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Disclaimer

Care has been taken to confirm the accuracy of the
information presented and to describe generally
accepted practices. However, the authors, editors,
and publisher are not responsible for errors or omis-
sions or for any consequences from application of
the information in this book and make no warranty,
expressed or implied, with respect to the currency,
completeness, or accuracy of the contents of the pub-
lication. Application of this information in a partic-
ular situation remains the professional responsibility
of the practitioner; the clinical treatments described
and recommended may not be considered absolute
and universal recommendations.

The authors, editors, and publisher have exerted
every effort to ensure that drug selection and dos-
age set forth in this text are in accordance with the

© Yurchanka Siarhei/Shutterstock.

current recommendations and practice at the time of
publication. However, in view of ongoing research,
changes in government regulations, and the con-
stant flow of information relating to drug therapy
and drug reactions, the reader is urged to check
the package insert for each drug for any change in
indications and dosage and for added warnings and
precautions. This is particularly important when
the recommended agent is a new or infrequently
employed drug.

Some drugs and medical devices presented in
this publication have Health Canada clearance for
limited use in restricted research settings. It is the
responsibility of the healthcare provider to ascer-
tain the Health Canada status of each drug or device
planned for use in his or her clinical practice.
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Foreword

Many years ago, I wrote the Foreword to some ear-
lier editions of this text. A ninth edition seems like
an unbelievably long time until I reflect that this year
is the 40™ anniversary of the paper that introduced a
multi-rule Shewhart control chart,! more commonly
known as “Westgard Rules.” That paper was written
early in my career, but now in my retirement we have
updated that approach to provide “Westgard Sigma
Rules” in order to customize the QC design on the
basis of the quality required by a test and the Sigma
performance observed for a method.? Even well-
established “standard” laboratory practices need peri-
odic review and updating to keep current with the
improvements in testing processes. Likewise, this 9™
edition of the standard clinical chemistry text reflects
the latest knowledge and improvements for labora-
tory science. That is a testament to the authors’ com-
mitment and dedication to providing an up-to-date
knowledge base for the professionals in clinical labo-
ratory science.

I am writing this on the one-year anniver-
sary of the declaration of a global pandemic, a year
during which over half a million Americans died of
COVID-19. This pandemic has revealed the impor-
tance of laboratory testing for the health of the
nation. Laboratory testing has often been viewed as a
behind-the-scenes service in health care. During the
pandemic, laboratory testing has been center stage as
an essential service for assessing the state of disease,
diagnosing those with infection, monitoring those
under treatment, and monitoring the immunity and
the health of the community.

Laboratory scientists were on the front line in
introducing new diagnostic tests, validating their
performance, and implementing testing in many
diverse settings, including central laboratories, clinic
laboratories, and point-of-care settings, including
drive-through testing services. Understanding the
performance of qualitative tests brought new impor-
tance to ideas such as clinical sensitivity, clinical
specificity, and the predictive value of laboratory
tests. That also meant new protocols for validating
new tests to characterize test performance, including

xviii

© Yurchanka Siarhei/Shutterstock.

adaptations for the nature of molecular tests, such
as the real-time Reverse Transcription Polymerase
Chain Reaction (rRT-PCR) methods that were critical
in the early diagnosis and management of patients.
Antibody tests flooded the market and required care
and attention by laboratories, especially during the
early phases when the FDA exercised very limited
control of the companies introducing the new tests.
Antigen tests emerged later and more slowly but
were critical for providing more widespread diag-
nostic testing. All in all, this short time period has
provided the lessons of a lifetime and demonstrated
the importance of what you will be learning in
your studies.

This new edition of Clinical Chemistry: Principles,
Techniques, and Correlations continues its mission of
addressing the formal educational needs of students
in clinical laboratory science, as well as the ongo-
ing needs of professionals in the field. It facilitates
the educational process by identifying the learning
objectives, focusing on key concepts and ideas, and
applying the theory through case studies. It covers
the basics of laboratory testing, as well as many spe-
cial areas of testing. And it is still possible to carry
this text with you to class, to the laboratory, to the
office, or home to study!

Having personally worked with some of the
editors and contributors, I know they have high
standards both in the laboratory and in the class-
room. Their interests and background provide an
excellent balance between the academic and the
practical, ensuring that students are exposed to a
well-developed base of knowledge that has been
carefully refined by experience.

For the many students for whom this book is
intended, let me offer some advice from my close
friend and mentor, Hagar the Horrible. It seems his
young Viking son was embarking on a voyage to the
real world of work. Needing advice, he asked “How
do I get to the top?” Hagar’s response, “You have to
start at the bottom and work your way up.” After pon-
dering this for a moment, his son then asked, “How
do I get to the bottom?” Hagar replied, “You have to



know somebody.” The people you need to know are
the authors of this book, as well as the instructors in
your courses and your bench teachers in the labora-
tory. You need to seek them out to profit from their
learning and experiences. They are the professionals
who know the state of laboratory practice, possess the
current knowledge of the field, and are dedicated to
helping you become a successful laboratory scientist.

—James O. Westgard,
Madison, WI

Foreword Xix
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Preface

The events with the worldwide pandemic have placed
an extraordinary burden on our healthcare system.
Facing staffing, PPE, and diagnostic supply shortages,
healthcare professionals stepped up with effort, crit-
ical process evaluation, and extraordinary dedication
to provide quality patient care with compassion and
empathy. Initially, the nightly news became a presen-
tation of CDC guidelines, mask mandates, business
shutdowns, travel restrictions, metrics, trends, pos-
itivity rates, and hospitalization and death statistics.
Months later, the metrics related to more positive
information—initial results of vaccine clinical trials,
emergency use authorizations, vaccine shipments,
and “shots in arms.” Through it all, the healthcare
system functioned as effectively as possible due to
individual efforts and interdisciplinary teamwork.
Healthcare professionals have improved communica-
tion with each other, as well as with the patient and
their families. Collaborative efforts between health-
care disciplines are emerging across the patient care
spectrum landscape.

Since the initial idea for this textbook was dis-
cussed in a meeting of the Biochemistry/Urinalysis
section of ASMT (now ASCLS) in the late 1970s, the
only constant has been change and the never waver-
ing commitment of the clinical laboratory profession-
als. Now almost 45 years since the initiation of this
effort, the editors have had the privilege of complet-
ing the ninth edition with another diverse team of
dedicated clinical laboratory professionals. In this era
of focusing on metrics, the editors would like to share
the following information. The 401 contributions
in the 9 editions and supporting material represent
115 clinical laboratory science education programs,
83 clinical laboratories, 28 medical device companies,
4 government agencies, and 3 professional societies
representing 40 states and territories. One hundred
and sixty-four contributors were clinical laboratory
scientists with advanced degrees. These contributors
have produced 289 chapters citing 12,054 references
for a total of 5,708 pages that included 2,158 figures
and 691 case studies. With today’s global focus, the
previous editions of the text have been translated into
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at least six languages. By definition, a profession is a
calling requiring specialized knowledge and intensive
academic preparation to define its scope of practice
and produce its own literature. The clinical labora-
tory science profession has evolved significantly over
these past four-and-a-half decades.

Clinical chemistry continues to be one of the
most rapidly advancing areas of laboratory medicine.
New technologies and analytical techniques have
been introduced, with a dramatic impact on the prac-
tice of clinical chemistry and laboratory medicine. In
addition, the healthcare system itself is rapidly chang-
ing. There is ever-increasing emphasis on improving
the quality of patient care, individualized medicine,
patient outcomes, financial responsibility, and total
quality management. Now, more than ever, clini-
cal laboratorians need to be concerned with disease
correlations, result interpretations, problem solving,
quality assurance, and cost-effectiveness. Laboratory
professionals need to know not only the how of tests
but more importantly be able to communicate the
what, why, and when to the patient and the healthcare
team. The editors of Clinical Chemistry: Principles,
Techniques, and Correlations have designed the ninth
edition to be an even more valuable resource to both
students and practitioners.

The ninth edition of Clinical Chemistry: Principles,
Techniques, and Correlations is comprehensive, up-to-
date, and easy to understand for students at all entry
levels. It is also intended to be a practically organized
resource for both instructors and practitioners. The
editors have tried to maintain the book’s readability
and further improve its content while rearranging
content and focusing on the scaffolding provided by
the ASCLS MLT and MLS Entry Level Curriculum
and the ASCP BOC guidelines. Because clinical labo-
ratorians use their interpretative and analytic skills in
the practice of clinical chemistry, an effort has been
made to maintain an appropriate balance between
analytic principles, techniques, and the correlation of
results with disease states.

In this edition, the editors have maintained
features in response to requests from our readers,



students, instructors, and practitioners. Ancillary
materials have been updated and expanded. Chapters
now include current, more frequently encountered
case studies modelled after the nursing PICOT ini-
tiative in a structured, unfolding style. To provide a
thorough, up-to-date study of clinical chemistry, all
chapters have been updated and reviewed by profes-
sionals who practice clinical chemistry and labora-
tory medicine on a daily basis. The basic principles
of the analytic procedures discussed in the chapters
reflect the most recent or commonly performed tech-
niques in the clinical chemistry laboratory. Detailed
procedures have been omitted because of the vari-
ety of equipment and commercial kits used in today’s
clinical laboratories. Instrument manuals and analyte
package inserts are the most reliable reference for
detailed instructions on current analytic procedures.
All chapter material has been updated, improved,
and rearranged for better continuity and readability.

Preface XXi

The Navigate 2 Advantage digital access contains
additional case studies, review questions, teaching
resources, teaching tips, student laboratory proce-
dures, and teaching aids for instructors and students;
it is included with the purchase of this textbook and
is also available for separate purchase from the pub-
lisher.

One last piece of advice to make you successful in
the field of clinical laboratory science:

Work with compassion, empathy, and
professionalism until you no longer have
to introduce yourself.*

Michael L. Bishop
Edward P Fody
Carleen Van Siclen
James March Mistler
Michelle Moy

*Modified from Harvey Specter in Suits.
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New to This Edition

Medical laboratory science students need a strong
foundation in applied chemistry to meet the require-
ments of certifying bodies and accreditation orga-
nizations that ensure students are prepared for
employment.

This textbook provides clear explanations that
balance analytic principles, techniques, and correla-
tion of results with coverage of disease states, helping
students develop interpretive and analytic skills for
their future careers.

Updates to this edition include:

e Chapter content based on the ASCLS Entry
Level Curriculum and current ASCP Content
Guidelines

® Reorganization of chapter order to reflect clinical
chemistry flow in most courses today

e Over 60 unique case studies that evolve through-
out the chapters

e NEW Chapter 13: Basic Endocrinology
NEW Chapter 24: Pregnancy and Prenatal Testing

e Reference range table is included as an Appendix
in the printed book and online.

A map of how the textbook correlates to the
ASCLS curriculum and ASCP guidelines is provided
as an instructor resource.



New to This Edition  xxiii

Each chapter opens with a Chapter Outline, Key
Terms, and Chapter Objectives that correlate
to the ASCLS entry-level curriculum and current
ASCP content guidelines.
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xxiv  New to This Edition

Case Studies with patient visuals progress through the
chapter and pose critical-thinking questions, prompting
students to synthesize and apply their new knowledge. A
case study answer key is available to instructors.



New to This Edition XXV

Boxes emphasize important points and additional
information.
__—— Examples highlight important formulas and how

to use them in a convenient, numbered format.

Equations are presented throughout in a conve-
niently numbered format.



XXvi New to This Edition

Figures and Tables provide dynamic visuals and
populate the new edition throughout, including illus-
trations, photos, charts, and graphs.



Student Resources

To support your learning, review the chapter learn-
ing objectives and complete the online activities.
The Navigate 2 Advantage Access included with
each new print copy of this book offers a wealth of
resources. These include practical learning activities
and study tools such as flashcards, math practice, an
eBook with interactive questions, and more!

® ¢Book with embedded assessments
e (ase Studies

Instructor Resources

Instructor resources, available to qualified instructors,
include the following:

e Learning Objectives mapped to:
* ASCLS Entry-Level Curriculum (MLS and
MLT)
e Current ASCP Board of Certification Content
Guidelines (MLS and MLT)
e Slides in PowerPoint format

New to This Edition  xxvii

% NAVIGATE
[foanTaceaccess

Review Questions

Flashcards

Reference Range Table

General Reference Tables
Supplemental Chapter

*  Molecular Theory and Techniques

Teaching Resources

Test Bank (Available in LMS-compatible formats)
Student Lab Procedures

Image Bank

Answer Key to Case Studies

Answer Key to Eighth Edition Case Studies
Answer Key to Review Questions

Sample Syllabus



© Yurchanka Siarhei/Shutterstock.

Acknowledgments

A project as large as this requires the assistance and
support of many clinical laboratorians. The editors
wish to express their appreciation to the contribu-
tors of all the editions of Clinical Chemistry: Principles,
Techniques, and Correlations—the dedicated labora-
tory professionals and educators whom the editors
have had the privilege of knowing and exchanging
ideas with over the years. These individuals were
selected because of their expertise in particular areas
and their commitment to the education of clinical
laboratorians. Many have spent their professional
careers in the clinical laboratory, at the bench, teach-
ing students, or consulting with clinicians. In these
frontline positions, they have developed a perspec-
tive of what is important for the next generation of
clinical laboratorians.

We extend appreciation to our students, col-
leagues, teachers, and mentors in the profession who
have helped shape our ideas about clinical chemistry
practice and education. Also, we want to thank the

many companies and professional organizations that
provided product information and photographs or
granted permission to reproduce diagrams and tables
from their publications. The ASCLS Entry Level Cur-
riculum and CLSI documents have also been import-
ant sources of information. These documents are
directly referenced in the appropriate chapters.

The editors would like to acknowledge the con-
tribution and effort of all individuals to previous
editions. Their efforts provided the framework for
many of the current chapters. Finally, we gratefully
acknowledge the cooperation and assistance of the
staff at Jones & Bartlett Learning for their advice and
support.

The editors are continually striving to improve
future editions of this book. We again request and
welcome our readers’ comments, criticisms, and ideas
for improvement.

MLB, EPE, CVS, JMM, MM



Contributors

Karen K. Apolloni, MSA, MLS(ASCP)M

Director (Academic), Clinical Laboratory Science
Program

Wayne State University

Detroit, Michigan

Nikola A. Baumann, PhD, DABCC

Co-Director of Central Clinical Laboratory and
Central Processing

Department of Laboratory Medicine and Pathology

Mayo Clinic

Rochester, Minnesota

Heather McNasby, MT(ASCP), MSHS
Manager of Clinical Laboratory Services
Nemours Children’s Hospital

Orlando, Florida

Takara L. Blamires, MS, MLS(ASCP)M

Associate Professor, MLS Undergraduate Program
Director

Department of Pathology

University of Utah School of Medicine

Salt Lake City, Utah

Michelle R. Campbell, MS, MLS(ASCP)*MB®M
Development Technologist
Department of Laboratory Medicine and Pathology
Mayo Clinic
Rochester, Minnesota
Adjunct Instructor
Department of Allied Health Sciences, Division

of Clinical Laboratory Science
University of North Carolina School of Medicine
Chapel Hill, North Carolina

Janelle M. Chiasera
Dean and Professor
School of Health Sciences
Quinnipiac University
Hamden, Connecticut

Kathryn Dugan, MEd, MT(ASCP)
Assistant Professor

Medical and Clinical Laboratory Sciences
Auburn University at Montgomery
Montgomery, Alabama

© Yurchanka Siarhei/Shutterstock.

Vicki S. Freeman, PhD, MASCP, MLS(ASCP)™SC®M,
FAACC

Professor

Clinical Laboratory Sciences

Associate Dean for Faculty Development

School of Health Professions

University of Texas Medical Branch

Galveston, Texas

Jie Gao, PhD, MLS(ASCP)M

Assistant Professor

Department of Clinical and Diagnostic Science
University of Alabama at Birmingham
Birmingham, Alabama

Brandy Greenhill, DrPH, MLS(ASCP)™

Professor

University of Texas MD Anderson School of Health
Professions

Houston, Texas

Matthew P.A. Henderson, PhD, FCACB, FCCMG

Laboratory Head of Biochemistry

Newborn Screening Ontario

Assistant Professor

Department of Pediatrics

Children’s Hospital of Eastern Ontario, University of
Ottawa

Ottawa, Ontario

CANADA

Laura M. Hickes

Chemistry and Applications Support Manager
Roche Diagnostics

Indianapolis, Indiana

Kristina Jackson Behan, PhD, MLS(ASCP)
Professor

Medical Laboratory Sciences

University of West Florida

Pensacola, Florida



XXX Contributors

Stephanie L. Jacobson, MS, MLS(ASCP)"
MLS Online Instructor

Allied and Population Health

Medical Laboratory Scientist

Monument Health

Rapid City, South Dakota

South Dakota State University

Brookings, South Dakota

Floyd Josephat, EdD, MT(ASCP)
Professor and Program Director
Clinical and Diagnostic Sciences
Graduate Faculty 11

University of Alabama at Birmingham
Birmingham, Alabama

Brooke M. Katzman, PhD

Co-Director of Hospital Clinical Laboratory and
Point of Care

Department of Laboratory Medicine and Pathology

Mayo Clinic

Rochester, Minnesota

Kathleen M. Kenwright, EdD, MLS(ASCP)™, MB
Medical Laboratory Science Program Director
Diagnostic and Health Sciences

Associate Professor

University of Tennessee Health Science Center
Memphis, Tennessee

John E. Lee Sang, MD

Laboratory Director Clinical Pathology Associates
Pathology Department

San Marcos, Texas

Clinical Pathology Associates

San Marcos, Texas

Cyndy B. Levtzow, BS, MT(ASCP), LSSBB

Retired; Previous Clinical Core Supervisor and
Assistant Administrative Director

Formerly UNC Hospitals, McLendon Clinical
Laboratories

Chapel Hill, North Carolina

Shawn H.W. Luby, MS, MLS(ASCP)M

Assistant Professor

Division of Clinical Laboratory Science
University of North Carolina School of Medicine
Chapel Hill, North Carolina

James March Mistler, ABD, MS, MLS(ASCP)M
Program Director and Fulltime Lecturer
Department of Medical Laboratory Science
University of Massachusetts Dartmouth
North Dartmouth, Massachusetts

J. Marvin McBride, MD, MBA
Clinical Assistant Professor
Department of Medicine

University of North Carolina at Chapel Hill School of

Medicine
Chapel Hill, North Carolina

Christopher R. McCudden, PhD, FACB, FCACB
Clinical Biochemist

Division of Biochemistry

Associate Professor

Department of Pathology & Laboratory Medicine
The Ottawa Hospital, University of Ottawa
Ottawa, Ontario

CANADA

Scott Moore, DO, MLS(ASCP)™, DipIBLM
Assistant Professor of Medical Laboratory Sciences
Department of Medical Laboratory Sciences
Weber State University

Ogden, Utah

Teresa A. Mortier, PhD, MT(ASCP)
Assistant Professor

School of Health Sciences

Eastern Michigan University
Ypsilanti, Michigan

Yukari Nishizawa-Brennen, PhD, MLS(ASCP)°M,
MT(Japan)

Assistant Professor

Biomedical Laboratory Diagnostics Program

Michigan State University

East Lansing, Michigan

Peter P. O’'Brien, MBA, MT(ASCP)

Program Director Medical Laboratory Technician
Program

Allied Health Sciences

Jackson State Community College

Jackson, Tennessee

Khushbu Patel, PhD, DABCC

Director of Clinical Chemistry and Point-of-Care

Children’s Hospital of Philadelphia Department of
Pathology and Laboratory Medicine

Assistant Professor of Pathology and Laboratory
Medicine

Perelman School of Medicine

University of Pennsylvania

Philadelphia, Pennsylvania



Heather L. Phillips, PhD, MLS(ASCP)™, MT(AMT)

Director Austin Peay State University COVID-19
Testing Laboratory

COVID-19 Molecular Laboratory

Assistant Professor

Allied Health Sciences—Medical Laboratory Sciences

Austin Peay State University

Clarksville, Tennessee

Tracey G. Polsky, MD, PhD

Chief, Division of Community Pathology

Children’s Hospital of Philadelphia Department of
Pathology and Laboratory Medicine

Assistant Professor of Pathology and Laboratory
Medicine

Perelman School of Medicine

University of Pennsylvania

Philadelphia, Pennsylvania

Gerald D. Redwine, PhD, MT(ASCP)
Associate Professor

Clinical Laboratory Science Program
Texas State University

San Marcos, Texas

Kyle B. Riding, PhD, MLS(ASCP)"

Assistant Professor of Medicine

Burnett School of Biomedical Science, College of
Medicine

University of Central Florida

Orlando, Florida

Amanda Rivera-Begeman, DO

Pathologist, Chief of Pathology Medical Education

Pathology Department

Clinical Pathology Associates

Dell Medical School at the University of Texas at
Austin

Austin, Texas

Michael W. Rogers, MBA, MT(ASCP)
Laboratory Technical Consultant
Public Health Laboratory
Independent Contractor

Winston Salem, North Carolina

Jane R. Semler, MS, MT(ASCP)
Professor

Allied Health Sciences
Coordinator, MLT to MLS Program
Austin Peay State University
Clarksville, Tennessee

Contributors  xxxi

Rebbecca D. Silva, MS, MT(ASCP)
Department Chair, Assistant Professor
Medical Laboratory Technology Program
New England Institute of Technology
East Greenwich, Rhode Island

Donna J. Spannaus-Martin, PhD, MLS(ASCP)*
Professor, Medical Laboratory Sciences Program
University of Minnesota
Minneapolis, Minnesota

Christopher Swartz, PhD, MLS(ASCP)

Assistant Professor

Department of Health and Clinical Sciences
University of Kentucky, College of Health Sciences
Lexington, Kentucky

Yun L. Trull, PhD, DABCC

Director of Clinical Chemistry
Pathology and Laboratory Medicine
Allegheny Health Network
Pittsburgh, Pennsylvania

Carleen Van Siclen, MS, MLS(ASCP)™, TS(ABB)

Assistant Professor of Laboratory Medicine and
Pathology

MCSHS Medical Laboratory Science Program

Mayo Clinic

Jacksonville, Florida

Elizabeth Warning, MS, MLS(ASCP)™, AHI (AMT)
Associate Professor, Educator

Clinical & Health Information Sciences

Program Director, MLS Campus Based Program
College of Allied Health Sciences

University of Cincinnati

Cincinnati, Ohio

Monte S. Willis, MD, PhD, MBA, FASCP, FCAP, FAHA
Medical Director, Clinical Pathology, Allegheny
Health Network, Allegheny General Hospital
Core Laboratory
Pathology and Laboratory Medicine
Patient Experience Officer, Pathology Institute
Allegheny Health Network
Pittsburgh, Pennsylvania



© Yurchanka Siarhei/Shutterstock.

Ancillary Contributors

Brenda C. Barnes, PhD, MT(ASCP)SBB
Director, Medical Laboratory Science Program
Professor

Allen College

Waterloo, Iowa

Leigh A. Belair, MEd, MT(ASCP)

Program Director, MLT Program of Maine
Associate Professor

University of Maine at Presque Isle
Presque Isle, Maine

Michael L. Bishop, MS, MLS(ASCP)

Adjunct Faculty, Medical Laboratory Scientist
Program

Santa Fe College

Alachua, Florida

Retired Faculty, Medical Technology Program

Duke University Medical Center

Durham, North Carolina

Retired Program Director and University Department
Chair, Medical Laboratory Science and Medical
Laboratory Technician Program

Keiser University

Orlando, Florida

Jie Gao, PhD, MLS(ASCP)M

Assistant Professor

Department of Clinical and Diagnostic Science
University of Alabama at Birmingham
Birmingham, Alabama

James March Mistler, ABD, MS, MLS(ASCP)M
Program Director and Fulltime Lecturer
Department of Medical Laboratory Science
University of Massachusetts Dartmouth
North Dartmouth, Massachusetts

Michelle Moy, MAdEd, MT(ASCP) SC

Assistant Professor of Medical Laboratory Science

Program Director, Biomedical Science

Department of Natural Science and Mathematics,
College of Arts and Sciences

Madonna University

Livonia, Michigan

Carmen Pierce, MS CLS (ASCP)M

Full Time Lecturer

University of Massachusetts Dartmouth
Dartmouth, Massachusetts

Carleen Van Siclen, MS, MLS(ASCP)™, TS(ABB)

Faculty, MCSHS Medical Laboratory Science Program

Assistant Professor, Mayo Clinic College of Medicine,
Department of Laboratory Medicine and Pathology

Mayo Clinic

Jacksonville, Florida



Reviewers

Laurie B. Alloway, MSES, MLS(ASCP)™, SC(ASCP)M,
EMT

Associate Teaching Professor

Medical Laboratory Sciences Dept.

Wichita State University

Wichita, Kansas

Nancy D. Cruz-Sanchez, MS, MLS(ASCP)M
Lecturer

Clinical Laboratory Science Program

The University of Texas at El Paso

El Paso, Texas

Lorraine Doucette, MS, MLS(ASCP)M

Assistant Professor, MLS Program Director
Department of Medical and Research Technology
University of Maryland School of Medicine
Baltimore, MD

© Yurchanka Siarhei/Shutterstock.

Jie Gao, PhD, MLS(ASCP)M

Assistant Professor

Department of Clinical and Diagnostic Science
University of Alabama at Birmingham
Birmingham, Alabama

Daniela Gill, MSHS, MLS(ASCP)M
Clinical Assistant Professor
University of Texas Rio Grande Valley
Edinburg, Texas






_ ©Yumhaﬂka Siame‘/ShuuerStUCK

Basic Principles and
Practice in Clinical
Chemistry

CHAPTER 1 Basic Principles and Practices of Clinical Chemistry . ............. 2
CHAPTER 2 Laboratory Safety and Regulations. .. ....................... 38
CHAPTER 3 Quality Management in the Clinical Laboratory . . ............... 57
CHAPTER 4 Analytic Techniques . . ... . i e 90
CHAPTER 5 Clinical Chemistry Automation . ........... ... ... 129

Gpoiege 7R

htips://pobeda.onf.ru/




CHAPTER 1
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Basic Principles and
Practices of Clinical
Chemistry

Kathryn Dugan and Elizabeth Warning

CHAPTER OUTLINE

Units of Measure Laboratory Mathematics and Calculations

Reagents Significant Figures
Chemicals Logarithm;
Reference Materials Concentration

Dilutions

Water Specifications
Solution Properties
Concentration
Colligative Properties
Redox Potential
Conductivity

pH and Buffers

Laboratory Equipment
Heating Units
Glassware and Plasticware

Simple Dilutions

Serial Dilutions

Water of Hydration
Graphing and Beer's Law

Specimen Collection and Handling
Types of Samples
Sample Processing
Sample Variables
Chain of Custody

Desiccators and Desiccants
Balances
Centrifuges

KEY TERMS

Analyte

Anhydrous

Arterial blood
Beer's law

Buffer

Calibration
Centrifugation
Cerebrospinal fluid (CSF)
Colligative property
Conductivity
Deionized water
Delta absorbance

2

Electronic and Paper Reporting of Results

References

Density

Desiccant

Dilution

Distilled water
Equivalent weight
Erlenmeyer flasks
Filtration
Graduated cylinder
Griffin Beaker
Hemolysis
Henderson-Hasselbalch equation
Hydrate

Hygroscopic
Icterus
International unit
lonic strength
Linearity

Lipemia

Molality

Molarity
Normality
One-point calibration
Osmotic pressure
Oxidized



Oxidizing agent
Percent solution

Reducing agent

pH Serial dilution
Pipette Serum

Primary standard Significant figures
Reagent-grade water Solute

Redox potential Solution

Reduced Solvent

CHAPTER OBJECTIVES

Upon completion of this chapter, the clinical laboratorian
should be able to do the following:

e Convert results from one unit format to another using
the Sl and traditional systems.

e Describe the classifications used for reagent-grade
water.

® |dentify the varying chemical grades used in reagent
preparation and indicate their correct use.

e Define primary standard and standard reference
materials.

e Describe the following terms that are associated
with solutions and, when appropriate, provide the
respective units: percent, molarity, normality, molality,
saturation, colligative properties, redox potential, and
conductivity.

e Compare and contrast osmolarity and osmolality.

e Define a buffer and give the formula for pH and pK
calculations.

e Use the Henderson-Hasselbalch equation to
determine the missing variable when given either the
pK and pH or the pKand concentration of the weak
acid and its conjugate base.

CASE STUDY 1.1, PART 1

Meet Miles, a 25-year-old grad-
uate who accepted his first job
offer working in the chemistry
department at a large medi-
cal center. Miles and Mia were
classmates in college and often
support each other on technical
issues, even though they work
at different facilities within the
same health system.

© dotshock/Shutterstock.

Reverse osmosis

Basic Principles and Practices of Clinical Chemistry 3

Specific gravity

Standard reference materials
(SRMs])

Systéme International d'Unités (Sl)

Thermistor

Valence

Volumetric

Whole blood

e Listand describe the types of thermometers used in
the clinical laboratory.

e Classify the type of pipette when given an actual
pipette or its description.

e Demonstrate the proper use of a measuring and
volumetric pipette.

e Describe two ways to calibrate a pipetting device.

e Define a desiccant and discuss how it is used in the
clinical laboratory.

e Describe how to properly care for and balance a
centrifuge.

e Correctly perform the laboratory mathematical
calculations provided in this chapter.

e |dentify and describe the types of samples used in
clinical chemistry.

e Qutline the general steps for processing blood
samples.

* Apply Beer’s law to determine the concentration
of a sample when the absorbance or change in
absorbance is provided.

e |dentify the preanalytic variables that can adversely
affect laboratory results as presented in this chapter.

CASE STUDY 1.2, PART 1

Meet Mia, a 35-year-old grad-
uate who is also newly hired
and works as a generalist in
a small community hospi-
tal. Mia received a rainbow
of tubes from the emergency
department. She handed her
coworker the lavender- and
blue-top tubes and placed the
8.0-mL plain red-top tube and
the 3.5-mL plasma separa-
tor tube in the centrifuge. She
placed the heparinized whole
blood specimen on the mixer and logged in to the labora-
tory information system to receive the specimens. Once
the specimens were accessioned, she ran a STAT profile
on the Nova pHOx analyzer using the whole blood speci-
men, and the results were autoverified.

© Ariel Skelley/DigitalVision/Getty Images.



4 Chapter 1 Basic Principles and Practices of Clinical Chemistry

The primary purpose of a clinical chemistry laboratory
is to perform analytic procedures that yield accurate
and precise information, aiding in patient diagnosis
and treatment. The achievement of reliable results
requires that the clinical laboratorian be able to cor-
rectly use basic supplies and equipment and possess
an understanding of fundamental concepts critical
to any analytic procedure. The topics in this chapter
include units of measure, basic laboratory supplies,
and introductory laboratory mathematics, plus a brief
discussion of specimen collection, processing, and
reporting.

Units of Measure

Any meaningful quantitative laboratory result consists
of two components: the first component represents
the number related to the actual test value, and the
second is a label identifying the units. The unit defines
the physical quantity or dimension, such as mass,
length, time, or volume." There are a few laboratory
tests that do not have units, but whenever possible,
units should be used.

The Systéme International d’Unités (SI) was
adopted in 1960. It is preferred in scientific litera-
ture and clinical laboratories and is the only system
employed in many countries. This system was devised
to provide the global scientific community with a uni-
form method of describing physical quantities. The SI
system units (referred to as SI units) are based on the
metric system. Several subclassifications exist within
the SI system, one of which is the basic unit. There
are seven basic units (Table 1.1), with length (meter),
mass (kilogram), and quantity of a substance (mole)
being the units most frequently encountered. Derived
units are another subclassification of the SI system.
A derived unit is a mathematical function describing
one of the basic units. An example of an Sl-derived
unit is meters per second (m/s), which is used to
express velocity. Some non-SI units are so widely used
that they have become acceptable for use within the SI
system (Table 1.1). These include units such as hour,
minute, day, gram, liter, and plane angles expressed
as degrees. The SI system uses standard prefixes to
indicate a decimal fraction or multiples of that basic
unit (Table 1.2).! For example, 0.001 liter can be
expressed using the prefix milli, or 107, and since it
requires moving the decimal point three places to the
right, it can then be written as 1 milliliter, or abbrevi-
ated as 1 mL. It may also be written in scientific nota-
tionas 1 X 1072 L. Likewise, 1000 liters would use the
prefix of kilo (10%) and could be written as 1 kiloliter

Table 1.1 Sl Units

Base Quantity Name Symbol
Length Meter m
Mass Kilogram kg
Time Second s
Electric current Ampere A
Thermodynamic Kelvin K
temperature

Amount of Mole mol
substance

Luminous intensity | Candela cd

Frequency Hertz Hz
Force Newton N

Celsius temperature  Degree Celsius °C
Catalytic activity Katal kat

Selected Accepted Non-Sl

Minute (time) (60 s) min
Hour (3600 s) h
Day (86,400 s) d

—

Liter (volume) (1dmd =102 m?

Angstrom (0.1 nm =10""m) A

© Jones & Bartlett Learning.

or expressed in scientific notation as 1 X 10° L.
Table 1.2 indicates prefixes that are frequently used in
clinical laboratories. Prefixes smaller than the basic unit
have a negative exponent (deci: 10™), and prefixes
larger than the base unit have a positive exponent
(kilo: 10°). When converting between prefixes, note
the relationship between the two prefixes based on
whether you are changing to a smaller or larger prefix.
When converting from a larger to smaller, the decimal
will move to the right. For example, converting one
liter (1.0 X 10° or 1.0) to milliliters (1.0 X 1072 or
0.001), the starting unit (L) is larger than milliliters,
by a factor of 1000, or 10°. This means that the
decimal place moves to the right three places, so
1.0 liter (L) equals 1000 milliliters (mL). The oppo-
site is also true. When converting to a larger unit, the
decimal place moves to the left. For example, convert-
ing 1000 milliliters (mL) to 1.0 liter (L), the decimal



S| CONVERSIONS

To convert between Sl units, move the decimal the
difference between the exponents represented by
the prefix of the base unit. When moving from a
larger unit to a smaller unit, the decimal will move
to the right. When converting from a smaller unit to
a larger unit, the decimal will move to the left.

If converting from smaller unit to larger
unit, then move decimal to the left the exponent
difference.

If converting from larger unit to smaller unit,
then move decimal to the right the exponent
difference.

point moves to the left three places to become 1.0 L.
Note that the SI term for mass is kilogram, which is
the only basic unit that contains a prefix as part of its
name. Generally, the clinical laboratory uses the term
gram for mass rather than kilogram.

Units of Measure 5

Example 1: Convert 1.0 L to pL

1.0L(1 X 109
pL (micro = 10°°)

The difference between the exponents = 6. The con-
version is from a larger unit to a smaller unit, so the
decimal will move 6 places to the right.

1.0 L = 1,000,000 pL

Example 2: Convert 5 mL to pL

5mL (milli = 107%)
pL (micro = 107°)

The difference between the exponents = 3. The con-
version is from a larger unit to a smaller unit, so the
decimal will move 3 places to the right.

5mL = 5000 uL

Table 1.2 Prefixes Used with Sl Units

Factor Prefix Symbol

1018 atto a 0.000000000000000001
10- femto f 0.000000000000001
1012 pico P 0.000000000001

1077 nano n 0.000000001

107 micro v 0.000001

103 milli m 0.001

102 centi c 0.01

107 deci d 0.1

100 Liter, meter, gram | Basic unit 1.0

10 deca da 10

10? hecto h 100

10° kilo k 1000

100 mega M 1,000,000

107 giga G 1,000,000,000

107 tera T 1,000,000,000,000

101 peta P 1,000,000,000,000,000
108 exa E 1,000,000,000,000,000,000

Prefixes are used to indicate a subunit or multiple of a basic Sl unit.
© Jones & Bartlett Learning.




6 Chapter 1 Basic Principles and Practices of Clinical Chemistry

Example 3: Convert 5.3 mL to dL

5.3 mL (milli = 107?)
dL (deci = 101

The conversion is moving from a smaller unit to a
larger unit, so the decimal place will move two places
to the left.

53 mL = 0.053 dL

Reporting of laboratory results is often expressed
in terms of substance concentration (e.g., moles)
or the mass of a substance (e.g., mg/dL, g/dL,
g/L, mmol/L, and TU) rather than in SI units. These
traditional units can cause confusion during inter-
pretation and conversion to SI units: examples of
conversions can be found later in the chapter. As
with other areas of industry, the laboratory and
the rest of medicine are moving toward adopt-
ing universal standards promoted by the Inter-
national Organization for Standardization, often
referred to as ISO. This group develops standards
of practice, definitions, and guidelines that can
be adopted by everyone in a given field, provid-
ing for more uniform terminology. Many national
initiatives have recommended common units for
laboratory test results, but none have been widely
adopted.? As with any transition, the clinical labo-
ratorian should be familiar with all the terms cur-
rently used in their field and how to convert these to
SI units.

Reagents

In today’s highly automated laboratory, there is lit-
tle need for reagent preparation by the laboratorian.
Most instrument manufacturers make the reagents
in a ready-to-use form or “kit” in which all neces-
sary reagents and respective storage containers are
prepackaged as a unit, requiring only the addition
of water or buffer for reconstitution. A heightened
awareness of the hazards of certain chemicals and
the numerous regulatory agency requirements has
caused clinical chemistry laboratories to eliminate
massive stocks of chemicals and opt instead for
the ease of using prepared reagents. Periodically,
the laboratorian may still need to prepare reagents
or solutions, especially in hospital laboratories
involved in research and development, biotechnol-
ogy applications, specialized analyses, or method
validation.

Chemicals

Analytic chemicals exist in varying grades of purity:
Reagent grade or analytic reagent (AR); ultrapure,
chemically pure (CP); United States Pharmacopeia
(USP); National Formulary (NF); and technical or
commercial grade.” Chemicals with AR designation
are suitable for use in most analytic laboratory proce-
dures. A committee of the American Chemical Society
(ACS) established specifications for AR grade chem-
icals, and chemical manufacturers must either meet
or exceed these requirements. The labels on reagents
should clearly state the actual impurities for each
chemical lot or list the maximum allowable impu-
rities. The label should also include one of the fol-
lowing designations: AR or ACS or For laboratory use
or ACS Standard-Grade Reference Materials. Ultrapure
chemicals have additional purification steps for use in
specific procedures such as chromatography, immu-
noassays, molecular diagnostics, standardization, or
other techniques that require extremely pure chem-
icals. These reagents may have designations of HPLC
(high-performance liquid chromatography) or chro-
matographic on their labels.

Because USP- and NF-grade chemicals are used to
manufacture drugs, the limitations established for this
group of chemicals are based only on the criterion of
not being injurious to individuals. Chemicals in this
group may be pure enough for use in most chemical
procedures, but the purity standards they meet are
not based on the needs of the laboratory and may or
may not meet all assay requirements.

Reagent designations of CP or ultrapure grade
indicate that the impurity limitations are not stated,
and preparation of these chemicals is not uniform.
It is not recommended that clinical laboratories use
these chemicals for reagent preparation unless further
purification or a reagent blank is included. Technical
or commercial grade reagents are used primarily in
manufacturing and should never be used in the clin-
ical laboratory.

Organic reagents also have varying grades of
purity that differ from those used to classify inor-
ganic reagents. These grades include a practical
grade with some impurities; CP, which approaches
the purity level of reagent-grade chemicals; spectro-
scopic (spectrally pure) and chromatographic grade
organic reagents; and reagent grade (ACS), which
is certified to contain impurities below established
ACS levels. Other than the purity aspects of the
chemicals, laws related to the Occupational Safety
and Health Administration (OSHA)* require manu-
facturers to indicate any physical or biologic health



hazards and precautions needed for the safe use,
storage, and disposal of any chemical. Manufacturers
are required to provide a Safety Data Sheet (SDS). A
copy of the SDS must be readily available to ensure
the safety of laboratorians.

Reference Materials

Unlike other areas of chemistry, clinical chemistry is
involved in the analysis of biochemical by-products
found in biological fluids, such as serum, plasma, or
urine. For this reason, traditionally defined standards
used in analytical chemistry do not readily apply in
clinical chemistry.

A primary standard is a highly purified chem-
ical that can be measured directly to have an exact
known concentration and purity. The ACS has purity
tolerances for primary standards; because most bio-
logic constituents are unavailable within these toler-
ance limitations, the National Institute of Standards
and Technology (NIST) has certified standard
reference materials (SRMs) that are used in place
of ACS primary standard materials.””

These SRMs are assigned a value after analysis
using state-of-the-art methods and equipment. The
chemical composition of these substances is then
certified; however, they may not have the purity of a
primary standard. Because each substance has been
characterized for certain chemical or physical prop-
erties, it can be used in place of an ACS primary
standard in clinical work and is often used to verify
calibration or accuracy/bias assessments. Many
manufacturers use a NIST SRM when producing cal-
ibrator and standard materials. These materials are
considered “traceable to NIST” and may meet certain
accreditation requirements. Standard reference
materials are used for linearity studies to determine
the relationship between the standard’s concentra-
tion and the instrument result. Linearity studies
are required when a new test or new test method-
ology is introduced. There are SRMs for a number
of routine analytes, hormones, drugs, and blood
gases, with others being added.” Calibration of an
instrument is a process that pairs an analytical sig-
nal with a concentration value of an analyte. When
performing a calibration, a series of calibrators with
known concentrations of a specific analyte are used.
The instrument is programmed with the known
concentrations and will adjust the analytic signal
to match the given concentration. Calibrators can
be purchased as a kit or made by diluting a known
stock solution.

Reagents 7

Water Specifications?®

Water is the most frequently used reagent in the
laboratory. Tap water is unsuitable for laboratory
applications. Most procedures, including reagent
and control preparation, require water that has been
substantially purified, known as reagent-grade
water. There are various water purification methods
including distillation, ion exchange, reverse osmo-
sis, ultrafiltration, ultraviolet light, sterilization, and
ozone treatment. According to the Clinical and Lab-
oratory Standards Institute (CLSI), reagent-grade
water is classified into one of six categories based
on the specifications needed for its use rather than
the method of purification or preparation.” These
categories include clinical laboratory reagent water
(CLRW), special reagent water (SRW), instrument
feed water, water supplied by method manufacturer,
autoclave and wash water, and commercially bottled
purified water. Each category has a specific accept-
able limit. The College of American Pathologists
requires laboratories to define the specific type of
water required for each of its testing procedures and
requires water quality testing at least annually. Water
quality testing routinely includes monitoring micro-
bial colony-forming units/mL and may also include
other parameters.

Distilled water has been purified to remove
almost all organic materials, using a technique of
distillation where water is boiled and vaporized.
Many impurities do not rise in the water vapor and
will remain in the boiling apparatus so that the water
collected after condensation has less contamination.
Water may be distilled more than once, with each
distillation cycle removing additional impurities.
Ultrafiltration and nanofiltration, like distillation,
are excellent in removing particulate matter, micro-
organisms, and any pyrogens or endotoxins.

Deionized water has some or all ions removed,
although organic material may still be present, so it is
neither pure nor sterile. Generally, deionized water is
purified from previously treated water, such as prefil-
tered or distilled water. Deionized water is produced
using either an anion- or a cation-exchange resin,
followed by replacement of the removed ions with
hydroxyl or hydrogen ions. A combination of sev-
eral ion-exchange resins will produce different grades
of deionized water. A two-bed system uses an anion
resin followed by a cation resin. The different resins
may be in separate columns or in the same column.
This process is excellent at removing dissolved ion-
ized solids and dissolved gases.
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Reverse osmosis is a process that uses pressure
to force water through a semipermeable membrane,
producing a filtered product. Reverse osmosis may be
used for the pretreatment of water, however, it does
not remove dissolved gases.

Filtration can remove particulate matter from
municipal water supplies before any additional treat-
ments. Filtration cartridges can be composed of glass,
cotton, or activated charcoal, which removes organic
materials and chlorine. Some have submicron filters
(=0.2 pm), which remove any substances larger than
the filters pores, including bacteria. The use of these fil-
ters depends on the quality of the municipal water and
the other purification methods used. For example, hard
water (containing calcium, iron, and other dissolved
elements) may require prefiltration with a glass or cot-
ton filter rather than activated charcoal or submicron
filters, which quickly become clogged and are expensive
to use. The submicron filter may be better suited after
distillation, deionization, or reverse osmosis treatment.

Ultraviolet oxidation, which removes some trace
organic material or sterilization processes at specific
wavelengths, can destroy bacteria when used as part
of a system but may leave behind some residual prod-
ucts. This technique is often followed by other purifi-
cation processes.

Reagent-grade water can be obtained by initially
filtering to remove particulate matter, followed by
reverse osmosis, deionization, and a 0.2-um filter or
more restrictive filtration process. Autoclave wash
water is acceptable for glassware washing but not for
analysis or reagent preparation. SRW is used for spe-
cific techniques like the HPLC, molecular diagnostics,
or mass spectrophotometry, which may require spe-
cific parameters for the analysis. All SRW should meet
CLRW standards and, depending on the application,
CLRW should be stored in a manner that reduces any
chemical or bacterial contamination and for short
periods.

Testing procedures to determine the quality of
reagent-grade water include measurements of resis-
tance, pH, colony counts on selective and nonselective
media for the detection of bacterial contamination,
chlorine, ammonia, nitrate or nitrite, iron, hardness,
phosphate, sodium, silica, carbon dioxide, chemical
oxygen demand, and metal detection. Some accred-
itation agencies'® recommend that laboratories docu-
ment culture growth, pH, and specific resistance on
water used in reagent preparation. Resistance is mea-
sured because pure water, devoid of ions, is a poor
conductor of electricity and has increased resistance.
The relationship of water purity to resistance is lin-
ear; generally, as purity increases, so does resistance.

This one measurement does not suffice for determi-
nation of true water purity because a nonionic con-
taminant may be present that will have little effect on
resistance. Reagent water meeting specifications from
other organizations, such as the American Society for
Testing and Materials (ASTM), may not be equivalent
to those established by the CLSI, so care should be
taken to meet the assay procedural requirements for
water type.

Solution Properties

In clinical chemistry, substances found in biologic flu-
ids, including serum, plasma, urine, and spinal fluid,
are quantified. A substance that is dissolved in a lig-
uid is called a solute; a biologic solute is also known
as an analyte. The liquid in which the solute is dis-
solved—for example, a biologic fluid—is the solvent.
Together, solute and solvent represent a solution. Any
chemical or biologic solution can be described by its
basic properties, including concentration, saturation,
colligative properties, redox potential, conductivity,
density, pH, and ionic strength.

Concentration

The analyte concentration in solution can be expressed
in many ways. Concentration is commonly expressed
as percent solution, molarity, molality, or normality. These
are non-SI units, however; the SI unit for the amount
of a substance is the mole. Examples of concentration
calculations are provided later in this chapter.

Percent solution is expressed as the amount of
solute per 100 total units of solution. Three expres-
sions of percent solutions are weight per weight
(w/w), volume per volume (v/v), and weight per vol-
ume (w/v). Weight per weight (% w/w) refers to the
number of grams of solute per 100 g of solution. Vol-
ume per volume (% v/v) is used for liquid solutes and
gives the milliliters of solute in 100 mL of solution.
For v/v solutions, it is recommended that grams per
deciliter (g/dL) be used instead of % v/v. Weight per
volume (% w/v) is the most commonly used percent
solution in the clinical laboratory and is defined as
the number of grams of solute in 100 mL of solution.
Weight per volume is not the same as molarity, and
care must be taken to not confuse the two. Examples
of percent solution calculations can be found later in
this chapter.

Molarity (M) is expressed as the number of moles
per 1 L of solution. One mole of a substance equals
its gram molecular weight (gmw), so the customary
units of molarity (M) are moles/liter. The SI represen-
tation for the traditional molar concentration is moles



of solute per volume of solution, with the volume of
the solution given in liters. The SI expression for con-
centration should be represented as moles per liter
(mol/L), millimoles per liter (mmol/L), micromoles
per liter (umol/L), or nanomoles per liter (nmol/L).
The common concentration term molarity is not an SI
unit for concentration. Molarity depends on volume,
and any significant physical changes that influence
volume, such as changes in temperature and pressure,
will also influence molarity. Calculations can be found
in the Laboratory Mathematics and Calculations sec-
tion of this chapter.

Molality (m) represents the amount of solute
per 1 kg of solvent. Molality is sometimes confused
with molarity; however, it can be easily distinguished
because molality is always expressed in terms of moles
per kilogram (weight per weight) and describes moles
per 1000 g (1 kg) of solvent. Note that the common
abbreviation (m) for molality is a lowercase “m,” while
the uppercase “M” refers to molarity. Molality is not
influenced by temperature or pressure because it is
based on mass rather than volume.

Normality is the least likely of the four concen-
tration expressions to be encountered in clinical lab-
oratories, but it is often used in chemical titrations
and chemical reagent classification. It is defined as the
number of gram equivalent weights per 1 L of solu-
tion. An equivalent weight is equal to the gmw of
a substance divided by its valence. The valence is
the number of units that can combine with or replace
1 mole of hydrogen ions for acids and hydroxyl ions
for bases and the number of electrons exchanged in
oxidation-reduction reactions. Normality is always
equal to or greater than the molarity of the compound.
Calculations can be found later in this chapter. Nor-
mality was previously used for reporting electrolyte
values, expressed as milliequivalents per liter (mEq/L);
however, this convention has been replaced with mil-
limoles per liter (mmol/L). The College of American
Pathologists (CAP) currently requires chloride to
be reported in mmol/L. Because the four main elec-
trolytes, Na*, K*, CO,” (HCO,"), and CI-, all have a
valence of 1, the concentration reported will remain
the same whether the unit is mEq/L or mmol/L.

Solution saturation gives little specific informa-
tion about the concentration of solutes in a solution.
A solution is considered saturated when no more sol-
vent can be dissolved in the solution. Temperature, as
well as the presence of other ions, can influence the
solubility constant for a solute in a given solution and
thus affect the saturation. Routine terms in the clin-
ical laboratory that describe the extent of saturation
are dilute, concentrated, saturated, and supersaturated.

Reagents 9

A dilute solution is one in which there is relatively little
solute or one that has a lower solute concentration
per volume of solvent than the original, such as when
making a dilution. In contrast, a concentrated solution
has a large quantity of solute in solution. A solution in
which there is an excess of undissolved solute particles
can be referred to as a saturated solution. As the name
implies, a supersaturated solution has an even greater
concentration of undissolved solute particles than a
saturated solution of the same substance. Because of
the greater concentration of solute particles, a super-
saturated solution is thermodynamically unstable.
The addition of a crystal of solute or mechanical agita-
tion disturbs the supersaturated solution, resulting in
crystallization of any excess material out of solution.
An example is when measuring serum osmolality by
freezing point depression.

Colligative Properties

Colligative properties are those properties related
to the number of solute particles per solvent mol-
ecules, not on the type of particles present. The
behavior of particles or solutes in solution demon-
strates four properties: osmotic pressure, vapor
pressure, freezing point, and boiling point. These
are called colligative properties. Osmotic pressure
is the pressure that opposes osmosis when a solvent
flows through a semipermeable membrane to estab-
lish equilibrium between compartments of differing
concentration. Vapor pressure is the pressure exerted
by the vapor when the liquid solvent is in equilib-
rium with the vapor. Freezing point is the temperature
at which the first crystal (solid) of solvent forms in
equilibrium with the solution. Boiling point is the tem-
perature at which the vapor pressure of the solvent
reaches atmospheric pressure (usually 1 atmosphere).

The osmotic pressure of a dilute solution is
directly proportional to the concentration of the
molecules in solution. The expression for concen-
tration is the osmole. One osmole of a substance
equals the molarity or molality multiplied by the
number of particles, not the kind of particle, at dis-
sociation. If molarity is used, the resulting expres-
sion would be termed osmolarity; if molality is used,
the expression changes to osmolality. Osmolality is
preferred since it depends on the weight rather than
volume and is not readily influenced by temperature
and pressure changes. When a solute is dissolved in
a solvent, the colligative properties change in a pre-
dictable manner for each osmole of substance pres-
ent. In the clinical setting, freezing point and vapor
pressure depression can be measured as a function



