with heels, scapulae, and buttocks 

in contact with the wall. Some persons will not be able 

to maintain a natural stance if the posterior of the head 

is also touching the wall.3

 2. The participant stands as tall as possible with heels 

together and feet evenly balanced at an angle of 

 approximately 60°, using the medial borders (inside) of 

the feet and the wall as the reference lines. For example, 

a 90° angle would indicate that the feet were pointed 

directly forward.

 3. The participant tucks the chin to bring the head into a 

position that horizontally aligns the lowest point of the 

orbit of the eye with the opening of the ear canal.

 4. As the participant inhales deeply and maintains the des-

ignated position, the technician moves the hinged lever 

of the platform scale stadiometer into contact with the 

crown of the head. It may be necessary to “compress” 

Tare screw

Tare-screw weight

Light beam-weight

Pointer

Pointer window

Heavy beam-weight

Hinged horizontal lever

Platform

Anthropometer
(stadiometer)

Balance beam

Graduated
vertical bar

Figure 3.1 The platform scale is an instrument for body 
weight (mass) and height (stature). The anthropometer 
(stadiometer) with the sliding vertical bar and hinged 
horizontal head lever is the portion of the platform scale that 
measures height.
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the participant’s hair so that the lever contacts the 

head. If a stadiometer is not available, and height is 

being measured against a wall, the technician places 

one edge of the right-angled object against the wall and 

places the other edge on top of the participant’s head.

 5. The technician records height on Form 3.2 to the high-

est precision possible depending on the measurement 

device. If using a stadiometer, it should be possible to 

record height to the nearest tenth centimeter (0.1 cm). 

If using a less precise instrument, record height to the 

closest ½ in. or ¼ in., whichever is possible.

 6. The technician (if necessary) converts the height from 

inches to centimeters and then records it on Form 3.2 

to the appropriately rounded centimeter.

Body Weight (Mass) Method

Body mass is probably the most measured variable in exercise 

physiology laboratories. This basic variable is factored into many 

of the other variables described in this laboratory manual; hence, 

its importance cannot be overstated. Body weight can fluctuate 

significantly based on the amount of food and water consumed 

throughout the course of a day. It is best, especially if tracking 

body weight longitudinally, that it is measured at the same time 

each day, preferably in the morning. Ideally, body weight would 

be measured nude in the morning following a 12-hour fast and 

following evacuation of all urine and feces from the body. This 

could be considered a “true” body weight. When longitudinal 

body weights are measured on the same person at different times 

of day they could vary by several kilograms just due to varying 

levels of food intake or hydration status.

Participants can be weighed in the attire that corre-

sponds to the reference source. For example, if the refer-

ence source for comparison allowed 0.3 kg of clothing, 

such as underwear, shirt, and shorts, dress, or pants, then 

the person may be weighed in such attire. In some cases, 

especially when measuring body composition, nude weight 

is preferred. Because of the impracticality of obtaining nude 

weight, some researchers derive nude weight by weighing 

the clothes in which the participant is weighed and then 

subtracting the weight of the clothing from the clothed 

body weight. If a person wears only a nylon swimsuit or a 

disposable paper gown, it may be deemed as nude weight. 

The exercise-clothed weight should be used for the calcula-

tion of work or power when the participants are lifting their 

own body weight, such as in bench stepping, uphill walking, 

or uphill running. The following methods are helpful when 

measuring a participant’s body weight.

Preparation by the Technician to Measure Weight

 1. Calibrate the weighing scale, if it has not been 

 calibrated within a month (Box 3.2).

 2. Record the acquired basic data onto Form 3.2, includ-

ing the participant’s name, date, time, age, gender, and 

meteorological data.

BOX 3.2  Example of Calibration  

Procedures for the 

Platform Scale

Zero Calibration

1. Set both moveable beam-weights of the scale to the zero 

positions.

2. Observe the position of the pointer; it should come to 

rest in midair between the top and bottom of the pointer 

window.

3. If necessary, balance the pointer in this midair position by 

using a screwdriver to adjust the tare-screw weight of the 

platform scale. Turning the tare screw clockwise moves the 

tare-screw weight toward the screw’s head, thus lifting the 

pointer higher in the pointer window.

High-Point Calibration

1. Set the beam-weights to the highest position for which you 

have calibration weights or to the position of the highest 

expected body weight of your participants. Typical platform 

scales cannot read body weights above 159 kg (350 lb). 

Ideally, if you have 350 lb of certified weights, place them 

on the scale. But, if you have only 100 kg (220.5 lb to closest 

0.1 lb) certified weights, or weights that you have “certified” 

on a precision scale, set them on the scale and adjust the 

beam-weights accordingly. For example, set the heavy 

beam-weight to 200 lb and set the light beam-weight to 

20.5 lb.

2. Observe the position of the pointer. If it is balanced in 

 midposition in the pointer window, the scale is accurate at 

body weights near the high-point range.

3. If the pointer is above the balanced point, adjust the 

light beam-weight, if necessary, to the pointer’s midair 

position.

4. Record any discrepancy between the original set position 

and the final balanced position.

5. If needed, derive a correction factor for the high-point 

 readings. For example, if 120 kg of “certified” high-point 

weights showed 121 kg on the scale, subtract 1 kg from those 

persons’ body weights that were between 110 kg and 130 kg 

(range chosen arbitrarily).

Midpoint Calibration

1. Estimate the average body weight of the participants.

2. Place “certified” weights on the scale that come close to the 

estimated participants’ average weight.

3. Balance the pointer to the midair position. If it is already 

balanced, the scale is accurate near the midpoint position of 

the pound or kilogram scale.

4. If the pointer is not in the midair position, adjust the light 

beam-weight to the balanced position.

5. Record any discrepancy between the original set position 

and the final midair position.

6. If needed, derive a correction factor for midpoint readings 

or readjust the tare-screw weight to the pointer’s midair 

position. Unfortunately, this will change the zero point, thus 

distorting low-range body masses.
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 3. The technician records relative humidity (%) on Form 3.2 

to the highest precision possible depending on the mea-

surement device (weather station or hygrometer).

RESULTS AND DISCUSSION

The results section of a scientific report or study simply pres-

ents the findings in the text, tables, and figures. In the exer-

cise physiology classroom, the results of the measurements 

are also recorded on the individual data collection form  

(e.g., Form 3.2). Frequently the results of an entire group 

are of interest. Group results typically include the mean (M), 

standard deviation (SD), and range of scores—that is, the low-

est (minimum) to the highest (maximum) score.

The discussion section of a scientific report provides 

the reader with an interpretation of the results or measured 

values. An evaluation of the individual’s height or body 

weight and the average of the group can be made by refer-

ring to the appropriate comparative data.

This particular discussion focuses on the effect of age, 

race, and time of day on height or body weight, and looks 

at how the height and body weight of the average American 

has changed over the years.

Effect of Age

The height and weight of the average American is of interest 

with regard to growth, nutritional status, risk of chronic dis-

ease, the effect of aging, and other public health and research 

concerns. A recent publication6 reviewed height and weight 

data from national surveys conducted between 2015 and 

2018. The mean or average height and weight by gender 

and age group are seen in Tables 3.1 and 3.2. The average 

American adult male has a height of 175.3 cm (69.2 in.) and 

a weight of 90.6 kg (199.8 lb), with the average female having 

a height of 161.3 cm (63.5 in.) and body weight of 77.5 kg 

(170.8 lb). It can be seen in both genders that height reaches 

a peak by 30–39 y of age. Height then diminishes by about 

1 cm per decade, resulting in a height loss of about 4–5 cm 

by the age of 70–79 and a more rapid loss after age 80. Body 

weight appears to reach a peak at about age 30–39 y in men 

and slightly later at 40–49 y in women, with a subsequent 

decline in the later years, especially after 80 y of age. Caution 

should always be used, however, in interpreting any trends in 

this way since these are cross-sectional data and not longitudi-

nal data. Cross-sectional data are collected at the same time 

on different participants in each category (in this case different 

age categories), whereas longitudinal data are collected on 

the same participants over the entire range of interest (in this 

case that would mean measuring the same participants from 

age 6 through age 80 and over).6

For comparative purposes, Table 3.3 provides descrip-

tive categories for weight derived from percentiles. Body 

weight is described as “much higher than average” (< 95th 

percentile), “higher than average” (75th–95th percentile), 

“average” (25th–75th percentile), “lower than average” 

 3. Ask the participant to remove shoes, socks, jewelry, and 

accessories, empty all pockets, and remove as much 

clothing as feasible.

 4. Weigh the person’s “weigh-in clothing” and record onto 

Form 3.2 (optional).

Procedures for Measuring Body Weight

 1. The participant stands on and faces the scale.

 2. The technician places the heavy beam-weight (lower 

lever) to the estimated graduation mark first, followed 

by the light beam-weight (upper lever). The light beam-

weight is moved slowly to balance the pointer in the 

midair position within the window of the scale. If the 

pointer cannot be balanced, the heavy beam weight 

must be readjusted. If an electronic digital scale is being 

used, the technician simply reads the body weight on 

the indicator of the scale.

 3. The technician records body weight on Form 3.2 to 

the highest precision possible depending on the mea-

surement device. If using a platform scale, it should be 

possible to record body weight to the nearest ½ or ¼ lb. 

If using a more precise instrument, record body weight 

to the closest 0.1 kg (or to the maximum precision the 

instrument allows).

 4. The technician (if necessary) converts the body weight 

from pounds to kilograms and then records it on  

Form 3.2 to the appropriately rounded kilogram.

 5. The technician assists the participant off the scale, 

thanks the participant, and reminds the participant of 

any jewelry, accessories, or pocket contents that may 

have been removed.

Environmental Data

Environmental or meteorological data are frequently moni-

tored using a simple electronic weather station. Such a device 

provides data for time of day, room temperature (typically 

in °C and °F), barometric pressure (typically in mm Hg 

and in. Hg), and relative humidity (%). Some laboratories 

are equipped with separate pieces of equipment including a 

thermometer for measuring temperature, a barometer (either 

mercurial or analog) for measuring barometric pressure, and 

a hygrometer (either digital or analog) for measuring relative 

humidity.

Procedures for Collecting Environmental Data

 1. The technician records lab/room temperature (°C) 

on Form 3.2 to the highest precision possible depend-

ing on the measurement device (weather station or 

thermometer).

 2. The technician records barometric pressure (mm Hg) 

on Form 3.2 to the highest precision possible 

 depending on the measurement device (weather station 

or barometer).
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Table 3.1 Average Height (cm; in.) by Gender and Age Group (United States, 2015–2018)

Males Height (M ± SEM) Females Height (M ± SEM)

Age Group  N cm in. N cm in.

6 years old 168 118.8 ± 0.48 46.8 ± 0.19 180 118.8 ± 0.49 46.8 ± 0.19

10 years old 185 141.7 ± 0.57 55.8 ± 0.23 186 143.0 ± 0.55 56.3 ± 0.21

14 years old 166 169.0 ± 0.75 66.6 ± 0.30 169 161.8 ± 0.75 63.7 ± 0.29

18 years old 129 175.2 ± 0.73 69.0 ± 0.29 141 162.0 ± 0.65 63.8 ± 0.26

20–29 years old 802 175.8 ± 0.30 69.2 ± 0.12 892 162.6 ± 0.32 64.0 ± 0.13

30–39 years old 805 176.3 ± 0.40 69.4 ± 0.16 922 162.7 ± 0.37 64.1 ± 0.14

40–49 years old 767 176.3 ± 0.41 69.4 ± 0.16 909 162.3 ± 0.36 63.9 ± 0.14

50–59 years old 840 175.4 ± 0.37 69.0 ± 0.14 915 161.3 ± 0.36 63.5 ± 0.14

60–69 years old 967 174.4 ± 0.45 68.7 ± 0.18 980 160.7 ± 0.38 63.3 ± 0.15

70–79 years old 573 173.0 ± 0.37 68.1 ± 0.15 532 158.2 ± 0.36 62.3 ± 0.14

80 and over 338 170.4 ± 0.45 67.1 ± 0.18 360 155.6 ± 0.44 61.3 ± 0.17

Mean ± SEM a 5 092 175.3 ± 0.19 69.0 ± 0.07 5 510 161.3 ± 0.19 63.5 ± 0.07

aNote: Mean of all persons 20–80 years old and over. Source: Fryar, Carroll, Gu, Afful & Ogden (2021).6 

Table 3.2 Average Weight (kg; lb) by Gender and Age Group (United States, 2015–2018)

Males Weight (M ± SEM) Females Weight (M ± SEM)

Age Group N kg lb N kg lb

6 years old 169 23.9 ± 0.40  52.6 ± 0.89 180 23.7 ± 0.43 52.3 ± 0.96

10 years old 185 40.8 ± 0.96  89.8 ± 2.13 186 41.1 ± 1.03 90.6 ± 2.26

14 years old 166 65.1 ± 1.76 143.6 ± 3.88 169 62.2 ± 0.99 137.0 ± 2.19

18 years old 129 75.8 ± 1.97 166.7 ± 4.34 141 68.8 ± 1.68 151.6 ± 3.70

20–29 years old 802 85.5 ± 1.44 188.6 ± 3.17 827 74.9 ± 1.13 165.0 ± 2.49

30–39 years old 804 94.4 ± 1.21 208.1 ± 2.68 872 79.3 ± 0.99 174.9 ± 2.19

40–49 years old 766 93.9 ± 1.04 206.9 ± 2.29 900 80.8 ± 1.42 178.1 ± 3.14

50–59 years old 842 91.9 ± 1.12 202.5 ± 2.48 915 78.7 ± 1.01 173.5 ± 2.23

60–69 years old 965 91.2 ± 0.81 201.2 ± 1.80 981 78.2 ± 1.22 172.4 ± 2.68

70–79 years old 571 87.7 ± 1.09 193.4 ± 2.39 532 74.7 ± 0.95 164.6 ± 2.10

80 and over 335 80.5 ± 0.90 177.5 ± 1.98 359 67.9 ± 1.01 149.7 ± 2.22

Mean ± SEM a 5 085 90.6 ± 0.63 199.8 ± 1.39 5 386 77.5 ± 0.63 170.8 ± 1.40

aNote: Mean of all persons 20–80 years old and over. Source: Fryar, Carroll, Gu, Afful & Ogden (2021).6

Table 3.3 Category for Weight (kg; lb) by Gender and Age Group (United States, 2015–2018) 

Men 20–29 years (N = 802) 30–39 years (N = 804) 40–49 years (N = 766)

Category (Percentile) kg lb kg lb kg lb

Much higher than ave (> 95th) > 128.1 > 282 > 139.9 > 309 > 133.3 > 294

Higher than ave (75th–95th) 98.3–128.1 218–282 104.7–139.9 232–309 104.1–133.3 230–294

Average (25th–75th percentile) 69.4–98.2 154–217 77.7–104.6 172–231 80.0–104.0 177–229

Lower than ave (5th–25th) 58.3–69.3 129–153 65.0–77.6 143–171 66.3–79.9 146–176

Much lower than ave (< 5th) < 58.3 < 129 < 65.0 < 143 < 66.3 < 146

Mean ± SEM 85.5 ± 1.4 188.8 ± 3.2 94.4 ± 1.2 208.1 ± 2.7 93.9 ± 1.0 206.9 ± 2.3

Women 20–29 years (N = 827) 30–39 years (N = 872) 40–49 years (N = 900)

Category (Percentile) kg lb kg lb kg lb

Much higher than ave (> 95th) > 118.4 > 261 > 127.6 > 281 > 123.8 > 273

Higher than ave (75th–95th) 86.5–118.4 192–261 91.6–127.6   203–281 92.2–123.8 204–273

Average (25th–75th percentile) 58.5–86.4 130–191 63.6–91.5 141–202 64.7–92.1 143–203

Lower than ave (5th–25th) 48.5–58.4 108–129 50.3–63.5 111–140 53.3–64.6 118–142

Much lower than ave (< 5th) < 48.5 < 108 < 50.3 < 111 < 53.3 < 118

Mean ± SEM 74.9 ± 1.1 165.0 ± 2.5 79.3 ± 1.0 174.9 ± 2.2 80.8 ± 1.4 178.1 ± 3.1

Source: Fryar, Carroll, Gu, Afful & Ogden (2021).6
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Effect of Race

A search for height and body weight data in the United States 

by race reveals good normative data for four groups: white, 

Black, Hispanic and Asian.6 Large representative data sets 

for other racial and ethnic groups possibly exist, but no sets 

with the same validity representing other ethnicities living 

in the United States were found. Tables 3.4 and 3.5 provide 

categories for height and weight, respectively, for the four 

racial/ethnic groups living in the United States. The aver-

age heights for white men (176.7 cm) and for Black men  

(176 cm) both exceed the average heights for Hispanic men 

(170.4 cm) and for Asian men (170.5 cm) by more than  

(5th–24th percentile), and “much lower than average”  

(< 5th percentile). Because of the effect of age on body 

weight, the categories are further subdivided by age group: 

20–29 y, 30–39 y, and 40–49 y. This particular age range 

(20–49 y) is given special attention, as it was chosen to 

represent “young” adults, thinking that they would be the 

predominant users of this laboratory manual. However, data 

representing younger and older age groups are also included 

in numerous chapters throughout this laboratory manual 

whenever representative data sets were available in the 

research literature. No similar table is provided for height, 

as there are only minimal differences in height throughout 

this particular age range (20–49 y).6

Table 3.4 Category for Height (cm) by Gender and Race (United States, 2015–2018)

Men Total White Black Hispanic Asian

Category (Percentile) N = 5 092 N = 1 782 N = 1 107 N = 1 292 N = 665

Much higher than ave (> 95th) > 187 > 188 > 188 > 183 > 182

Higher than ave (75th–95th) 181–187 182–188 182–188 176–183 177–182

Average (25th–75th percentile) 171–180 173–181 172–181 166–175 167–176

Lower than ave (5th–25th) 163–170 166–172 165–171 158–165 158–166

Much lower than ave (< 5th) < 163 < 166 < 165 < 158 < 158

Mean ± SEM 175.3 ± 0.2 176.7 ± 0.2 176.0 ± 0.3 170.4 ± 0.3 170.5 ± 0.3

Women Total White Black Hispanic Asian

Category (Percentile) N = 5 547 N = 1 779 N = 1 302 N = 1 536 N = 731

Much higher than ave (> 95th)  > 173 > 173 > 173 > 169 > 166

Higher than ave (75th–95th) 167–173 168–173 168–173 163–169 161–166

Average (25th–75th percentile) 157–166 159–167 159–167 154–162 153–160

Lower than ave (5th–25th) 150–156 152–158 152–158 147–153 146–152

Much lower than ave (< 5th) < 150 < 152 < 152 < 147 < 146

Mean ± SEM 161.3 ± 0.2 162.4 ± 0.2 162.5 ± 0.2 157.5 ± 0.2 156.3 ± 0.4

Source: Fryar, Carroll, Gu, Afful & Ogden (2021).6

Table 3.5 Category for Weight (kg) by Gender and Race (United States, 2015–2018)

Men Total        White Black Hispanic Asian

Category (Percentile) N = 5 085       N = 1 774 N = 1 109 N = 1 289 N = 667

Much higher than ave (> 95th) > 130.3 > 132.3 > 133.4 > 122.9 > 101.2

Higher than ave (75th–95th) 102.0–130.3 103.3–132.3 104.0–133.4 98.2–122.9 83.4–101.2

Average (25th–75th percentile) 75.4–101.9 77.2–103.2 73.9–103.9 75.0–98.1 66.5–83.3

Lower than ave (5th–25th) 61.7–75.3 61.7–77.1 59.6–73.8 62.0–74.9 55.5–66.4

Much lower than ave (< 5th) < 61.7 < 61.7 < 59.6 < 62.0 < 55.5

Mean ± SEM 90.6 ± 0.6 92.2 ± 0.7 90.8 ± 0.8 87.9 ± 0.7 76.2 ± 0.7

Women Total        White Black Hispanic Asian

Category (Percentile) N = 5 386       N = 1 747 N = 1 226 N = 1 497 N = 711

Much higher than ave (> 95th) > 119.6 > 119.2 > 131.8 > 114.1 > 84.5

Higher than ave (75th–95th) 88.7–119.6 88.4–119.2 97.8–131.8 85.9–114.1 68.9–84.5

Average (25th–75th percentile) 62.3–88.6 62.8–88.3 68.4–97.7 62.9–85.8 52.3–68.5

Lower than ave (5th–25th) 49.8–62.2 50.2–62.7 53.6–68.3 50.2–62.8 45.8–52.2

Much lower than ave (< 5th) < 49.8 < 50.2 < 53.6 < 50.2 < 45.8

Mean ± SEM     77.5 ± 0.6           77.5 ± 0.8      85.5 ± 0.8 76.2 ± 0.6     61.2 ± 0.4

Source: reg/ital Fryar, Carroll, Gu, Afful & Ogden (2021).6
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77.5 kg. The average body weight of Hispanic men 

increased more than any other group increasing 10.4 kg 

(13.4 %) from a mean weight of 77.5 kg in 1994 to 87.9 

kg in 2018. The average body weight in women increased 

more in white women and Black women, both increasing 

9.0 kg, which was an increase of 13.1% in white and 11.8% 

in Black women.5,6,9,10

Effect of Time of Day

The time of day appears to have a small but significant effect 

on height. Based on measurements taken on one young male 

(age 13 y) in the morning (within 30 minutes of rising) and 

repeated before bed on 300 separate days, a 0.98 ± 0.2 cm 

decrease in height occurred during the course of the day.8 

Another study of 50 older women looked at diurnal changes 

in height. The results revealed a significant height decrease 

(> 6 mm) over the course of the day. Interestingly, it was also 

5 cm. The same trend holds true in women, where the average 

heights for white women (162.4 cm) and for Black women 

(162.5 cm) both exceed the average heights for Hispanic women 

(157.5 cm) and for Asian women (156.3 cm) by more than 5 cm. 

The racial/ethnic trends in body weight are similar to height in 

men but not as much in women. The average weights for white 

men (92.2 kg) and for Black men (90.8 kg) are similar and both 

exceed the average weight for Hispanic men (87.9 kg) by 3 kg 

and far exceed the average weight for Asian men (76.2 kg) 

by 14 kg. The average weight for Black women (85.5 kg) 

exceeds that for white women (77.5 kg) and for Hispanic 

women (76.2 kg) by over 8 kg, and far exceeds the average 

weight for Asian women (61.2 kg) by 14 kg.6

Body Weight Ranges Derived from Height

What constitutes an ideal, appropriate, or normal body 

weight for the average adult is a subject for debate. Numerous 

tables in books and magazines and on the Internet provide 

some form of “desirable” weight based on gender, age, height, 

race, frame size, or any combination of these variables. For 

the purpose of this laboratory manual, comparative body 

weight ranges are derived from height based on body mass 

index (BMI). BMI (discussed further in Chapter 23) is a 

measure of a person’s degree of obesity and is calculated as 

the ratio of body weight divided by height squared. Values 

of BMI are used to classify a person’s body weight into one 

of the following categories: “underweight” (BMI < 18.5), 

“normal weight” (BMI = 18.5−24.9), “overweight” (BMI =  

25.0−29.9), “class I (mild) obesity” (BMI = 30.0−34.9), 

“class II (moderate) obesity” (BMI = 35.0−39.9), or “class 

III (extreme) obesity” (BMI > 40.0).11 Table 3.6, using the 

“normal” BMI (18.5−24.9), demonstrates a “normal” body 

weight range for adults based on height, but regardless of gen-

der or age.

Changes in Average Height and Body Weight over Years

The Department of Health and Human Services regularly 

administers surveys to collect anthropometric reference 

data for children and adults in the United States. One 

long- running survey is known as the National Health and 

Nutrition Examination Survey (NHANES). A compari-

son of data from four cycles of the survey (1988–1994,10 

1999–2002,9 2011–2014,5 and 2015--20186) is presented 

in Table 3.7. The comparison reveals a minimal decrease 

of 0.3 cm in height regardless of race in men and a 

decrease of 0.5 cm in the height of women over the 24 y  

(1994–2018). It appears that Hispanic men and women 

increased more than any other group over that time with 

increases in mean height of 0.7  cm (0.4 %) and 0.8 cm 

(0.5 %), respectively. The change in body weight over time 

(from 1994 to 2018) is more dramatic with the average 

body weight in all U.S. men increasing 8.5 kg (10.4 %)  

from 82.1 kg to 90.6 kg. The average body weight for all 

U.S. women increased 8.3 kg (12.0 %) from 69.2 kg to  

Table 3.6 Body Weights Classified as “Normal” 

Derived from Height Using Body Mass 

Index (BMI)

Height

“Normal Body Weight”

(BMI = 18.5–24.9)

 cm in. kg lb

142 56.00 37.4–50.4 83–111

144 56.75 38.4–51.7 85–114

146 57.50 39.5–53.1 87–117

148 58.25 40.5–54.5 89–120

150 59.00 41.5–55.9 92–123

152 59.75 42.6–57.4 94–126

154 60.75 44.0–59.3 97–131

156 61.50 45.1–60.8 100–134

158 62.25 46.3–62.3 102–137

160 63.00 47.4–63.8 104–141

162 63.75 48.5–65.3 107–144

164 64.50 49.7–66.8 109–147

166 65.25 50.8–68.4 112–151

168 66.25 52.4–70.5 115–155

170 67.00 53.6–72.1 118–159

172 67.75 54.8–73.7 121–163

174 68.50 56.0–75.4 123–166

176 69.25 57.2–77.0 126–170

178 70.00 58.5–78.7 129–174

180 70.75 59.7–80.4 132–177

182 71.75 61.4–82.7 135–182

184 72.50 62.7–84.4 138–186

186 73.25 64.0–86.2 141–190

188 74.00 65.4–88.0 144–194

190 74.75 66.7–89.8 147–198

192 75.50 68.0–91.6 150–202

194 76.50 69.8–94.0 154–207

196 77.25 71.2–95.9 157–211

198 78.00 72.6–97.7 160–215

Note: “Normal” body weight is derived from a “normal” body mass index (BMI), 
which is 18.5–24.9. Source: National Heart, Lung, and Blood Institute (1998).11
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observed that height increased (> 5 mm) after lying supine 

for an average period of 49 min.4 The observation of diurnal 

changes in height has practical consideration for the study 

of osteoporosis in particular. Because osteoporotic verte-

bral fractures result in loss of height, longitudinal  measure 

of height in older adults may be useful in detecting the onset 

of osteoporosis and monitoring its progress. But these mea-

surements should be taken at the same time of day to min-

imize any potential error due to normal daily variation in 

height.

It is also common to observe daily changes in body 

weight over the course of the day. Body weight can be 

 influenced rapidly by food intake, fluid intake, salt intake, 

exercise, fluid loss, illness (vomiting and diarrhea),  hormonal 

status (more so in women) and other factors. These daily 

changes in weight for the most part go unnoticed. However, 

some people, when trying to lose weight, choose to step 

on the scale frequently throughout the day. This can lead 

to confusing and frustrating results when they see 1–2 kg 

BOX 3.3 Chapter Preview/Review

What is meant by the term stature?

What are some of the purposes of measuring height?

What is a stadiometer?

How good is the test-retest reliability of height and weight 

measurements?

How well do people “self-report” height and weight?

When is it preferred to use nude body weight and “exercise-

clothed” body weight?

During which decade of life is height and weight observed to 

peak in men and women?

How does race influence height and weight?

How does the time of day potentially affect height and body 

weight?

Table 3.7  Change in Mean Height and Weight by Survey Year, Gender, and Race

Height Height change from: Weight Weight change from: 

1994a 2002b 2014c 2018d 1994–2018 2014–2018 1994a 2002b 2014c 2018d 1994–2018 2014–2018

Group cm cm cm cm cm (%) cm (%) kg kg kg kg kg (%) kg (%)

Men (Total) 175.6 176.0 175.7 175.3 –0.3 (–0.2%) –0.4 (–0.2%) 82.1 86.3 88.8 90.6 8.5 (10.4%) 1.8 (2.0%)

 White 176.5 177.2 177.1 176.7 0.2 (0.1%) –0.4 (–0.2%) 83.2 87.9 90.2 92.2 9.0 (10.8%) 2.0 (2.2%)

 Black 176.1 176.9 176.4 176.0 –0.1 (–0.1%) –0.4 (–0.2%) 82.5 86.2 90.4 90.8 8.3 (10.1%) 0.4 (0.4%)

 Hispanic 169.7 169.6 171.3 170.4 0.7 (0.4%) –0.9 (–0.5%) 77.5 80.0 86.1 87.9 10.4 (13.4%) 1.8 (2.1%)

 Asian - - 170.3 170.5 - 0.2 (0.1%) - - 73.0 76.2 - 3.2 (4.4%)

Women (Total) 161.8 162.1 161.8 161.3 –0.5 (–0.3%) –0.5 (–0.3%) 69.2 74.1 76.4 77.5 8.3 (12.0%) 1.1 (1.4%)

 White 162.3 162.9 162.9 162.4 0.1 (0.1%) –0.5 (–0.3%) 68.5 73.6 76.4 77.5 9.0 (13.1%) 2.1 (2.7%)

 Black 163.0 163.0 163.0 162.5 –0.5 (–0.3%) –0.5 (–0.3%) 76.5 82.9 86.3 85.5 9.0 (11.8%) 2.5 (2.9%)

 Hispanic 156.7 157.4 157.5 157.5 0.8 (0.5%) 0.0 (0.0%) 68.9 71.2 74.7 76.2 7.3 (10.6%) 1.1 (1.5%)

 Asian - - 157.0 156.3 - –0.7 (–0.4%) - - 59.6 61.2 - 1.6 (2.7%)

Source: aMcDowell, Fryar & Ogden (2009)10; bMcDowell, Fryar, Hirsch & Ogden (2005)9; cFryar, Gu, Ogden & Flegal (2016)5; dFryar, Carroll, Gu, Afful & Ogden (2021).6

fluctuations in weight throughout the day. It might be rec-

ommended in this case that they weigh themselves only once 

per day, at the same time of day (typically in the morning), 

after going to the bathroom, and before eating or drinking 

anything. This is the best way to get a “true” body weight, 

along with the use of an accurate scale.
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I
sotonic exercise is also referred to or defined as dynamic 

exercise. It is exercise that consists of muscle actions that 

are concentric or eccentric, depending on whether the mus-

cles shorten or are lengthened. During isotonic or dynamic 

exercise, the speed of movement is variable throughout the 

movement, such as when lifting a barbell. Thus, the load 

being lifted changes speed, due to biomechanical, physio-

logical, and anatomical factors of the lifter, but the absolute 

load itself (the mass of the load) does not change.18

Field tests of strength have existed since at least the time 

of the ancient Olympics, when contestants were required to 

lift a ball of iron in order to qualify for the games. In 1873, 

Dudley Sargent, a pioneer in early physical education, initi-

ated strength testing at Harvard University.9 Currently, many 

strength trainees measure their strength in the weight room 

using free-weights and weight machines.

A popular free-weight exercise that is described as 

an isotonic or dynamic strength test in this chapter is the 

bench press. Depending on the controlled or standardized 

conditions, the free-weight test described here could be 

 classified as a field or laboratory test.11,37 This chapter 

includes a description of both direct and indirect (predicted; 

estimated) measures of dynamic strength for the muscle 

groups used in performing this free-weight exercise.

RATIONALE

One of the most operational (easily applied) definitions of 

dynamic strength states that it is expressed as a person’s one 

repetition maximum (1 RM) for a specific movement, such as 

the bench press. This 1 RM is the maximum load or weight 

that a person can lift only one time. It can be directly mea-

sured from a maximal effort or it can be indirectly estimated 

from a submaximal effort.

Directly Measured 1 RM

A direct measure of strength is the maximal weight that a per-

son can lift in the prescribed manner only one time. A brief pre-

view of the traditional 1 RM test would show that it requires a 

person to exert maximally on a selected weight, chosen as close 

as possible to the person’s expected 1 RM weight. If the person 

cannot lift it with correct form, then a lower weight is tried 

after a rest interval; if the person properly lifts the weight twice, 

then the participant stops. After a rest interval, a small addi-

tional weight is added, and the person tries again. This process 

is repeated until only one repetition is possible.25 Obtaining the 

1 RM value for the first time in a person may be inaccurate and 

time consuming because of the number of attempts at achiev-

ing one, and only one, repetition at a given weight21 and a 

lack of standardizing the lifting position or procedures. Direct  

1 RM measurements also may be injurious for some persons, 

especially children16 and the elderly.34 Previous American 

Academy of Pediatrics (AAP) policy statements remained 

hesitant to recommend 1 RM testing in skeletally immature 

children.1 However, a recent AAP clinical report states that  

1 RM testing that is properly administered can be used as a valid 

and relative measure of strength in children and adolescents.41 

Indirectly Estimated 1 RM

If for some reason directly measuring 1 RM is not possible or 

desirable, the 1 RM may be indirectly estimated by knowing 

the number of submaximal repetitions to fatigue (RTF) for 

any given weight lifted. The 1 RM may be estimated from 

equations based upon either a linear relationship6,22,32 or a 

curvilinear (exponential) relationship25,35 between the num-

ber of RTF and the percent of 1 RM (% 1 RM). An example 

of both of these relationships is seen in Figure 4.1. The 1 RM 

can be estimated from measuring the number of RTF at 

intensities between 75 % and 95 % 1 RM,14,17,20 and possibly 

extended to intensities as low as 60 % 1 RM.14,29 Generally, 

however, it is believed that estimations of 1 RM using such 

equations are best when using a load that results in no more 

than 10 repetitions to fatigue (~ 75 % of 1 RM).6,27

One indirect 1 RM method is based on a linear rela-

tionship between % 1 RM and the number of submaximal 

repetitions to fatigue.32 If 4 repetitions to fatigue are com-

pleted, this would be considered the number of repetitions 

or 4 RM (4 reps to fatigue), 5 RM (5 reps to fatigue), etc. 

In general, the % 1 RM load decreases by about 2.5 % for 

each increase in the number of repetitions to fatigue, keep-

ing in mind the assumption of a linear relationship. Thus, 

the 1 RM load represents 100 % 1 RM that can be lifted 

only once, whereas an 80 % 1 RM load could be lifted 

about 8 times. The %  1  RM can be estimated for a set of 

submaximal  repetitions by assuming the 2.5 % decrease 

per RM, which can then be used to estimate the 1 RM. 

Another indirect 1 RM method is based on a curvilinear (or 

exponential)  relationship between % 1 RM and the number 

of  submaximal repetitions to fatigue.25 This method is very 

similar to the linear method except that the estimated % 

of 1  RM is mathemati cally based on the exponent of the 

4
ISOTONIC (DYNAMIC) STRENGTH

C H A P T E R
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number of repetitions to fatigue. Because of this, the cur-

vilinear method yields estimates of 1 RM that are slightly 

higher than the linear method when a low number of repeti-

tions are completed (3–5 RM), but slightly lower estimates 

of 1 RM with higher numbers of repetitions to fatigue  

(10–12 RM), as seen in Figure 4.1.

Anatomical Rationale

Many major muscles in the upper body are involved in a bench 

press exercise. The primary muscles involved include those 

of the chest (pectoralis major), shoulders (anterior  deltoid 

and coracobrachialis), and arms (triceps brachii). For this 

reason, the bench press was chosen to use in  assessing 1 RM 

in this chapter.

Physiological Rationale

The biochemical pathway for maximal muscle actions—that 

is, strength—is the phosphagenic pathway. Even the lon-

gest of 1 RM movements is completed in less than 10 s;  

this includes the time spent holding the weight prior to the 

movement, raising the weight, holding it in the lifted posi-

tion, and lowering the weight.31 Thus, the actual time spent 

raising the weight is usually less than 3 s. Maximal exercise 

efforts of this duration are placed within the anaerobic fit-

ness category.

TESTS OF STRENGTH (1 RM), WORK, 
AND POWER

Two tests of strength are described; one directly measures 

the most weight lifted one time (1 RM) and the other 

indirectly estimates this value through the use of multiple 

submaximal lifts to fatigue (typically 3–12 repetitions). 

Strength testing serves purposes related to both perfor-

mance and health. Before embarking on strength training 

programs, it is meaningful to evaluate participants in order 

to prescribe their programs and monitor their progress. 

For example, a trainee’s exercise prescription may include 

performance of two or three sets of maximal repetitions at 

80 % of the 1 RM load. Persons, especially women, who 

habitually exert forcefully against resistance may protect 

themselves from losing bone density.2,4 It seems plausible 

that stronger persons are more likely to provide the neces-

sary forces to prevent the advent of porous bones, associ-

ated with osteoporosis.

Additionally, directions are included for the quantifi-

cation of work and power. This goes beyond the purpose of 

simply measuring strength. Because of the distinct termino-

logy and measurement in exercise physiology, the purpose 

of this exercise is to familiarize the student with common 

exercise terms and measurement associated with work and 

power. Thus, in addition to learning how to administer the 

strength tests, students also learn how to measure positive 

(concentric) work, negative (eccentric) work, total work, 

and mean power.

METHODS

The Methods section of a research paper should enable the 

readers to replicate the researcher’s study. This means that 

the equipment (instruments and materials), procedures, 

and calculations (analysis) are described in the Methods 

section. Box 4.1 provides a summary of the accuracy of 

1 RM testing.

Equipment

Various instruments are available to measure muscle strength. 

Some of these are (a) free-weights (e.g., barbells), (b) dyna-

mometers, (c) cable tensiometers, (d) load cells (electrome-

chanical devices), and (e) isokinetic devices. The equipment 

for the isotonic strength and power tests includes the follow-

ing: (1) weighing scale (e.g., platform scale or electronic scale);  

(2) bar; (3) assorted free-weights ranging from 1 kg (≈ 2.5 lb; 

10 N) to 10 kg (≈ 25 lb; 100 N) each; (4) barbell collars (unless 

weights are welded onto the bar); (5) stopwatch capable of mea-

suring to a tenth of a second; and (6) a metric tape or stick.

Weighing scales, used to measure the weight and force 

components, were discussed in Chapter 3. Most weight 

rooms have barbells and weights to measure the force com-

ponent of work and power. A total weight of about 125 kg 

(275 lb) should accommodate most participants. One bench 

is needed for the strength exercise described here. Most 

exercise physiology laboratories have metric measurement 

tapes and stopwatches to measure the distance and time 

components of work and power, respectively. Students are 

encouraged to bring their own calculators and wristwatches 

(chronographs) to every laboratory session.
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Figure 4.1 The linear and curvilinear (exponential) 
relationships between repetitions to fatigue (RTF) and 
percent of 1 repetition maximum (% 1 RM).
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positions of the bench press are illustrated in Figure 4.2. 

These movements should be practiced a few times with only 

the bar. The technician ensures that the participant executes 

properly.

 1. The participant lies supine on a wide bench with the 

knees bent and the soles of the feet on the floor. Alter-

nately, the feet may be on the bench with novice lifters 

to prevent arching the back and risking injury.10,23

 2. Two technicians, or spotters, at each side of the partic-

ipant, or one spotter behind the participant, place the 

barbell in the participant’s pronated hands (thumbs 

medial) spaced slightly wider (up to 20 cm) then shoul-

der width apart and at chest level.43

 3. The participant raises the weight to a straightened-arms 

position directly above the chest.

 4. The participant returns the barbell to the preparatory 

position (in contact with the chest).

 5. The participant stops at this position for about 1 s 

before initiating subsequent repetitions.

Preparation for 1 RM, Work, and Mean Power

As with all of the tests performed in this manual, the first step 

is to record the basic data. Thus, the name, date, age, gender, 

height, and weight are recorded on Form 4.2. An additional 

BOX 4.2 Safety Checklist for Lifting

1. Be alert for situations that might cause accidents, collisions, 

stumbles, and dropped weights such as other people, 

uneven floormats, overhangs, benches, and weights on 

the floor.

2. Perform a prior exercise regimen of stretching and  warming 

up (light lifting).

3. Use the hooked-thumb (hook) grip, not a thumb less grip, to 

provide additional safety.

4. Check that any adjustable collars are tight.

5. Use spotters wisely:

If using one spotter, place the spotter behind the bench 

press participant.

If using two spotters, place the spotters at each end of the 

barbell.

Keep clear communication between spotter(s) and the 

 participant throughout the effort.

“Ready”—participant calls “ready” and spotter(s) help 

remove bar from holder and place into starting position. 

“Done”—participant calls “done” on the last repetition 

and spotter(s) help return bar to the holder/rack.

6. Help protect the participant’s and spotter’s back by  keeping 

weights close to the body when handling the weights 

while loading the bar and lifting the weights, avoiding any 

 twisting while handling the bar, and activating the abdominal 

 muscles while loading and lifting the weights.

7. Breathe properly and fully while lifting—exhale from the 

mouth during the concentric phase and inhale through the 

mouth during the eccentric phase.

BOX 4.1 Accuracy of 1 RM Testing

Regardless of the accuracy of the equipment and the dili-

gence of the examiner and participant, strength scores in 

participants will vary due to daily biological variability; this may 

cause strength scores in an individual to change by 2–12 %.44 

When the 1 RM strength was determined for a two-arm curl 

performed two days apart on a custom-made weight machine, 

the test-retest correlation was .98. This correlation may not 

be as high, however, for two-arm curls performed with free-

weights because of less standardization of body position and 

movement.42 The test–retest variation of 1 RM and predicted 

1 RM ranges from 5 % to 15 %.3 Thus, if on one day a person’s 

maximal lift is 50 kg, or is predicted to lift 50 kg, then on a sub-

sequent day that person’s 1 RM, or predicted 1 RM, may be any 

value between 47.5 kg and 52.5 kg if at the least variability, and 

42.5 kg and 57.5 kg at the most variability. Test-retest reliability 

is likely to be higher if the average of a few trials is used rather 

than the highest score of a few trials.7

The traditional direct method of measuring dynamic strength 

is not without its inconsistencies, especially for inexperienced 

lifters. Because 1 RM strength trials may increase significantly 

from trial one to trial two, especially in older adults,36 the 

 second trial of another day should be used3 as the baseline for 

strength-training intervention studies. It would be inappropriate 

to attribute all strength gains to the resistance training program 

on the basis of strength scores from trial one.

Although the National Football League (NFL) test of strength 

for prospective players is not exactly like the predictive ones 

described here, it is similar enough to provide some input as to 

the accuracy of such predictive 1 RM tests. The NFL prescribes 

an absolute weight of 225 lb (102 kg) to be bench pressed 

as many times as possible (repetitions maximal; RM). Their 

valid test (r = 0.96) predicted 1 RM strength in college football 

players, who required about seven repetitions to fatigue. The 

prediction appeared to be most accurate for those players who 

performed 10 RM or less.7,24

When predicting 1 RM from repetitions maximal, some inac-

curacy may occur in assuming that there is a 2.5 % decrease 

in any given person’s 1 RM mass for each single increase of 

repetitions maximal. For example, this would assume that 10 RM 

is approximately 80 % of 1 RM mass. However, one reviewer 

reported a range from 60 % to 90 % for persons performing 

10 repetitions maximal.30 The initial strength and resistance 

training experience of the participant can affect the prediction 

of 1 RM.5 This inverse linear relationship also appears to vary 

with different muscle groups.8 Indirect, submaximal tests of 

1 RM appear to be accurate in exercises involving small muscle 

groups (e.g., bench press, arm curl) but often overestimate 1 RM 

in exercises involving large muscle groups (e.g., back squat, 

leg press).39,43

The measurement of power for the bench press, using a 

90 % 1 RM method, revealed a test-retest correlation of .97.3

Safety is a concern for all fitness tests, especially those 

requiring intense or explosive movements and those leading 

to exhaustion. Box 4.2 provides a safety checklist for techni-

cians and participants.

Executing the Bench Press Exercise

The accuracy of free-weight strength testing is enhanced 

if the execution of the lifts is standardized. The prescribed 
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Figure 4.2 The beginning and end positions for the bench press. The arrow denotes the vertical displacement measurement 
needed for calculating work and power.

and end points of the movement. The criteria for measuring 

these lengths are illustrated in Figure 4.2.

After making the vertical displacement measures, the 

participant should be given 5–10 min of prior exercise, 

consisting of stretching and warming-up (weight lifting) 

exercises. These exercises should incorporate the muscles 

to be used in the strength test. Thus, the stretching exer-

cises should stretch the upper body muscles and tendons. 

One warm-up set of about eight repetitions should mimic 

the  execution of the lift, but with weights that are about  

40 %38–60 %18 of an estimated one repetition maximal. This 

can be followed by another set of three repetitions between 

50 % and 70 % of estimated 1 RM or three to five reps at  

60 %–80 %. These preliminary estimates are rather explor-

atory for first-time participants (novices).

Direct Measurement of Bench Press 1 RM

The direct method is the traditional trial-and-retrial method. 

The results may be compared with the results of the indirect 

method. Hence, the comparison can serve as a validation of 

the indirect method.

factor, specific for free-weight testing, might be the record-

ing of the participant’s experience in lifting free-weights. The 

body weight should be as close to the nude weight as possi-

ble and measured according to the procedures described in 

Chapter 3.

Another universal step is to calibrate the test equip-

ment. The calibration of the platform scale was described 

in Box 3.2 of Chapter 3. It is not unusual for the poundage 

of commercial weights to be labeled inaccurately. For exam-

ple, in one instance a sand-filled weight that was marked as 

8.8 lb (4.0 kg) really weighed 10.4 lb (4.7 kg). Hence, the 

weights, barbells, and collars that are to be used for testing 

should be verified on an accurate scale prior to testing. The 

actual kilograms or pounds should be marked on the bar-

bells or weights.

In some instances, weight (or mass) is considered equal 

to the force lifting the weight, such as when lifting a bar-

bell against gravitational forces. The weight (free-weights), 

which in this case is the force, should be measured on a 

metric scale to the closest tenth kilogram or be converted to 

metrics after being weighed on a nonmetric scale.

Before the subject performs the maximal repetitions 

for a given weight, displacement (d) measurements must 

be made in order to calculate the work (w = F ∗ d) accom-

plished. The displacementa is measured to the closest 

 centimeter with a metric tape. It is made with the partici-

pant using an unloaded bar at two points: the preparatory 

aThe term displacement represents the straight-line length of the concentric 

phase of the exercise. The term distance includes the curved-line length (the 

arc) of concentric and eccentric phases of the exercise.
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 b. If unsuccessful, the technician unloads 5–10 kg  

(10–20 lb) from the bar. The participant rests  

1–2 min (or more), then attempts another single rep 

at this reduced weight.

 i. If successful, the participant rests 1–2 min (or 

more), then repeats Step 3 until the 1 RM is 

reached.

 ii. If unsuccessful, the participant is done and Trial 

1 is considered the 1 RM.

 4. Ideally, the participant’s 1 RM is reached within five 

 trials. If more attempts are needed, the participant 

should be retested on another day.46

Indirect Estimate of Bench Press 1 RM

The prediction of 1 RM may be made based on either a  linear 

relationship or a curvilinear relationship between % 1  RM 

and # RM. The focus of the following is based on the more 

popular, but not necessarily more accurate, linear relation-

ship. The ultimate step in predicting 1 RM is to determine 

the participant’s maximal number of repetitions for a given 

weight (force). Repetitions maximal (# RM) is defined as 

the number of repetitions, without a rest interval, performed 

until no other properly executed repetition can be completed. 

In order to comply with the linearity rationale, it is best if 

the number of maximal repetitions does not exceed 20. If 

it is apparent that the participant is about to exceed 20 rep-

etitions, stop the participant and wait for 5–10 min before 

repeating the exercise at a heavier weight.

Technician Preparation

 1. The technician completes Steps 1–5 as in the section 

“Direct Measurement of Bench Press 1 RM.”

Participant Preparation

 1. The participant completes Steps 1–2 as in the section 

“Direct Measurement of Bench Press 1 RM.”

Test Procedures

 1. The technician adds 5–10 kg (10–20 lb) to the bar over 

that weight used for the warm-up set. This weight is 

recorded as Trial 1 on Form 4.2.

 2. The participant lifts the weight as prescribed for the 

movement as many times as possible at a comfortable 

pace, but without a rest interval. Ideally, the goal of 

the test is to lift the weight about 3–12 times to fatigue 

(3–12 RM).

 a. If the participant fatigues in 3–12 reps, that is 

acceptable and the test is complete. The technician 

records the number of repetitions beside the weight 

lifted for Trial 1 on Form 4.2.

 b. If the weight can be lifted less than 3 times or more 

than 12 times, the test should be repeated after a 

The procedures outlined here19,33,46 combine those 

described by others. The procedural steps for the traditional 

direct measurement of 1 RM follow.

Technician Preparation

 1. Calibrate the platform scale or electronic scale. (Refer 

to Box 3.2 in Chapter 3.)

 2. Weigh and mark the barbells and assorted free-weights 

to the closest 0.1 kg.

 3. Record basic data onto Form 4.2. Record height to the 

closest 1 cm and body weight (as close to nude weight 

as possible) to closest 0.1 kg.

 4. Explain and demonstrate the proper execution of the 

bench press using only the bar. Provide as much detail 

as needed based on the previous weight lifting experi-

ence of the participant.

 5. For novice lifters, load the bar with weight based on the 

body weight of the participant. For men, load the bar 

with about 50 % of body weight. For women, load the 

bar with about 30 % of body weight. For experienced 

lifters, load the bar with weight that approximates 50 % 

1 RM.

Participant Preparation

 1. Practice the bench press exercise with just the bar until 

performance is satisfactory to the technician.

 2. Complete a warm-up set of 8–10 reps at the previously 

prescribed weight (50 % of body weight for novice men, 

35 % of body weight for novice women, or 50 % 1 RM 

for more experienced lifters). The goal is a warm-up set 

of 8–10 reps at 40–60 % 1 RM. Rest for 1 minute with 

active recovery and stretching if desired.

 3. Complete another warm-up set of 3–5 reps at a weight 

5–10 kg (10–20 lb) higher than the first. The goal is 

another warm-up set of 3–5 reps at 60–80 % 1 RM. 

Rest for 1 minute with active recovery and stretching if 

desired.

Test Procedures

 1. The technician loads the bar with an estimated near 

maximal weight (90–95 % 1 RM) by adding 5–10 kg 

(10–20 lb) to the weight used for the second warm-up 

set. This weight is recorded as Trial 1 on Form 4.2.

 2. The participant completes 2–3 reps at this weight  

(estimated to be 90–95 % 1 RM). The participant rests 

1–2 min (or longer) with active recovery and stretching 

if desired.

 3. The technician loads the bar with an additional 5–10 kg  

(10–20 lb) to estimate the 1 RM. The participant 

attempts one single rep at this weight.

 a. If successful, the technician records this weight as 

Trial 2 on Form 4.2. The participant rests 1–2 min 

(or more), then repeats Step 3 until the 1 RM is 

reached and recorded on Form 4.2.
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Table 4.1 Estimated Bench Press 1 RM from Number of Submaximal Repetitions (from 2 RM to 12 RM) at 

Repetition Weight (kg or lb) Based on a Generalized Linear Prediction Model

Repetition 

Weight

2 RM

95.0 %

3 RM

92.5 %

4 RM

90.0 %

5 RM

87.5 %

6 RM

85.0 %

7 RM

82.5 %

8 RM

80.0 %

9 RM

77.5 %

10 RM

75.0 %

11 RM

72.5 %

12 RM

70.0 %

30 32 32 33 34 35 36 38 39 40 41 43

35 37 38 39 40 41 42 44 45 47 48 50

40 42 43 44 46 47 48 50 52 53 55 57

45 47 49 50 51 53 55 56 58 60 62 64

50 53 54 56 57 59 61 62 65 67 69 71

60 63 65 67 69 71 73 75 77 80 83 86

70 74 76 78 80 82 85 87 90 93 97 100

80 84 86 89 91 94 97 100 103 107 110 114

90 95 97 100 103 106 109 113 116 120 124 129

100 105 108 111 114 118 121 125 129 133 138 143

110 116 119 122 126 129 133 138 142 147 152 157

120 126 130 133 137 141 145 150 155 160 166 171

130 137 141 144 149 153 158 163 168 173 179 186

140 147 151 156 160 165 170 175 181 187 193 200

150 158 162 167 171 176 182 188 194 200 207 214

160 168 173 178 183 188 194 200 206 213 221 229

170 179 184 189 194 200 206 213 219 227 234 243

180 189 195 200 206 212 218 225 232 240 248 257

190 200 205 211 217 224 230 238 245 253 262 271

200 211 216 222 229 235 242 250 258 267 276 286

Source: Data used to estimate percentages of 1 RM from National Strength and Conditioning Association (2000).32 % 1 RM = 100 − (# RM * 2.5).

Note: Table can be used to estimate 1 RM in either kilograms (kg) or pounds (lb).

 b. The 1 RM may alternately be estimated based on 

a curvilinear (exponential) relationship25 between 

% 1 RM and the number of reps to fatigue and the 

weight lifted, as shown in Equations 4.3a and 4.3b. 

The symbol e in Eq. 4.3a represents the exponential 

function which is written as ex or often as exp(x) to 

avoid the use of the superscript. The calculation can 

be made on a scientific calculator using the ex key or 

can be done in Excel® using the EXP function.

% 1 RM = 52.5 + 41.9 e−0.055 ∗ Reps Eq. 4.3a

1 RM = Weight lifted / (% 1 RM / 100) Eq. 4.3b

For example, using the same data as above, where 

the participant completed 10 repetitions of a 60 kg  

load, the estimated % 1 RM is slightly higher at 

76.7 % (Eq. 4.4a), yielding a slightly lower estimated 

1 RM of 78 kg (Eq. 4.4a). This same estimated 

1 RM of 78 kg can be found in Table 4.2.

% RM = 52.2 + 41.9 e−0.055 ∗ 10 = 76.7 % Eq. 4.4a

1 RM = 60 kg / (76.7 % / 100) = 78 kg Eq. 4.4b

Evaluation of Bench Press Measurements

 1. The technician compares the directly measured 1 RM 

with the indirectly estimated 1 RMs and completes the 

related items on Form 4.2.

 2. The technician selects a category from Table 4.3 to 

evaluate the absolute 1 RM bench press strength, 

5–10 min rest. The technician increases or decreases 

the weight on the bar by 5–10 kg (10–20 lb) and the 

participant repeats the test until fatigue is reached in 

3–12 reps.

 3. The technician estimates the 1 RM of the participant 

using the number of repetitions to fatigue (# RM) and 

the amount of weight lifted (kg or lb).

 a. The estimation of 1 RM can be made using the 

mathematical method described previously based 

on the linear relationship32 between % 1 RM and 

the number of reps to fatigue (# RM). The % 1 RM 

is estimated for a set of submaximal repetitions 

(Eq. 4.1a). The 1 RM is then estimated by factor-

ing in the weight lifted (Eq. 4.1b). The 1 RM may 

also be estimated based on the data presented in 

Table 4.1.

% 1 RM = 100 − (#Reps ∗ 2.5) Eq. 4.1a

1 RM = Weight lifted /  (% 1 RM / 100) Eq. 4.1b

For example, if a person completes 10 repetitions to 

fatigue of a particular weight, the % of 1 RM is esti-

mated to be 75 % (Eq. 4.2a). If those 10 repetitions 

were completed with a load of 60 kg, then the 1 RM 

is estimated to be 80 kg (Eq. 4.2b). This same esti-

mated 1 RM of 80 kg can be found in Table 4.1.

% 1 RM = 100 − (10 ∗ 25) = 75 % Eq. 4.2a

1 RM = 60 kg / (75 / 100) = 80 kg Eq. 4.2b
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mean power. If the latter were the goal, the participant would 

need to execute the maximal repetitions as fast as possible. 

No norms for this test could be found in the literature. The 

primary purpose of the mean power “test” is to become famil-

iar with the concept of power and its calculation.18

The measurement of work and power can be completed 

in conjunction with the Indirect Estimate of 1 RM or inde-

pendently. If it is to be completed in conjunction with this 

other test, the following preparation should be done prior to 

the Indirect Estimate of 1 RM.

Technician Preparation

 1. The technician completes Steps 1–5 as in the section 

“Direct Measurement of Bench Press 1 RM.”

Table 4.3 Category for 1 RM Bench Press Strength (kg) in Untrained Men and Women by Age Group

Men Women

Category (Percentile)

18–29 y 30–50 y > 50 y 18–29 y 30–50 y > 50 y

(kg) (kg) (kg) (kg) (kg) (kg)

Well above ave (> 95th %ile) > 92.1 > 83.0 > 73.0 > 47.6 > 43.1 > 38.1

Above ave (75th–95th %ile) 76.9–92.1 69.4–83.0 61.0–73.0 42.2–47.6 38.3–43.1 33.8–38.1

Average (25th–74th %ile) 55.6–76.8 49.4–69.3 43.3–60.9 34.9–42.1 31.5–38.2 27.9–33.7

Below ave (5th–24th %ile) 40.4–55.5 35.8–49.3 31.3–43.2 29.5–34.8 26.8–31.4 23.6–27.8

Well below ave (< 5th %ile) < 40.4 < 35.8 < 31.3 < 29.5 < 26.8 < 23.6

Mean 66.2 59.4 52.2 38.6 34.9 30.8

Source: Data from Hockey (1989).13

Table 4.2 Estimated Bench Press 1 RM from Number of Submaximal Repetitions (from 3 RM to 12 RM) at 

Repetition Weight (kg or lb) Based on a Curvilinear (Exponential) Prediction Model

Repetition 
Weight

2 RM  
90.0 %

3 RM  
88.0 %

4 RM  
86.1 %

5 RM  
84.3 %

6 RM  
82.6 %

7 RM  
81.0 %

8 RM  
79.5 %

9 RM 
78.0 %

10 RM 
76.7 %

11 RM 
75.4 %

12 RM 
74.2 %

30 33 34 35 36 36 37 38 38 39 40 40

35 39 40 41 42 42 43 44 45 46 46 47

40 44 45 46 47 48 49 50 51 52 53 54

45 50 51 52 53 54 56 57 58 59 60 61

50 56 57 58 59 61 62 63 64 65 66 67

60 67 68 70 71 73 74 75 77 78 80 81

70 78 80 81 83 85 86 88 90 91 93 94

80 89 91 93 95 97 99 101 103 104 106 108

90 100 102 105 107 109 111 113 115 117 119 121

100 111 114 116 119 121 123 126 128 130 133 135

110 122 125 128 130 133 136 138 141 143 146 148

120 133 136 139 142 145 148 151 154 156 159 162

130 144 148 151 154 157 160 164 167 169 172 175

140 156 159 163 166 169 173 176 179 183 186 189

150 167 170 174 178 182 185 189 192 196 199 202

160 178 182 186 190 194 198 201 205 209 212 216

170 189 193 197 202 206 210 214 218 222 225 229

180 200 205 209 214 218 222 226 231 235 239 243

190 211 216 221 225 230 235 239 244 248 252 256

200 222 227 232 237 242 247 252 256 261 265 270

Source: Data used to estimate percentages of 1 RM from Mayhew, Ball, Arnold, & Bowen (1992).25 % 1 RM = 52.2 + 41.9 e−0.055 * Reps

Note: Table can be used to estimate 1 RM in either kilograms (kg) or pounds (lb).

selects a category from Table 4.4 to evaluate the 

 relative 1 RM strength, and completes the related 

items on Form 4.2.

Estimation of Work and Mean Power

Timing the duration of the free-weight lift is necessary when 

calculating power because power is the rate of doing work. 

The timer should start the stopwatch at the participant’s first 

movement of the bench press. The timer stops the watch when 

the participant returns the weight after the last complete or 

partial repetition. The timer records the time to the closest 

0.1 s. The participant should execute the repetitions at a com-

fortable pace because the purpose of the power measurement 

is not to rank and compare the quality of the participant’s 
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Positive work, however, accounts only for the con-

centric muscle action lifting the weight vertically against 

gravity. To measure the total work of these dynamic exer-

cises, the eccentric muscle action must be considered and 

the negative work (−w) calculated (Eq. 4.6a). Although 

the estimate of negative work is variable, for the purpose 

of expressing the total work accomplished during a bench 

press exercise, negative work is assumed here to be 1/3 the 

positive work, based on the relationship of the metabolic 

cost between concentric and eccentric work.2 Thus, using 

the data from the example above, the negative work (−w) 

can be calculated as in Equation 4.6b and the total work 

accomplished during the exercise as in Equations 4.6c and 

4.6d. Total work can also be calculated “collectively” in one 

step, as seen in Equations 4.6e and 4.6f.

−w (J) = Positive work (J) ∗ 0.33 Eq. 4.6a

−w (J) = 2328 J ∗ 0.33 = 768 J Eq. 4.6b

Total work (J) = + w (J) + −w (J) Eq. 4.6c

Total work (J) = 2328 J + 768 J = 3096 J Eq. 4.6d

Total work (J) = Force (N) ∗ Displacement (m / Rep)  
∗ # Reps ∗ 1.33 Eq. 4.6e

Total work (J) = 490 N ∗ 0.5 m / Rep ∗ 9.5 Reps  
∗ 1.33 = 3096 J Eq. 4.6f

Power, as described in Chapter 1, expresses the rate at 

which work is done. It is calculated as work divided by time. 

You have probably not thought much about how much work 

is done during a set of 8–10 bench press exercises or at what 

power the exercises are done. But knowing how much work 

is done and knowing the time in which it is done allows the 

calculation of mean power. Working with the example from 

above, we know that completing 9.5 reps of 50 kg (490 N) 

over 0.5 m resulted in 3096 J of work. If the work was com-

pleted in 30.5 s, the mean power of the bench press exer-

cise can be determined as in Equations 4.7a and 4.7b. The 

units end up as joules per second (J·s−1), which can also be 

expressed in watts (W) since 1 W is equal to 1 J·s−1.

Mean power (W) = Work (J) / Time (s) Eq. 4.7a

Mean power (W) = 3096 J / 30.5 s = 102 J⋅s−1  
= 102 W Eq. 4.7b.

RESULTS AND DISCUSSION

Maximal bench press strength represents well the total 

upper body strength of a person. It is commonly measured 

by directly testing the maximal amount of weight that can 

be lifted in one repetition (1 RM) or estimating this value 

through multiple submaximal lifts. The accuracy of a sub-

maximal, multiple repetition protocol to estimate 1 RM is 

improved by completing no more than about 10 repetitions 

to fatigue.27 One source reports that the average free weight 

1 RM bench press strength for young (18–29 y) men is 

 2. Measure and record on Form 4.2 the vertical displace-

ment of one concentric action of the participant’s 

bench press (as indicated in Figure 4.2). This measure-

ment allows for the calculation of work.

 3. Have a stopwatch ready to measure the time elapsed 

during the complete exercise.

Participant Preparation

 1. The participant completes Steps 1–2 as in the section 

“Direct Measurement of Bench Press 1 RM.”

Test Procedures

 1. The technician starts the stopwatch at the participant’s 

first movement.

 2. The participant lifts the weight as prescribed for the 

movement as many times as possible at a comfortable 

pace, but without a rest interval. Ideally, the goal of 

the test is to lift the weight about 6–10 times to fatigue 

(6–10 RM), but up to a maximum of 20 repetitions is 

allowed.

 3. The technician counts and records on Form 4.2 the 

number of repetitions completed, including the fraction 

of a possible partial repetition on the last attempt. The 

weight lifted (kg) is converted into the force exerted 

(N), and recorded.

 4. The technician stops the stopwatch at the end of the 

last attempt of a repetition and records the time to the 

closest 0.1 s onto Form 4.2.

 5. If the participant exceeds 20 repetitions, the test should be 

repeated with a higher weight following a 5–10 min rest.

 6. The technician completes the calculation of work and 

power as described below and completes the remaining 

items on Form 4.2.

Calculating Work and Power

Equation 4.5a is used to calculate the positive work (+w) 

from the weight lifted, expressed as force (F), the displace-

ment (d) of a single concentric action, and the number of 

repetitions (# Reps). The latter will consist of more than 

one repetition (preferably 6 or more) and will include a 

somewhat subjective estimate of the fractional displacement 

of the final incomplete attempted repetition. For example, if 

the participant properly executes 9 complete repetitions of 

50 kg (490 N) over 0.5 m, but attempts a 10th lift that only 

goes half the proper distance, then it is recorded as 9.5 reps 

and positive work is calculated as in Equation 4.5b. The 

result of the calculation ends up being in newton meters 

(N·m), which may also be expressed as joules (J), since 1 J 

is equal to 1 N·m.

+ w (J) = Force (N) ∗ Displacement (m / Rep)  
∗ # Reps Eq. 4.5a

+ w (J) = 490 N ∗ 0.5 m / Rep ∗ 9.5 Reps  
= 2328 N⋅m = 2328 J  Eq. 4.5b
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untrained men. A more detailed description of absolute and 

relative bench press strength of DI college football players 

by position is shown in Table 4.6. Offensive and defensive 

linemen have the highest absolute strength, while running 

backs have the highest relative strength.

Although the methods for administering the test are not 

described in this laboratory manual, a test that is sometimes 

used to estimate 1 RM bench press strength in college foot-

ball players is the NFL-225 test.7,24,28,45 The test involves 

bench pressing 225 lb (102 kg) as many times as possible 

to fatigue. The number of repetitions to fatigue can then be 

used in a regression equation27 to estimate 1 RM, as shown 

along with an example in Equations 4.7a and 4.7b. Strength 

tests such as these, using multiple repetitions to fatigue, 

instead of direct tests of 1 RM, are becoming popular with 

strength and conditioning specialists.42 Essentially every 

lifting set to fatigue (up to 10 RM) becomes an estimate of  

1 RM and time is not wasted by performing frequent  maximal 

1 RM tests.

Assume: Reps@225 = 10

1 RM (lb) = (7.1 ∗ Reps@225) + 226.7 

r = 0.96, SEE = 14.1 lb = 6.4 kg Eq. 4.7a

1 RM (lb) = (7.1 ∗ 10) + 226.7 = 298 lb = 135 kg Eq. 4.7b

As was mentioned earlier in this chapter, the tests 

of work and mean power were included primarily to 

66.2 kg (146 lb) and for young women is 38.6 kg (85 lb).13 

Percentiles derived from this same source allow the creation 

of the descriptive categories seen in Table 4.3 for evaluating 

bench press strength. The bench press strength of women 

proved to be about 60 % that of men. With increasing age, it 

appears that maximal bench press strength decreases about 

5 % per decade from age 30 to age 50 and beyond. Prior to the 

1980s, strength was not emphasized as a fitness component 

for middle-aged and older adults. However, due to its effect 

on retaining muscle mass and preserving bone density, it has 

attained greater importance for persons of all ages.2,4

Strength up to this point has been described in absolute 

terms, regardless of an individual’s body weight. A person’s 

absolute strength is measured by the 1 RM, described in 

kilograms (e.g., 1 RM = 75 kg) or pounds. It is sometimes 

desirable to express strength on a relative basis, relative to 

body weight. A person with a 1 RM of 75 kg with a body 

weight of 75 kg could be described as having a relative 

strength of 1.00. This value can be expressed with units as 

1.00 kg·kg−1, as a ratio of 1.00 (which is unitless), or as 

100 % of body weight. The benefit of describing someone’s 

relative strength might be made clearer with the following 

example. Assume two people have the exact same absolute 

strength as defined by a 1 RM bench press of 75 kg. Further 

assume that one person weighs 75 kg but the other weighs 

85 kg. This translates into two different relative strengths: 

1.00 kg·kg−1 (75 kg / 75 kg) and 0.88 kg·kg−1 (75  kg / 

85  kg). Depending on the situation, it is valuable to be 

able to express strength in either absolute or relative terms. 

Table  4.4 provides categories for evaluating relative bench 

press strength in untrained, college-aged men and women.12

Dynamic bench press strength is increased through 

training. Comparisons of untrained men and women with 

trained men and women show significant differences in 

absolute and relative strength, as seen in Table 4.5. Within 

trained participants, some groups show even greater bench 

press strength. Nearly every collegiate football program 

in the United States places great emphasis on bench press 

strength. Understandably, the strength developed by this 

particular group of athletes far exceeds the strength of the 

“average” person discussed throughout this chapter. The 

absolute 1 RM bench press strength of division II (DII) 

football players was nearly twice that of untrained men, and 

of division I (DI) players two to three times higher than 

Table 4.6 Absolute (Abs) and Relative (Rel) 

1 RM for Bench Press in College  

Football Players by Position

Position

Body wt  

(kg)

Abs 1 RM  

(kg)

Rel 1 RM 

(kg·kg−1)

Receivers 88.7 147 ± 25 1.50 ± 0.22

Quarterbacks 94.6 156 ± 24 1.59 ± 0.23

Tight ends 114.2 168 ± 21 1.31 ± 0.17

Running backs 96.9 170 ± 25 1.65 ± 0.25

Offensive line 134.3 176 ± 26 1.39 ± 0.20

Defensive line 122.3 180 ± 24 1.49 ± 0.19

Source: Data from Secora, Latin, Berg, & Noble (2004).38

Table 4.4 Relative Bench Press Strength in 

College-Age Men and Women

Men Women

Category (kg·kg−1) (kg·kg−1)

Excellent ≥ 1.40 ≥ 0.85

Good 1.20–1.39 0.70–0.85

Average 1.00–1.19 0.60–0.69

Fair 0.80–0.99 0.50–0.59

Poor < 0.80 < 0.50

Source: Based on data adapted from Heyward (2002).12

Table 4.5 Absolute (Abs) and Relative (Rel) 1 RM 

for Bench Press in Various Groups

Group

Body wt  

(kg)

Abs 1 RM 

(kg)

Rel 1 RM  

(kg·kg−1)

Untrained womena 61.6 28.7 0.47

Untrained womenb 66.2 38.2 0.58

Trained womenc 59.2 44.6 0.75

Untrained mend 73.1 62.8 0.86

Untrained menb 74.5 77.8 1.04

Trained mend 86.4 115.4 1.34

DII college footballe 97.1 124.3 1.28

DI college footballf 115.9 170.3 1.47

Source: Data from aMayhew et al. (2008)26; bMayhew et al. (1992)25;  
cHorvat et al. (2003)15; dSecora et al. (2006)39; eWare et al. (1995)43; and 
fSecora et al. (2004).38
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BOX 4.3 Chapter Preview/Review

How is isotonic or dynamic strength defined?

What does the abbreviation 1 RM mean?

How accurate is 1 RM testing?

How can 1 RM be estimated from submaximal repetitions to 

fatigue?

How do linear and curvilinear methods of estimating 1 RM 

differ?

What is the difference between absolute and relative strength?

How are work and power measured during weight lifting?

What is the NFL-225 test?

5. Braith, R. W., Graves, J. E., Leggett, S. H., & Pollock, 

M. L. (1993). Effect of training on the relationship 

between maximal and submaximal strength. Medicine 

and Science in Sports and Exercise, 25(1), 132–138.

6. Brzycki, M. (1993). Strength testing: prediction of  

one-rep max from reps-to-fatigue. Journal of Health, 

Physical Education, Recreation and Dance, 64, 88–90.

7. Chapman, P. P., Whitehead, J. R., & Brinkhert, R. H. 

(1996). Prediction of 1-RM bench press from the 

225 lbs reps-to-fatigue test in college football players. 

Medicine and Science in Sports and Exercise, 28, 

Abstract #393, S66.

8. Claiborne, J. M., & Donolli, J. D. (1993). Number of 

repetitions at selected percentages of one repetition 

maximum in untrained college women. Research 

Quarterly for Exercise and Sports, 64 (Suppl): (Abstract).

9. Clarke, D. H. (1975). Exercise physiology. Englewood 

Cliffs, NJ: Prentice-Hall.

10. Corbin, C. B., & Lindsey, R. (1996). Physical fitness 

concepts. Dubuque, IA: Brown & Benchmark.

11. Cronin, J. B., McNair, P. J., & Marshall, R. N. (2000). 

The role of maximal strength and load on initial power 

production. Medicine and Science in Sports & Exercise, 

32, 1763–1769.

12. Heyward, V.H. (2002). Advanced fitness assessment and 

exercise prescription (4th ed.). Champaign, IL: Human 

Kinetics.

13. Hockey, R. V. (1989). Physical fitness: The pathway to 

healthful living. St. Louis, MO: Times Mirror/Mosby.

14. Hoeger, W. K., Barette, S. L., Hale, D. F., & Hopkins, 

D. R. (1987). Relationship between repetitions and 

selected percentage of one repetition maximum. Journal 

of Applied Sports Science Research, 1, 11–13.

15. Horvat, M., Ramsey, V., Franklin, C., Gavin, C., 

Palumbo, T., & Glass, L. A. (2003). A method for 

predicting maximal strength in collegiate women 

athletes. Journal of Strength and Conditioning Research, 

17, 324–328.

16. Invergo, J. J., Ball, T. E., & Looney, M. (1991). 

Relationship of push-ups and absolute muscular 

endurance to bench press strength. Journal of Applied 

Sport Science Research, 5, 121–125.

17. Johnson, P. B., Updyke, W. F., Schaefer, M., & 

Stollberg, D. C. (1975). Sport, exercise, and you.  

San Francisco, CA: Holt, Rinehart and Winston.

18. Knuttgen, H. G. (1995). Force, work, and power in 

athletic training. Sports Science Exchange, 8(4), 1–5.

19. Kraemer, W. J., & Fry, A. C. (1995). Strength testing: 

Development and evaluation of methodology. In  

P. J. Maud & C. Foster (Eds.), Physiological assessment 

of human fitness (pp. 115–138). Champaign, IL: 

Human Kinetics.

20. Kraemer, R. R., Kilgore, J. L., Kraemer, G. R., & 

Castracane, V. D. (1992). Growth hormone, IGF-1, and 

testosterone responses to resistive exercise. Medicine 

and Science in Sports and Exercise, 24, 1346–1352.

demonstrate the concept of quantifying work and power 

during isotonic exercise. No specific comparative data are 

available, so the results cannot be meaningfully evaluated. 

The mean power values derived from the bench press test 

reflect the relationship between the force (kg) generated 

during the lift, the distance (m) over which the force was 

applied, and the time (s) required to complete the lift. 

Interestingly, neither the highest forces nor the highest 

speeds necessarily produce the greatest powers. Moderate 

forces combined with moderate speeds most often produce 

the highest powers. Power during bench press exercise can 

be directly and accurately measured only through the use 

of special equipment that precisely measures force and 

time. When such measurements have been made, a peak 

power of 428 W for “explosive” bench press exercise in 

men was reported using a load equal to 30 % of the mea-

sured 1 RM, which was 89 ± 30 kg. Peak power decreased 

with heavier loads until at 90 % of 1 RM it had dropped 

by half, to 214 W.40 These power values, because they 

are “peak power” values measured during one “explosive” 

bench press trial, will be much higher than any “mean 

power” measurements you will record during multiple sub-

maximal bench press trials.
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